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PREFACE 

The Rocky Mountains provide a key region for under- 
standing the evolution of the western North American conti- 
nent and processes that shape continents in general. 

As a result, the region has prompted intense and pioneer- 
ing geologic investigations for over a century, offering sci- 
entists an exceptionally rich field laboratory in which to gather 
data and to make and test interpretations. The Continental 
Dynamics of the Rocky Mountain (CD-ROM) experiment 
(1995-2004), from which this book derives, follows in this 
tradition, motivated by three leading questions: how are con- 
tinents initially formed and stabilized; how do old lithos- 
pheric structures and boundaries influence younger tectonic 
events; and how did processes related to the plate boundary 
affect the evolution of the Cenozoic Rocky Mountains? To 
successfully answer such questions requires integrated stud- 
ies focused from the surface, through the crust, into the man- 
tle, and with a four-dimensional approach that also 
encompasses the time dimension. 

We have thus organized this volume into five sections. Sec- 
tion 1 presents papers with new data on the tectonics, stmc- 
ture geology, and regional geophysics of the area. Section 2 
offers geochemistry, geochronology and xenolith studies. Sec- 
tions 3 and 4 summarize results from CD-ROM active-source 
seismic experiments (a 900 km long seismic refraction pro- 
file and two > 200 krn long seismic reflection profiles) and 
passive source seismic studies, respectively. The last section 
provides a synthesis of the evolution of the Rocky Mountain 
continental crust and lithosphere. We emphasize the impor- 
tance of the collaborative approach throughout, and have 
enlarged the scope of the investigations to reflect the grand 
scale of the most important constructional and reconstruc- 
tional processes that affected the region. Thus, the papers 
cover the large spatial and 2-billion-year time scales that char- 
acterize the evolution of the Rocky Mountain region. 

CD-ROM results have been presented at numerous oral 
and poster sessions of the American Geophysical Union and 
the Geological Society of America. Results have also appeared 
in articles in scientific journals. A series of five CD-ROM 
workshops helped build a better collaborative approach. This 

book presents primary new papers that provide a data-rich 
compendium of the main geological and geophysical results 
of this collaborative experiment, and an overall synthesis of 
the lithospheric evolution of the Rocky Mountain region that 
will be a valuable reference work for years to come. 

We wish to acknowledge the participants of the broader 
CD-ROM working group (listed below), all of who have 
contributed to the papers in this volume. Our efforts at col- 
laborative science have been an important success of the 
overall experiment. Funding has primarily been provided 
by the NSF Continental Dynamics Program, and we thank 
Leonard Johnson for his interest and support of the project. 
We also thank the Deutsche Forschungsgemeinschaft for its 
support of the seismic profiling. We especially thank the 
numerous reviewers of the individual papers, listed in the 
individual acknowledgements, for providing rigorous peer 
review of the science. 

Karl E. Karlstrom and G. Randy Keller 
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Chris Andronicos, Nicholas Bolay*, Oliver Boyd*, Sam 
Bowring, Steve Cather, Kevin Chamberlain, Nick Christensen, 
Jim Crowley, Jason Crosswhite*, David Coblentz, Ken Dueker, 
Tefera Eshete*, Eric Erslev, Lang Farmer, Rebecca Flowers*, 
Otina Fox*, Matt Heizler, Gene Humphreys, Micah Jessup*, 
Roy Johnson, Karl Karlstrom, Randy Keller, Shari A. Kel- 
ley, Eric Kirby, Alan Levander, M. Beatrice Magnani, Kevin 
Mahan*, Jennie Matzal*, Annie McCoy*, Grant Meyer, Kate 
Miller, Elena Morozova, Frank Pazzaglia, Claus Prodehl, 
Adam Read*, Oscar Quezada*, Mousurni Roy, Hanna-Maria 
Rumpel*, Jane Selverstone, Anne Sheehan, Liane Stevens*, 
Colin A. Shaw*, Elena Shoshitaishvili*, Scott Smithson, 
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Introduction to: The Rocky Mountain Region--An 
Evolving Lithosphere: Tectonics, Geochemistry, and 

Geophysics 

Karl E. Karlstrom 

Department of Earth and Planetary Sciences, Unzver~zty ($New Mexzco, Albuquerque, New Mexico 

G. Randy Keller 

Department of Geologzcal Sczence~, Universzty of Texas at El Paso, El Paso, Texas 

The Rocky Mountains are the eastern, high elevation por- 
tion of the continental-scale Cordilleran mountain chain that 
extends along the western portion of the North American con- 
tinent. This wide zone records the complex tectonics associ- 
ated with a series of Mesozoic to Recent additions to and 
modifications of the continent. This volume focuses on the 
southern Rocky Mountain region, the area that extends from 
southern Wyoming, across the Colorado Rockies, to meld 
with the region dominated by the Rio Grande rift and Col- 
orado Plateau. These various physiographic domains share a 
common tectonic heritage as a region that was uplifted from 
near sea level in the late Cretaceous, underwent regional uplift, 
compressive deformation, and lithospheric modification at 
appreciable distance from the western margin of the North 
American plate during the 7 0 4 5  Ma Laramide orogeny, then 
underwent a complex series of magmatic modification events, 
localized lithospheric extension, and late Cenozoic denudation 
and incision. The result is the high elevation and topographically 
rugged western U.S. orogenic plateau shown in Plate 1. 

There has been strong scientific interest in the region of 
the Southern Rocky Mountains for over a century, but our 
knowledge of the deep lithospheric structure of the region 
has been improved greatly by a series of seismic experiments 
that began in the mid 1990s. New insights have been pro- 
vided by seismic data that were acquired by a combination 
of earthquake and natural source recording efforts; such as 
the Deep Probe experiment (Henstock et al., 200 1; Gorman et 

The Rocky Mountain Region: An Evolving Lithosphere 
Geophysical Monograph Series 154 
Copyright 2005 by the American Geophysical Union. 
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al., 2002), Rocky Mountain Front experiment (Sheehan et 
al., 1995), and CD-ROM experiment (Dueker et al., 2001; 
Karlstrom and the CD-ROM Working Group, 2002). Previous 
work on the geologic evolution of this region has been exten- 
sive and includes recent summaries related to the CD-ROM 
experiment (Karlstrom, 1998; 1999). 

This volume provides a synthesis and integration of geo- 
logical and geophysical results of the CD-ROM (Continental 
Dynamics of the Rocky Mountains) collaborative investiga- 
tion. This effort has involved more than 22 investigators at 
14 institutions and 21 graduate students. After an initial work- 
shop in 1995, CD-ROM was funded from 1997 to 2002 by the 
Continental Dynamics Program of the National Science Foun- 
dation, with supplemental funding from the Deutsche 
Forschungsgemeinschctf2. The experiment was designed as a 
fully interdisciplinary series of coordinated geologic and geo- 
physical studies to understand the tectonic evolution of the 
lithosphere of the southern Rocky Mountain region. As 
described in the papers in this volume, the overall project pro- 
duced a seismic refraction line from Wyoming to New Mex- 
ico (Plates 1 and 2), geologic studies of shear zones and 
Laramide structures, xenolith studies, and teleseismic and 
reflections lines across key tectonic boundaries within the 
longer transect, including the Cheyenne belt and Jemez 
lineament. 

The southern Rocky Mountain region is one of the best 
places in the world to study continental evolution because 
this region preserves a unique record of the assembly, stabi- 
lization, maturation, and early stages of disassembly of a con- 
tinent. The core of North America is underlain by high velocity 
(old, cold) lithosphere (blue in Plate 2) whereas many areas 



2 INTRODUCTION 

Plate 1. Digital topography in the western United States (from Simpson and Anders, 1992). The overall high plateau in the 
western United States records buoyant mantle. Subtle differences in Rocky Mountain topography appear to correspond to 
Precambrian lithospheric blocks, suggesting that different columns are responding differently (magmatically and isostat- 
ically) to present mantle reorganization. The CD-ROM transect crosses different Precambrian provinces and obliquely 
crosses the Rocky Mountains: CB = Cheyenne belt; CMB = Colorado Mineral belt; JEML = Jemez lineament. 
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Plate 2. Composite image of the upper mantle seismic structure at 100 km depth beneath the greater North America 
region. Blue is high velocity mantle and red is low velocity mantle. The continental scale image is from the S-wave mod- 
eling of Grand (1997), with overlay of data from regional arrays (Humphreys and Dueker, 1994). Black lines are Pre- 
cambrian provinces, showing some correspondence between crustal provinces and mantle velocity domains in the Rocky 
Mountain region: SPR = Snake River Plain; SGL = Saint George lineament; A4 =Aspen anomaly; JEML = Jemez linea- 
ment. Location of CD-ROM transect is shown. 



4 INTRODUCTION 

along the Pacific plate margin are underlain by low velocity 
(young, hot) mantle (red in Plate 2). This is one of the largest 
transitions in mantle velocity structure on Earth, some 14% 
variation in shear wave velocity from the core of the continent 
to the active plate margin. As shown in Plate 2, this same 
scale of velocity variation takes place over the shorter, 10- 
km, length scale of tectoniclmagmatic provinces such as the 
Snake River Plain (SRP), St George lineament (SGL), Aspen 
anomaly (AA), and Jemez lineament (JEML). Part of the goal 
of the CD-ROM experiment was to investigate the origin of 
these velocity anomalies. 

In the Southern Rocky Mountains, many excellent expo- 
sures of Precambrian rocks provide the ground truth needed 
to study how the old structures (in this case Archean and Pro- 
terozoic lithospheric provinces and sutures) are influencing 
younger lithospheric restructuring in response to Cenozoic 
sublithospheric processes. In addition, the region is an excel- 
lent field laboratory because different tectonic provinces 
record different aspects of the total history that involves rapid 
lithosphere accretion (1 2-1.6 Ga), long-term stability (I .6-1.4 
Ga and 1.3- 0.53 Ga), crustal "overturn" (1.4 Ga), intracon- 
tinental deformation (Ancestral Rockies orogeny, Laramide 
orogeny), and early stages of extension (Rio Grande rift). The 
large amount of new data in the Southern Rocky Mountain 
region presented in this volume provide an opportunity to 
constrain and unravel aspects of Proterozoic, Laramide, and 
Neogene tectonism and their interactions, and the processes 
that have shaped the region during the past 2.0 Ga. 

Continents are the long-term record keepers of plate inter- 
actions before 200 Ma. However, accumulated modification 
often obscures the record of older events. The southwestern 
U.S. is unique in that juvenile Proterozoic lithosphere was 
accreted as belts of volcanic arcs that were added to the south 
margin of an Archean cratonic core. These Precambrian 
provinces are also shown in Plate 2. These belts were then 
truncated in the Phanerozoic at a high angle so as to create a 
N-NW trending continental margin oblique to the NE-trending 
Precambrian accretionary structures (Plate 2). The result was 
the creation of a wide region where all stages of structural 
reactivation and continental modification are preserved. The 
Rocky Mountain deep interior of the Cordilleran orogen reveals 
two remarkable features: (1) much of the Precambrian assem- 
bly of the continent is still well preserved and well exposed over 
a large region; and (2) Cenozoic orogenesis is in a stage where 
the recently modified Precambrian continent strongly expresses 
both the older and the newer structures. Many of the papers in 
this volume address the hypothesis that the older lithospheric 
structures influenced younger tectonic and magmatic activity. 

The scale of the investigations in the CD-ROM experiment 
is commensurate with the scale of the important construc- 
tional and reconstructional processes that affected the region, 

and the papers in this volume cover the large horizontal and 
vertical lengths and the billion-year time scales involved. At 
the same time, these papers feature the high level of resolu- 
tion afforded by modern seismic and analytical techniques. 
An important overarching goal of this volume is a better under- 
standing of processes of formation, stabilization, and reacti- 
vation and modification of continental lithosphere. The growth 
of continental crust from the amalgamation of island arcs is 
conceptually simple and ofien invoked. However, the processes 
involved in transforming accreted arcs to stable continental lith- 
osphere with a thick lithospheric mantle are still not well 
understood. One result that emerges from the papers in this 
volume is a much better understanding of how dominantly 
oceanic tectonic elements (island arcs, back-arc basins, sea 
mounts, accretionary prisms) became amalgamated into "con- 
tinental lithosphere". Accretion was followed by a series of 
underplating events that added to the mafic lower crust. 
Numerous magmatic differentiation events have been impor- 
tant in the evolution and stabilization of the continental crust 
and upper mantle, and the original mechanical and composi- 
tional anisotropies of the lithosphere have repeatedly influ- 
enced the tectonic and magmatic response of the continent 
to events around its margins. 

The Laramide orogeny is an emphasis of several papers in 
this volume, and it probably represents the best-documented 
example of basement-involved foreland deformation on Earth. 
This impressive and enigmatic intracontinental restructuring 
and reactivation event was superimposed at high angles to 
the pre-existing lithospheric architecture. The mechanisms 
controlling basement-involved foreland deformation, includ- 
ing the role of basement structural anisotropy and lithosphere- 
asthenosphere interactions, remain subjects of great interest, 
as does the puzzle of how plate tectonic processes, both west 
of and underneath the Rockies, connect with the complex pat- 
tern of shortening in the upper crust. Several papers in this vol- 
ume also address the geomorphology, thermochronology, and 
modeling studies of post-Laramide tectonism that gave rise to 
today's spectacular topography. 

This volume is organized into five sections. The first nine 
papers present new data on the tectonics, structure geology, and 
regional geophysics for the area. A series of three papers deal with 
geochemistry, geochronology and xenolith studies. The CD- 
ROM project featured a 900 km long seismic refraction profile 
and two > 200 km long seismic reflection profiles. After an 
overview of controlled seismic techniques and previous stud- 
ies, there are six papers that present and interpret the new CD- 
ROM data, and two papers that present results from older, but 
newly released, seismic reflection profiles. Passive source seis- 
mic studies have been featured by a series of experiments in the 
Southern Rocky Mountain region and seven papers present 
analyses of these data. The final two papers synthesize our pres- 
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ent understanding of the evolution of the continental litho- 
sphere in the Rocky Mountain region. 
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Kinematic hypotheses for 2D, cross-sectional Laramide deformation in the Rocky 
Mountains include (1) block-tilting models and (2) basement thrust models with 
(a) subcrustal shear during low-angle subduction, (b) lithospheric buckling, (c) 
thickened lower crust under Laramide arches, and (d) crustal buckling during detach- 
ment of the upper crust. Vertical tectonic models invoking vertical or normal faults 
are falsified by major Laramide thrust faults and pervasive minor faults indicating 
NE-SW to E-W horizontal shortening. Seismic tomography documenting 200-km- 
thick Rocky Mountain lithosphere contradicts models predicting wholesale removal 
of North American mantle lithosphere by subcrustal shear during low-angle sub- 
duction. Preliminary gravity and deep seismic interpretations indicate a lack of cor- 
respondence between the Moho and Laramide arch geometries. This apparent lack 
of major Laramide faulting and folding of the Moho under the Rockies contradicts 
block-tilting models invoking reverse faults cutting the Moho and lithospheric buck- 
ling models. In addition, the maximum distances between Laramide arch culmina- 
tions are generally smaller than buckle wavelengths expected for cratonic continental 
lithosphere. Geophysical evidence for rootless Laramide arches is incompatible 
with models predicting pure shear thickening of the lower crust under individual 
arches but is consistent with models invoking distributed lower crustal thickening 
over the entire Rockies. Rocky Mountain crustal geometries are most consistent 
with initial crustal buckling followed by upper crustal detachment on subhorizon- 
tal thrust faults that root to the west. An originally thick Rocky Mountain crust may 
have facilitated delamination and detachment folding of the upper crust during both 
the Laramide and the Ancestral Rocky Mountain orogenies. 

INTRODUCTION 

The connections between foreland basement-involved defor- 
mation and plate tectonic processes remain poorly under- 
stood. The Laramide orogeny of the U.S. Rocky Mountains 
(Figure 1) is probably the best documented example of 
basement-involved foreland deformation on Earth yet there is 
no agreement on how the complex pattern of Laramide short- 

The Rocky Mountain Region: An Evolving Lithosphere 
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ening in the upper crust was generated. Recent Laramide 
hypotheses (Figure 2) have invoked a range of mechanisms, 
from lithospheric buckling [Tikofand Maxson, 20011 to exten- 
sive lateral intrusion of ductile crust [McQuarrie and Chase, 
20001. 

The scope of disagreement on the mechanisms of Lararnide 
deformation is surprising considering the quantity and qual- 
ity of available geologic and geophysical data for the Rocky 
Mountain region. The only major weakness of the Rocky 
Mountain data set relative to that of other orogens is the lack 
of current activity on Laramide structures - it is here that 
potentially analogous structures from the Andes [Jordan and 
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Figure 1. Tectonic map of Laramide arches in the Rocky Mountains. Arrows indicate average Laramide shortening direc- 
tions derived from minor faults from Molzer and Erslev [1995], Gregson and Erslev [1997], Erslev [2001], DiUlio [2001], 
Erslev et al. [in press] and unpublished data. 
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Allmendinger, 19861 and the Tien Shan [Nikishin et ul., 19931 
have distinct advantages. The purpose of this paper is to review 
kinematic models for Laramide deformation and test them 
using published geometric and kinematic constraints. This 
paper will focus on cross-sectional models for Laramide defor- 
mation and will leave an analysis of three-dimensional geome- 
tries and kinematics to a subsequent paper integrating GIs  
map analyses [Koenig and Erslev, in press] and minor fault 
studies [Molzer and Erslev, 1995; Gregson and Erslev, 1997; 
Erslev, 200 1; Erslev et a/., in press]. It is important to note, 
however, that the papers cited above indicate generally NE-SW 
to E-W shortening and compression perpendicular to most 
NW-SE- and N-S-trending Laramide arches (see average 
shortening directions derived from minor faults in Figure 1). 
As a result, the cross-sectional models presented here proba- 
bly are reasonable representations for the majority of the 
Laramide deformation. It is acknowledged that proposed 3D 
complexities due to transpression [Wise, 1963; Sales, 1968; 
Chapin, 1983; Cather, 19994 Kurlstrom and Daniel, 19931, 
slip partitioning [Cather, 1999b1, reactivation of pre-existing 
weaknesses [Blackstone, 1990; Karlstrom and Humphr~.ys, 
1998; Marshak et ul., 2000; Timmons et a/., 2001; Koenig 
and Erslev, in press], possible rotation of the Colorado Plateau 
[Hamilton, 19881, out-of-plane contributions from the 
Cordilleran thrust belt [Livuccari, 19911 and multi-stage, 
multi-directional deformation [Chapin and Cather, 198 1 ; 
Gries, 1983; Bird, 19981 play important roles, at least locally, 
in Laramide deformation. 

This review of tectonic models attempts to encompass all 
reasonable, kinematically restorable models for the 2D (cross- 
sectional) kinematics of the Laramide orogeny. While it is 
more typical for papers to concentrate on a single, preferred 
tectonic model, orogens are commonly generated by multiple 
interacting mechanisms, with contributions from several end- 
member tectonic models. As a result, restricting discussion 
to one model, however dominant, can obscure the likely pos- 
sibility that the Laramide orogen resulted from the complicated 
interplay of several mechanisms. 

LARAMIDE CRUSTAL AND MANTLE GEOMETRIES 

The volume of industry and academic data on Laramide 
deformation in the U.S. Rocky Mountains is staggering. This 
database can be an obstacle to regional syntheses because few 
people have had the time to be introduced to the breadth of 
Rocky Mountain data. Studies of upper crustal structural geome- 
tries and timing constraints revealed by Phanerozoic sedimen- 
tary strata have resulted in a variety of tectonic models that can 
adequately explain near-surface crustal geometries yet are highly 
divergent in their predict~ons of deeper geometries. But recent 
geophysical investigations of the deep structure of the Rocky 

Mountains such as the Rocky Mountain Front PASSCAL [Shee- 
han et ul., 19951, Deep Probe [Snelson et ul., 19981 and 
CD-ROM [Kurlstrom et ul., 20021 experiments, when com- 
bined with earlier gravity [Maluh(~funu' Mohetalv, 1968; Hzu-ich 
and Smithson, 1982; Hall and Chase, 19891 and COCORP 
seismic data [Smitlz.son et al., 19791, can provide a clearer view 
of the deeper roots of Laramide deformation. 

This paper is not intended to provide an exhaustive summary 
of Laramide near-surface geometries, for which other sources 
exist [e.g., Brown, 1988; 19931. Rather, it will attempt to 
define the major geometric features of Laramide structures and 
consider them in the context of proposed models for Laramide 
deformation. Primary, or first-order Laramide features of the 
Rocky Mountains (Figure 1) include: 

anastomosing basement-cored arches, which split and 
join to form a web of basement highs, 

intervening, lens-shaped (in map view) foreland basins 
commonly containing synorogenic strata, 

major arch- and basin-bounding thrusts faults, and 
enigmatic syn-deformational igneous roclcs (e.g., the 

northeast-trending Colorado Mineral Belt; see Lar- 
son and Drexler, 1987; Mutschler et al., 1987; Snoke, 
1993 for reviews). 

Laramide basement arches anastomose and change asym- 
metry along strike, suggesting that they are connected at depth 
[Erslev, 19931. Large amplitude arches like the culminations 
of the Wind River, Bighorn and Front Range arches can be 
highly asymmetrical, with major thrust faults on one arch 
margin. Estimates of Laramide crustal shortening across the 
Rocky Mountains typically range from 8% [Stone, 19931 to 
13% [Brown, 19931, in part depending upon which areas are 
included in a given analysis. 

The geometry of the crust-mantle interface, or Moho, is 
much more poorly defined. Malahoff and Moberly [I9671 
provided the last comprehensive survey of the gravity field in 
Wyoming, which is the optimum location for studying 
Laramide crustal geometries because Wyoming has been min- 
imally affected by post-Laramide rifting and igneous activity. 
They noted that Bouguer and isostatic anomalies are consis- 
tently positive over Laramide arches, indicating a lack local iso- 
static compensation. The arches' positive gravity anomalies are 
probably due to a combination of low-density sedimentary 
rocks in the flanking basins and anomalous masses at depth 
under the arches. Malahoff and Moberly [1 9671 concluded 
that "the crust-mantle contact under most of Wyoming is gen- 
erally parallel to the sedimentary cover-basement contact". 
They used this interpretation to support a model using near- 
vertical, concave-downward upthrusts for Laramide arches. In 
their model, initial sharp breaks in the Moho caused by 
Laramide high-angle faults were smoothed out during post- 
Laramide time. 
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The acquisition of a deep crustal seismic line across the 
southern Wind River arch by the COCORP consortium stim- 
ulated more detailed studies of the deep Rocky Mountain 
crust. Seismic results [Smithson et ul., 1989; Lynn et al., 1983; 
Sharry et al., 19861 document a major Laramide thrust fault 
below the Wind River arch with at least 22 km of slip. The fault 
appears to dip 45 degrees where it cuts the upper crust but 
shows no evidence of cutting the Moho. Hurich and Smithson 
[1982] tested this observation by using 1800 gravity meas- 
urements to generate high-resolution gravity profile through 
the Wind River arch. This profile has a minimum Bouguer 
gravity value in the eastern-most Green River Basin and a 
maximum Bouguer gravity value in the center of the Wind 
River arch. Their gravity modeling showed that 80% of this 85 
mgal anomaly is due to density differences between the Pre- 
cambrian and sedimentary rocks. Hurich and Smithson [I9821 
showed that models with a master fault cutting the Moho gen- 
erated Bouguer anomalies that are too high in amplitude and 
broad in extent. A mid-crustal density anomaly, perhaps cre- 
ated by duplex thickening of the lower crust [Sharry et al., 
19861, gave a good match to the gravity profile. 

Hall and Chase [I 9891 modeled the Wind River arch and the 
Sweetwater arch to the southeast by defining a standard crust 
that would give a zero Bouguer anomaly at sea level, allow- 
ing the absolute gravity to be analyzed as well as the anom- 
aly amplitudes. For both arches, their preferred gravity models 
showed thickening of the lower crust on listric thrusts that 
sole in the lower crust without disturbing the Moho. 

More regional estimates of Rocky Mountain crustal thick- 
nesses [see Keller et al., this volume] have been offered by 
regional seismic refraction lines [Prodehl and Lipman, 1989; 
Snelson et al., 19981 as well as teleseismic receiver function 
analyses [Sheehan et al., 1995; Das and Nolet, 1998; Dueker 
et al., 20011 and surface wave studies [Li et al., 20021 of seis- 
mic waves from distant earthquakes. The 1995 Deep Probe 
seismic refraction line stretched 2400 km from the plains of 
Alberta to the Colorado Plateau in western New Mexico [Snel- 
son et ul., 19981. It crossed the Rocky Mountains in Wyoming, 
traversing the Laramide Beartooth, Owl Creek, Wind River, 
and Uinta arches. Bouguer gravity along the transect showed 
positive anomalies across each arch, which were modeled by 
Snelson et al. [I 9981 without calling upon deflections of the 
Moho under the arches. Despite the fact that the Laramide 
uplifts and basins traversed by the seismic line have more 
than 9 km of structural relief on the top of the Precambrian 
basement, no analogous topography was interpreted on the 
Moho. They attributed a zone of 50-km-thick crust in NW 
Colorado to Proterozoic tectonism related to the Cheyenne 
Belt, the suture between Archean and Proterozoic crustal 
provinces. Similarly, no deviations in the Moho that corre- 
late with Laramide arches were seen in the CD-ROM seismic 

refraction line [Karlstrom et ul., 20021. which extended from 
Rawlins in southern Wyoming to central New Mexico, where 
it crossed the Sangre de Cristo arch. 

Published maps showing Rocky Mountain crustal thick- 
ness [Li et al., 2002; Keller et ul., this volume] show a general 
increase in crustal thickness as the Laramide front is 
approached from the east. A fundamental problem is whether 
this thick Rocky Mountain crust was generated during the 
Laramide orogeny. Crustal thicknesses exceeding 52 kilo- 
meters are unusual for crust at sea level, which is where the 
Rockies were in the late Cretaceous. On the other hand, there 
is a lack of correspondence between local crustal thicknesses 
and individual Laramide structures. In fact, several areas of 
thickest crust are located in areas where there was minimal 
Laramide surface deformation (e.g., east of the Laramide 
front in the Denver Basin and eastern-most New Mexico). 
Within the Rockies, the most dramatic changes in crustal 
thickness occur across the E-W- to NE-SW-trending Cheyenne 
Belt, which marks the suture between Archean and Proterozoic 
crustal provinces near the Colorado-Wyoming state line. 
Recent detailed profiles across the Cheyenne Belt [Dueker 
et al., 2001 ; Crosswhite and Humphreys, 20031 show that the 
belt not only corresponds to the change in crustal thickness 
between the dissimilar crustal provinces but is also marked by 
a welt of extra thickness paralleling the Cheyenne Belt and 
nearly orthogonal to Laramide arches. 

The Cheyenne Belt welt, colorfully described as a mountain- 
less root by Crosswhite and Humphreys [2003], suggests that 
Moho topography generated in the Proterozoic is still evident 
today. They suggested that the crustal welt, which they traced 
down to 62 km depth, was generated by dense eclogite 
emplaced in the mid-Proterozoic because it is not marked by 
either an isostatic gravity anomaly or a mountain belt. A con- 
sequence of this interpretation is that Laramide and post- 
Laramide proccsses did not restructure the Moho along the 
Cheyenne Belt in southern Wyoming. Elsewhere in the Rock- 
ies, post-Laramide modifications of crustal thickness appear 
to be limited to the Rio Grande Rift [Keller and Baldridge, 
19991 and Tertiary volcanic centers like the San Juan Moun- 
tains [Isaacson and Smithson, 1976; Li et al., 20021. The lack 
of documentation of Moho topography created during the 
Laramide orogeny suggests that Laramide deformation had rel- 
atively little effect on the Moho's geometry even though sig- 
nificant upper crustal thickening is required by Laramide arch 
and basin geometries. 

RESTORABLE CROSS-SECTIONAL MODELS FOR 
LARAMIDE DEFORMATION 

One of the difficulties with comparing prior models of 
Laramide deformation is the diversity of ways used to repre- 
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sent the models. These range from conceptual maps to sum- 
maries of 4D (3D space and time) computer models. Since 
restorability is the primary criterion used in testing models 
for this compilation, 1 have attempted to summarize the mod- 
els in conceptual, slip-perpendicular cross-sections (Figure 
2) because this format provides the easiest way to evaluate 
the restorability and consequences of proposed deformation. 
It must be noted, however, that cross-section restoration can- 
not evaluate strike-slip models [e.g., Karlstrom and Daniel, 
1995; Cather, 1999al involving out-of-plane motions. An 
additional cautionary note is that the cross-sections in Fig- 
ure 2 are not directly from the original author(s) of the mod- 
els and should not be considered as being fully representative 
of their work. They represent my best rendition of the authors' 
concepts using a uniform structural geometry in the upper 
crust based on geometries from the Wind River and adjacent 
arches. These conceptual cross-sections show diverse structural 
geometries in the lower crust and mantle where I have tried to 
follow the dictates of models rather than specific informa- 
tion on Moho geometry. 

Vertical tectonic models invoking regionally-extensive nor- 
mal or vertical faults predict layer extension in the upper crust, 
which contradicts considerable evidence for layer shortening 
from seismic reflection profiles [e.g., Smithson et al., 1979; 
Stone, 19931, well penetrations of major thrust faults [e.g., 
Cries, 19831, fold balancing [e.g., Stone, 1984; Erslev, 1986, 
19931 and minor fault data (summarized in Figure 1). Verti- 
cal tectonic models with upthrusts, which are concave- 
downward faults with lower-angle thrusts at the surface and 
near vertical faults in the lower crust, cannot generate Laramide 
arch geometries by themselves. The horizontal shortening 
indicated by their shallow thrust geometries can't be matched 
by slip on near-vertical faults at depth because vertical faults 
do not generate horizontal shortening. In addition, slip on 
faults with concave-downward curvature would tilt the entire 
hanging wall toward the surface trace of the master fault. 
While this occurs immediately adjacent to the surface trace of 
many master faults, the back limbs of Laramide arches typi- 
cally dip away from the surface trace of the master faults. 
This indicates concave-upward, listric faults that become shal- 
lower, not steeper at depth [Erslev, 19861, consistent with the 
Wind River seismic interpretations [Smithson et al., 1979; 
Shat*ry et al., 19861 and seismic interpretations from the anal- 
ogous Sierras Pampeanas of Argentina [Snyder et ul., 19901. 

If one extends the span of vertical tectonic models to include 
kinematic models where vertical displacements are roughly 
equivalent to horizontal displacements, then vertical tectonic 
models include reverse faulting models. Reverse faults cutting 
the entire lithosphere (Figure 2a) were proposed by Scheeval 
[ 19831 and McQueen and Beaumont [I 9891. They explained 
Laramide structures of the Rockies as tilted block structures 

where the crust, possibly accompanied by the lithospheric 
mantle, tilted between basin-bounding thrust and reverse 
faults. This imbrication of lithospheric blocks must be accom- 
panied by penetrative shear in order to cause uniform rota- 
tions between planar faults. The combination of domino-like 
tilting and penetrative shear would result in overall crustal 
thickening that could be used to explain the thick Rocky 
Mountain crust. McQueen and Beaumont [I9891 calculated 
that their model is mechanically viable, requiring only 50 
Mpa to produce a Wind-River-scale offset because erosion 
of the up-thrown tip of the blocks linked with sedimentation 
in the adjacent foreland basin can reduce the stress required 
for fault slip and block tilting. McQueen and Beaumont [I9891 
applied standard engineering theory [Hetenyi, 19461 for flex- 
ural beams to show that structures in Wyoming lie somewhere 
between short blocks, where rigid rotation dominates, and 
long blocks, where flexure is dominant and block length is 
limited to the flexural wavelength. Their initial elastic and 
elastic-plastic finite element models predict planar faults cut- 
ting the entire crust. In their discussion of the models, how- 
ever, they noted that their models' prediction of crustal keels 
and Moho offsets are contradicted by the gravity signatures 
over Laramide arches, which suggest neither. McQueen and 
Beaumont [I9891 concluded that Laramide faults may actu- 
ally sole into the lower crust yet did not extend their mechan- 
ical analyses to test this geometry. 

Bird [1984, 19881 directly linked Laramide deformation to 
shallow subduction of the Farallon and Kula plates indicated 
by the coincident magmatic gap west of the U.S. Rocky Moun- 
tains during the Laramide orogeny [Coney und Reynolds, 
1977; Dickinson and Snyder, 1978; English et al., 20031. In 
a series of finite element models, Bird [I9881 explored the 
consequences of basal tractions exerted on a rheologically 
layered continental lithosphere during low-angle subduction 
(Figure 2b). These computer models incorporated multi-layer 
rheologies for the lithosphere, with strong upper crust and 
upper mantle lithosphere and weaker lower crust and mantle 
asthenosphere. Some of the advantages of these models include 
separating the Laramide mechanical impetus from that of the 
Cordilleran thrust belt, which can explain the differences in 
their fault and fold trends, and their linkage with shallow sub- 
duction, which can explain the temporal coincidence between 
Laramide deformation and eastward migration of Cordilleran 
magmatism. 

One difficulty with Bird's models is that the inclusion of a 
weak crustal layer in the models predicts the removal of con- 
tinental mantle lithosphere from underneath the Rockies. The 
presence of intact North American lithosphere extending to 
considerable depth is clearly indicated by geochemical trac- 
ers in mantle-derived magmas of post-Laramide age [Livuc- 
cari and Perry, 19931 as well as deep seismic data indicating 
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that North American Precambrian lithosphere extends to 
depths of 200 km over much of the southern Rockies [Schutt 
and Humphreys, 2001 ; Dueker et al., 200 1 ; Humphre-vs et al., 
20031. In addition, Bird's models predict that shear in the 
lower crust should result in lower crustal thickening east of the 
Laramide arches. Crustal thickness estimates [see Keller et 
al., this volume], however, show no evidence of a uniform 
welt of crustal thickening east of the Rockies. As a result, 
these computer models can be viewed as effective falsifications 
of the subcrustal shear hypothesis of Bird [1988]. Alterna- 
tively, however, it may just mean that additional processes are 
occurring that do not result in full delamination of the man- 
tle under the Rockies [e.g., Jackson, 20021. 

Another problem with subcrustal shear below the Rock- 
ies as a mechanism for Laramide deformation comes from 
focal mechanisms in the area of analogous low-angle sub- 
duction in the southern Andes. East of the Pampian Ranges, 
an active Laramide analog [Jordan andAllmendinger, 19861, 
Pardo et al. [2002] showed that focal mechanisms indicate 
that thrust earthquakes occur only down to 60 km depth. 
Deeper focal mechanisms, including those under the 
Pampian Ranges, indicate dip-parallel extension of the sub- 
ducting slab. This suggests that thrust coupling between the 
two lithospheres occurs only to depths of 60 km, far to the 
west of the Pampian Ranges, and by analogy, far to the west 
of the Rocky Mountains. 

In contrast to Bird's basal traction model, numerous authors 
have proposed that Laramide structures were generated dur- 
ing end loading of North American lithosphere during 
Cordilleran convergence. End loading of the North Ameri- 
can lithosphere is appealing because it provides a single mech- 
anism for Cordilleran thrust belt and Laramide deformation, 
and thus explains well-documented [see Schmidt and Perry, 
19881 overlaps in deformation timing between these thrust 
belts. It also explains why similar basement-involved orogens 
are associated with continental collisions for which there is no 
evidence for shallow subduction [Rodgers, 19871. In this way, 
it allows multiple mechanisms for basement-involved short- 
ening in foreland regions, including continental collisions 
[Burchfiel et al., 19891, microplate collisions [Maxson and 
Tikoff; 19961, and oceanic plateau collisions [Murphy et al., 
1999; Saleeby, 20031 as well as increased lithospheric coupling 
between converging plates during low-angle subduction 
[Dumitru et al., 19911. 

Egan and Urquart [I9941 applied the conceptual frame- 
work of multi-layer continental rheologies to pure-shear fore- 
land deformation (Figure 2d). They predicted that a weak 
lower crustal layer sandwiched between stronger upper crust 
and upper mantle layers would decouple deformation, with 
thrust faulting in the upper crust and ductile thickening in the 
lower crust and mantle lithosphere. Rather than connect detach- 

ments under the ranges into a master detachment, they hypoth- 
esized that Laramide fault slip and fold shortening in an upper 
crustal arch were locally compensated by ductile "squash- 
ing," forming a thickened crustal and lithospheric root in the 
lower crust and mantle lithosphere under each arch. This 
model of mirrored upper and lower crustal deformation is 
effectively falsified by earlier-cited gravity and seismic evi- 
dence against crustal roots under Laramide arches. 

Kulik and Schmidt [I9881 proposed a potentially more 
viable hypothesis where Laramide ductile deformation was 
distributed throughout the lower crust and mantle lithosphere 
under the Rocky Mountains, resulting in generalized crustal 
thickening and local detachment without discrete crustal roots. 
Unfortunately, the mechanism for such uniform thickening 
seems difficult considering the apparent present-day survival 
of the Proterozoic roots to the Cheyenne belt [Cro,r.swhite and 
Humphreys, 20031. In addition, it is not clear whether a duc- 
tile lower lithosphere contradicts geological and geophysical 
evidence for a strong North American mantle lithosphere 
[Sales, 1968; Hall und Chase, 1989; Lowry and Smith, 19951. 

Humphreys et al. [2003] suggested that widespread duc- 
tile shortening and thickening under the Rockies may have 
been catalyzed by dewatering of the subducting Farallon plate. 
Earlier, Humphreys [I9951 showed that Laramide hydration 
of the mantle lithosphere combined with post-Laramide 
asthenospheric upwelling can explain the post-Laramide ign- 
imbrite flare-up in the Basin and Range, a volcanic event that 
did not occur throughout the Rockies. The question remains, 
however, if a slab under the 200 km thick North American 
lithosphere could have retained water such a long distance 
from the trench and then released enough water to cause wide- 
spread ductile thickening under the Rockies [Gutscher et al., 
20001. In addition, it is difficult to understand why the south- 
ern Rocky Mountains experienced lithosphere-scale, hydration- 
catalyzed shortening without the Colorado Plateau to the west 
undergoing equivalent shortening. 

McQuarrie and Chase [2000] proposed that the unusually 
thick crust and high Cenozoic elevations of the Colorado 
Plateau and Rocky Mountain region could be the result of the 
lateral injection of ductile crust. They proposed that ductile 
lower crust from the Cordilleran thrust belt might have been 
injected as a tabular, 5 to 10 km thick sill into the lower crust 
(Figure 2c). The mass balance of the hypothesis, however, 
appears marginal because thick crust and high elevations 
extend from the thrust belt all the way into the high plains, con- 
siderably east of major Laramide deformation. In addition, 
the fluidity of the crustal injector would have to be extremely 
high to maintain a nearly tabular channel of injection over 
such a distance. Analogous lower crustal movement proposed 
for the eastern Tibetan Plateau [Royden and Burchfiel, 19971 
generated the very sharp topographic gradient from near sea- 
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level elevations to the Tibetan Plateau. Analogous topographic 
gradients are not recorded in the Rocky Mountains. In addi- 
tion, evidence for a strong Laramide lithosphere seems incom- 
patible with this hypothesis, as are indicators of a strong 
lithosphere for the analogous Sierras Pampians of Argentina 
[Jordan and Allmendinger, 19861 like the region's crustal 
earthquakes at depths in excess of 30 km [Smalley et al., 
19931. 

Tikoff and Maxson [2001] proposed that Rocky Mountain 
basement-involved deformation occurred due to buckling of 
the entire North American lithosphere (Figure 2e). Their model 
differs from earlier buckling models [Fletcher, 1984; Kulik and 
Schmidt, 19881 that proposed buckling limited to the upper 
crust. Tikoff and Maxson [2001] listed the following evidence 
for buckling of the continental lithosphere during the Laramide: 

1) the regular spacing of Laramide Rocky Mountain and 
mid-continental arches, 

2) their compatibility with analog experiments model- 
ing continental lithosphere over asthenosphere using 
a 4 layer rheological package, and 

3) the similarity of wavelengths between Laramide arches 
with wavelengths of buckled oceanic lithosphere in 
the Indian Plate. 

Unfortunately, this innovative lithospheric buckling model 
predicts geometries not seen in the Rockies. Tikoff and Max- 
son [2001] used the experimental models by Martinod and 
Davy [I9941 and Burg et al. [I9941 as Laramide analogs but 
they show maximum deformation in the basins, where thrust 
faulting and folding accommodate synclinal crowding. In 
contrast, regional sections through the Rockies [e.g., Stone, 
19931 show minimal deformation in the basins, with major 
thrust faults located on arch margins. This suggests that these 
analog models are, at the minimum, poor mechanical and 
geometric matches for Laramide deformation. 

For an east-west profile at 40°N latitude, Tikoff and Max- 
son [2001] cite an average spacing between Laramide arches 
of 190 km, which is nearly identical to the wavelength of 
folded, 60 Ma oceanic lithosphere in the Indian Ocean [McAdoo 
and Sandwell, 1985; Zuber, 19871. In reality, Laramide arch 
spacings on this profile are trimodal, with spacings of 140 km 
on the Colorado Plateau, 80 and 60 km for the Rocky Moun- 
tains, and 300 and 230 km for midcontinental arches. 

Determining the wavelength of Rocky Mountain arches is 
admittedly quite difficult. If the arches did develop by buck- 
ling, their anastomosing geometries suggest independent yet 
simultaneous initiation of buckling in adjacent domains, with 
folds growing laterally until they interfered with the folds of 
adjacent domains. If this is the case, a maximum wavelength 
can be established by measuring the maximum width between 
arch culminations that bound the elliptical foreland basins. 
This gives the following widths: 

Bighorn Basin: 160 km 
Wind River Basin: 110 km 
Laramie Basin: 100 km 
Hanna Basin: 70 km 
North Park Basin: 80 km 
South Park Basin: 100 km 
Powder River Basin: 290 km 
San Juan Basin: 120 km 

The heterogeneous rheology of continental lithosphere makes 
it difficult to predict the expected wavelength of lithospheric 
buckling. Turcotte and Schubert [2002] show that elastic rhe- 
ologies predict very large wavelengths but also require such 
large stresses (6.4 Gpa for 50 km-thick elastic lithosphere) that 
purely elastic buckling should not occur. When combined with 
the effects of sedimentation in synclines, models incorporat- 
ing plastic rheologies, whose non-recoverable deformation is 
more realistic than elastic deformation, predict more reasonable 
stresses and buckling wavelengths [McAdoo and Sandwell, 
1985; Zuber, 1987; Martinod and Davy, 1992; Martinod and 
Molnar, 19951. These wavelengths match the observed wave- 
lengths for the buckled lithosphere of the Indian Ocean, where 
the brittle-ductile interface is predicted to be 40 km deep. 

Martinod and Davy [I9921 suggested that buckling wave- 
lengths typically are about 4 times the lithospheric thickness 
during compression of both coupled (e.g., oceanic lithosphere) 
and decoupled lithosphere (i.e., continental lithosphere with 
a ductile lower crust). Nikishin et al. [I9931 suggested that 
surface undulations with an average wavelength of 360 km 
in central Asia might be due to buckling of the continental 
lithosphere. In their dynamic modeling of the Ferghana Val- 
ley of the western Himalayan orogen, Burov and Molnar 
[I9981 concluded that biharmonic folding of cmst (50-70 km 
wavelength) and lithosphere (200-250 km) can explain the 
uncompensated loads revealed by gravity analyses. In this 
case, the relatively short wavelengths for the continental crust 
were explained by Jurassic resetting of the lithospheric ther- 
mal structure in the Ferghana region. 

If one compares the young (60 Ma), thin lithosphere (40 
km) of the buckled Indian plate to the old (Precambrian), thick 
[>200 km; Schutt and Humphreys, 2001; Dueker et al., 20011 
Rocky Mountain lithosphere, the wavelength of buckling should 
be much greater in the Rocky Mountains than in the Indian 
plate. The maximum wavelengths between Rocky Mountain 
arches are, with one exception, smaller than wavelengths for 
the buckled Indian oceanic lithosphere. Phanerozoic thinning 
of the Rocky Mountain lithosphere might give smaller wave- 
lengths, but this does not seem to be an option, especially in 
Wyoming and Montana. The 300+ km wavelengths between 
structures in the North American mid-continent are more com- 
patible with the concept of continental lithospheric buckling 
than the wavelengths between Laramide arches. 
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In addition, current gravity modeling and seismic data for the 
Moho have not documented any major up-bowing of the Moho 
under the arches. As discussed earlier, gravity models through 
the Wind River and Granite Mountain arches were found to 
be incompatible with major uplift of the Moho under the arches 
[Smithson and Hurich, 1982; Hall and Chase, 19891. An appeal 
to post-Laramide collapse [Tikoffand Maxson, 20011 can be 
made for these arches since they are cut by younger normal 
faults consistent with collapse [Love, 1970; Steidtmann and 
Middleton, 199 11. At this point in time, other arches with sim- 
ilar gravity anomalies and no evidence for post-Laramide col- 
lapse should be studied to further test this hypothesis. 

Numerous authors have suggested that crustal detachment 
during top-to-the-east or -northeast shear [Figures 2f, Figure 
3; Lowell, 1983; Oldow et al., 1989; Erslev, 19931 generated 
both Laramide and Cordilleran thrust belt structures. From a 
regional point of view, this concept is appealing because it 
explains Laramide and Cordilleran thrust belt (or Sevier) 
deformation using a common tectonic mechanism. In addition, 
detachment of the upper crust can explain the incongruity 
between the fold- and fault-shortened upper crust and the 
apparently much less distorted Moho. Fletcher [I9841 and 
Kulik and Schmidt [I9881 hypothesized that the regular spac- 
ing of foreland arches and basins can be explained by initial 
buckling of the upper crust above a lower crustal detachment 
zone followed by fault break-through. Qualitatively, the arch 
wavelengths represented by the basin widths listed above seem 
compatible with crustal buckling and detachment, as are ini- 
tial depth-to-detachment calculations [Ehrlich, 19991. 

The continuity between Laramide foreland arches, which 
form a connected web of anastomosing basement highs 
[Erslev, 19931, can be explained by linking them with an 
underlying detachment zone. Connection via a common 
detachment zone also explains lateral changes in arch ampli- 
tude where, as arches decrease in amplitude (e.g., north plunge 
of Bighorn arch), other arches increase in amplitude (e.g., 
south plunge of Beartooth arch). In addition, the anastomos- 
ing pattern and laterally variable symmetry of Laramide arches 
are all characteristics of detachment folds [Dahlstrom, 1990; 
Erslev, 1993; Epard and Groshong, 19951. Smaller arches 
[e.g., Laramie arch, Brewer et al., 19821 commonly have less 
well-developed thrust faulting on their margins relative to 
larger arches [e.g., Wind River arch, Smithson et al., 19791, 
which can be highly asymmetrical with major thrust faults 
cutting one flank. This suggests that folding of basement- 
involved foreland arches may have preceded emergent thrust- 
ing through arch flanks. This sequence of deformation is 
directly analogous to the sequence of detachment folding fol- 
lowed by fault-propagation folding seen in many analog exper- 
iments of fault-related folding [e.g., Dixon and Liu, 19911. 

The geometry of larger, asymmetrical arches like the Wind 
Rivers can be modeled as rotational fault-bend folds [Figure 
3, Erslev, 1986; Stanton and Erslev, 20011 where movement 
on a listric master thrust rotates a basement chip upward. This 
geometry can explain many second-order, basement-involved 
fault-propagation folds that are systematically arrayed with 
respect to the first-order arches and basins. In these struc- 
tures, faulting dominates in the stronger, relatively homoge- 

Basement-Involved, Second-Order Anticlinal Structures 

Restored Section 

Figure 3. A geometric model for the development of first-order Laramide arches as detached fault-related folds and their 
associated second-order structures. 
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neous crystalline basement and folding dominates in the 
weaker, overlying Phanerozoic sedimentary strata [Erslev, 
19911. These second-order folds (Figure 3) include: 

1) back-thrust tip structures: antithetic (opposite tectonic 
transport direction relative to the master fault), thin- 
and thick-skinned reverse and thrust faults with asso- 
ciated anticlines in the hanging wall of master thrust 
faults (e.g., Rattlesnake Mountain anticline south of the 
Beartooth arch), 

2) sub-thrust splay structures: synthetic, low-angle fault- 
propagation and detachment structures which develop 
below master thrusts (e.g., Pinedale anticline southwest 
of the Wind River arch), and 

3) back-limb tightening structures: variably-directed fault- 
propagation folds over higher angle thrust and reverse 
faults which develop on the backlimb of asymmetri- 
cal foreland arches (e.g., anticlines on the NE flank of 
Wind River arch). 

One problem with crustal detachment models is their 
lithosphere-scale restoration, namely how do you generate 
shortening in the lower lithosphere equivalent to shortening in 
the upper lithosphere. One option is to detach at the base of 
the crust and extend the detachment to the west [Oldow et 
al., 1989; Erslev, 19931 (Figure 3f) or east [Paylor and Yin, 
19911, outside the limits of the section. Of these two options, 
extending the detachment to the west and invoking east- 
directed shear is more conceivable because the root of a major 
detachment system can be more easily concealed in the recently 
restructured Basin and Range than in the relatively undis- 
turbed cratonic interior. This east-directed detachment fault- 
ing was probably driven by plate coupling to the west during 
Laramide "refrigeration" of the North American lithosphere 
by the down-going Farallon plate [Dumitru et al., 199 I]. 

If the mantle lithosphere was fully detached from the upper 
crust in the Rockies, it may have had equivalent shortening by 
unknown means under the main Cordilleran thrust belt (e.g., 
orogenic float model of Oldow et al., 19891. If the Laramide 
detachments root into lithospheric mantle under the eastern 
Cordilleran thrust belt (Figure 2f), major breaks in the Moho 
accounting for both Laramide and Cordilleran thrust belt slip 
would be predicted. Unfortunately, the Basin and Range in 
this area is so extensively overprinted by plutonism and exten- 
sion that it is unlikely that any Laramide breaks in the Moho 
are preserved. In Idaho, however, large-scale (-150 krn) thrust 
displacements have been inferred from changes in source 
regions for Late Cretaceous to Neogene volcanics [Leeman et 
al., 19921. And it might be expected that a Laramide andlor 
Cordilleran thrust break of the Moho would be immediately 
reactivated as normal faults once lateral compression was 
relieved in the mid Cenozoic. Reactivation of Laramide and 
Sevier crustal fault ramps is common [e.g, Constenius, 1996; 

Kellogg, 19991, and one could expect the same of faults cut- 
ting down through the Moho. It is tempting to speculate that 
the eastern margin of the main Basin and Range province 
records the position where the Laramide basal detachment(s) 
cut the Moho. 

DISCUSSION AND CONCLUSIONS 

One advantage of the Tikoff and Maxson [200l] model over 
detachment models is that their model ascribed the difference 
between Sevier and Laramide deformation to whether the man- 
tle and crust were detached (Sevier) or coupled (Laramide). In 
criticizing detachment models, Tikoff and Maxson [2001] cited 
Cloetingh [I9881 who stated that "transmission of stresses to 
the continental interior requires a rigid lithosphere and the 
absence of major detachments". As discussed above, however, 
modeling of lithospheric buckling using plastic instead of elas- 
tic deformation [McAdoo and Sandwell, 1985; Zuber, 1987; 
Martinod and Davy, 1992; Martinod and Molnar, 19951 has 
significantly reduced estimates of the stresses required for 
intracratonic deformation and detachment. 

Mazzotti and Hyndman [2002] reported a potential modern 
analog of Laramide detachment in the northern Canadian 
Cordillera. In this area, GPS measurements and seismicity indi- 
cate that collisional shortening is being transferred by crustal 
detachment across the Cordillera to a foreland belt on its north- 
ern margin. This interpretation suggests that ductile lower crust, 
which in the case of the Laramide possibly resulted from orig- 
inally thick Rocky Mountain crust andlor Laramide subduc- 
tion dehydration [Humphreys et al., 20031, can allow lower 
crustal delamination and strain transfer across large distances. 

In fact, modeling by Burov and Diament [I9951 suggests 
that Rocky Mountain crustal thicknesses may have necessi- 
tated decoupling of the upper crust from the mantle litho- 
sphere. Burov and Diament [I9951 compiled the effective 
elastic thicknesses (Te) of oceanic and continental lithosphere 
in an attempt to address the meaning of the diverse Te meas- 
urements for continental lithosphere. Unlike the oceanic lith- 
osphere, where Te appears to correspond to the depth of the 600° 
C isotherm, continental Te values are bimodal. By modeling the 
strength of the lithosphere, they found that continental lithos- 
phere~ with ages greater than 150 Ma have strengths domi- 
nated by the mantle. In these older lithospheres, they found 
that the degree of coupling in the lithosphere is determined 
by crustal thickness, with a critical thickness of 3 5 4 0  km 
separating thinner, coupled lithosphere from thicker, decou- 
pled lithosphere. According to their analysis, crust with thick- 
nesses currently seen in the Rocky Mountains and the Colorado 
Plateau should decouple and cause detachment tectonics. 

This returns us to the genesis of the thick Rocky Mountain 
and Colorado Plateau crust. Recent analyses [Bird, 1984; 
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McQuarrie and Chase, 20001 have focused on how the 
Laramide and Cordilleran orogens might have thickened this 
crust because there is a first order match between the extent 
of thicker Rocky Mountain crust and the limits of Laramide 
deformation. Unlike the central Andean Plateau [McQuarrie, 
20021, however, the thick crust of the Colorado Plateau has 
very little evidence of upper-crustal Phanerozoic deforma- 
tion. Perhaps the correlation should be inverted - perhaps the 
extent of Laramide detachment was at least partially limited 
by the extent of already thick crust. The northern extent of 
Laramide deformation in Montana might have been pre- 
determined by the thinning of the Rocky Mountain crust in this 
region [Snelson et al., 19981 during the Belt orogeny, perhaps 
in combination with other changes in crustal strength (e.g., 
mafic intrusions associated with the Belt Basin). For the 
Rocky Mountain region, an anomalously thick Phanerozoic 
crust with a weak basal layer might help explain why the 
Pennsylvanian Ancestral Rocky Mountain structures of New 
Mexico, Utah and Colorado are so similar in geometry to 
Laramide structures even though they lack evidence (e.g., arc 
volcanics) of coeval subduction at depth. Perhaps anomalously 
h c k  crust in southwestern North American preconditioned the 
area for basement-involved deformation in both the Ancestral 
Rocky Mountain and Laramide orogenies by providing a 
weaker than normal lower crust. This crust then reacted in 
essentially similar ways to Laramide low-angle subduction 
[Seleeby, 20031 and Pennsylvanian continental convergence 
[Dickinson and Lawton, 20031. 

In conclusion, the Rocky Mountains of the conterminous 
U.S.A. are an important locality for cratonic deformation, 
with classic examples of basement-involved thrust tectonics, 
plateau uplift, and later extension. Over the last quarter cen- 
tury, most of the major geometric and kinematic elements of 
upper-crustal, basement-involved deformation during the 
Laramide orogeny of the Rocky Mountains have been resolved 
by abundant industry and academic data. The overall structural 
geometry of first-order, anastomosing Laramide arches with 
second-order subsidiary structures can be adequately explained 
within the context of thick-skinned detachment folding. Prior 
hypotheses indicating a dominance of vertical motions during 
Laramide deformation have been falsified by extensive field 
observations of minor structures, seismic profiles, well data 
and structural modeling showing undisputable evidence for per- 
vasive horizontal shortening. 

The Laramide geometries and kinematics at deeper crustal 
and lithospheric levels are more poorly defined, but new data 
are allowing insights as to how Laramide upper crustal short- 
ening was connected to Cordilleran plate processes to the 
west. Initial models of Laramide deformation by traction 
between North American lithosphere and the subducting Far- 
allon plate predict too much thinning of the North American 

lithospheric mantle, which is over 200 krn thick over much of 
the province. Preliminary evidence for a relatively planar 
Moho appears to contradict tectonic hypotheses invoking 
high-angle faults cutting the entire crust [Scheeval, 1983 and 
one of the models of McQueen and Beaumont, 1989), lower 
crustal thickening under individual arches [Egan and Urquhart, 
19931, and lithospheric buckling [Tikoffand Maxson, 200 11. 
The injection of ductile crust from the thrust belt as a means 
to thicken the crust of the western U.S. [McQuarrie and Chase, 
20001 is problematic due to the hypothesis' volumetric limi- 
tations, the lack of evidence for an abrupt topographic gradi- 
ent analogous to that seen in the Himalayan modern analog, 
and the need for improbably fluid crustal rheologies relative 
to currently active Andean analogs with deep crustal seis- 
micity. Instead, the combination of folded upper crust above 
a much more planar Moho suggests that Laramide arches 
formed by lower crustal detachment and buckle folding of 
the upper and middle crust during horizontal shortening. 

The key question is how horizontal shortening, which is so 
apparent in the upper crust, was accomplished in the lowermost 
crust and lithospheric mantle. Widespread penetrative short- 
ening of the lower lithosphere catalyzed by subduction hydra- 
tion [Humphreys et al., 20011 may be possible, although details 
of the kinematic linkage between the upper crust and the rest 
of the lithosphere have yet to be explored. This hypothesis 
could explain Laramide shortening in the southern Rockies 
without necessitating detachment of the relatively cool [Helm- 
staedt and Schulze, 199 11 Colorado Plateau. Alternatively, 
originally thick Precambrian crust in the western and south- 
western North American craton may have provided a weak 
lower crustal layer allowing detachment tectonics during both 
Laramide and Pennsylvanian orogenies. Rooting of the 
Laramide detachment to the west, in the area now occupied by 
the Basin and Range, seems consistent with the similar slip 
trends indicated by the main Cordilleran and Laramide thrust 
belts as well as the west-to-east progression of Laramide 
thrusting in Wyoming [Brown, 19881. In addition, the overlap 
of thin- and thick-skinned thrusting in Wyoming suggests that 
the main Laramide and Cordilleran deformations were char- 
acterized by ENE-directed thrusting with minimal deforma- 
tion in the lower plate. The discordance between the NE-SW 
trending Laramide magmatism associated with the Colorado 
Mineral belt may reflect fimdamental differences in the defor- 
mation of the upper and lower parts of the Cordilleran litho- 
sphere during Laramide deformation. 

In reality, Laramide structures probably result from a com- 
bination of the 2D end-member models examined in this 
paper, as modified by additional 3D complications and con- 
straints. A better understanding of basement-involved defor- 
mation will require more kinematic and geometric data from 
all levels in the North American lithosphere. Advances in 
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structural balancing and mechanical modeling should allow hl l  
4D (3D + time) analyses of the Laramide arches. More com- 
prehensive gravity and deep seismic determinations of deeper 
lithospheric structure should finally determine how basement- 
involved deformation in the upper crust can be connected to 
plate tectonic processes. 
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Complex Proterozoic Crustal Assembly of Southwestern 
~ o A h  America in an Arcuate Subduction System: The 

Black Canyon of the Gunnison, Southwestern Colorado 

Micah J. Jessup1, Karl E. Karlstrom2, James Connelly3, Michael Williams4, 
Richard Livaccari5, Amanda Tyson6, and Steven A. ~ o g e r s ~  

The dominant orogenic fabric in Proterozoic rocks of the southwestern U.S. 
includes a series of NE-striking shear zones that are commonly interpreted as suture 
zones across which blocks of juvenile crust were assembled to the southern margin 
of Laurentia. New structural and geochronological data from southwestern Col- 
orado suggest that fabrics related to assembly of tectonostratigraphic terranes in 
this area strike northwest. The NW-striking foliations represent deformation at ca. 
10-20 krn paleodepths (ca. 1.77-1.71 Ga), and are parallel to magnetic anomalies 
and to gradients in mantle velocity structure. The agreement between these data 
sets suggests that the NW-striking structures are important at lithospheric scale, 
extend to >I00 krn depth, and may record assembly of southwestern Colorado across 
NW-striking tectonic boundaries. Geochronologic data indicate that northwest (cen- 
tral Colorado)-and northeast (Cheyenne belt)-striking boundaries developed simul- 
taneously during accretion of southwestern Laurentia between ca. 1.78-1.73 Ga. 
We propose that the Yavapai province at ca. 1.75 Ga may have involved a complex 
arcuate subduction system, with multiple arcs, analogous to that of the modern 
Banda Sea, in the Indonesia region. 

INTRODUCTION 

Models for forming juvenile continental crust commonly 
involve the complex collisions of oceanic elements and their 
amalgamation to the margin of an existing continent [Hamil- 
ton, 1979; Snyder et al., 19961. In the southwestern U.S., most 
models involve crustal growth from the northwest to southeast 

based on the dominant NE-striking orogenic fabric [Reed, 
1987; Karlstrom and Bowring, 19881. However, the Paleo- 
proterozoic rocks exposed in southwestern Colorado add an 
important new element to these models; here the dominant 
fabric is NW-striking over a large region and geochronolog- 
ical data suggest that it formed at the same time that NE- 
striking shear zones were active elsewhere in the region. An 
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accurate model for assembly of the crust in the southwestern rics in southern Colorado. We highlight NW-striking aero- 
U.S. must account for coeval NW-and NE-striking zones [Albin magnetic and mantle tomographic trends that coincide with the 
and Karlstrom, 19911. The goals of this paper are to describe, NW-trending surface foliations, and thereby delimit a -200 km 
and provide time constraints on the NW-and NE-striking fab- long and >I00 km deep domain that may represent a major 

- - - _ _ _ _ _  deformation 
AZ:r\Jl\/r f o m a t i 6 f i - ' - ' " - - - - - - - - - -  - - - - - - - - - - - - - - - -  - - - - -  

u 
shear zones 1.75-1.65 Ga granito~d F2-folds - 1.72-1.70 Ga 

Figure 1. Proterozoic rocks exposed in Colorado. Boxes show locations of Plate 1 and Figure 2. Black bars represent the 
NW-trending F2 folds (-1.70-1.72 Ga) and gray bars depict NE-trending F3 folds. Granitic batholiths after Reed et al. [1987]. 
Shear zone locations after Tweto [1963]. 
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lithospheric scale structural domain in southwestern Colorado. 
This study seeks to unravel the -350 m.y. long history 

and complex kinematics recorded by Proterozoic rocks of 
southwestern Colorado, specifically those exposed in the 
Black Canyon of the Gunnison [Hansen and Peterman, 
19681. New structural and geochronological work in the 
Black Canyon of the Gunnison presented here also leads 
to a better understanding of several aspects of the ca. 1.79 
Ga- 1.43 Ga history of the southwestern U.S., including ca. 
1.4 Ga  intracontinental tectonism related to A-type 
plutonism. 

BACKGROUND 

Proterozoic rocks in Colorado are part of the 1300-kin- 
wide belt of juvenile crust that extends from the Cheyenne 
belt, Wyoming, to Sonora, Mexico (Figure 1). The area of the 
Cheyenne belt initially formed as a rifted margin (ca. 2.1 Ga) 
and then became the fundamental ProterozoicIArchean suture 
[Karlstrom and Houston, 1984; Duebendo~fer and Houston, 
1987; Tyson et al., 20021. The Proterozoic juvenile terranes 
south of the Cheyenne belt contain metasedimentary and 
metavolcanic rocks intruded by several generations of intru- 
sive rocks [Reed et al., 19871. These rocks are believed to have 
formed in a complex series of arcs and oceanic terranes built on 
and tectonically juxtaposed with locally older (ca. 2.G1.8 Ga) 
continental fi-agments [Reed et ul., 1987; Kurlstrom and Bowlring, 
1988; Bowring and Karl.strom, 1990; Ilg et a/., 1996; Shaw and 
Karlstrom, 1999; Selverstone et a/., 2000; Hill und Bickfi~~d, 
20011. Uncertainty remains regarding the paleogeography and 
original geometry of tectonic blocks, and the location of possi- 
ble sutures south of the Cheyenne belt. 

We use the following terminology for provinces and events. 
The term "Yavapai orogeny" is used for the long and com- 
plex series of collisions involving oceanic tectonic elements 
(arcs, arc basins, oceanic terranes) and their assembly to North 
America (ca. 1.8-1.7 Ga). The resulting "Yavapai province" 
includes pre- 1.70 Ga predominantly juvenile crust that extends 
from the Cheyenne belt south to central New Mexico and 
central Arizona and west to tlic Mojave province [Kat*lstrom 
and Bowring, 1988; Karlstrom and Humphrqs, 19981. This 
series of events was followed by crustal stabilization that 
resulted in a regional unconformity and deposition of mature 
quartzites (Plate 1) [Williams, 1987; Soegaard and Eriksson, 
19891. Scattered remnants of these quartzites extend well 
northward (into Colorado) from the sites of thickest preser- 
vation in northern New Mcxico (Figure 1 ) [ Willianzs, 19871. 
The term "Mazatzal orogeny", refers to the deformation at 
ca. 1.65 Ga that resulted in the assembly of 1.68-1.65 Ga tec- 
tonic blocks to the southeastern margin of the Yavapai province 
along a complex, northeast-striking boundary [Shaw and Kat-1- 

strom, 19991. After the Mazatzal orogeny at ca. 1.65 Ga there 
followed a -200 m.y. period of cratonic stability and resi- 
dence in the middle crust of the Proterozoic rocks that are 
presently exposed in the southwestern U.S. [Bowring and 
Kurlstrom, 1990; Williams und Karlstrom, 19961. This sta- 
bility was disrupted by emplacement of ca. 1.45-1.35 Ga A- 
type granites and temporally associated regional transpressive 
deformation [Nyrnun et al., 19941. 

Southwestern Colorado provides excellent exposure of Pale- 
oproterozoic rocks that range in age from - 1.8 to 1.68 Ga and 
record a sequence of events related to the growth, stabiliza- 
tion, and reactivation of juvenile lithosphere (Plate I). The 
Dubois (ca. 1.77-1.76 Ga) and Cochetopa (ca. 1.74-1.73 Ga) 
successions are sequences of bimodal volcanogenic rocks 
intruded by two generations of calc-alkaline plutons (1.75 Ga 
and 1.72-1.70 Ga) and contain inherited zircons with ages of 
- 2.5 Ga and 1.87-1.84 Ga (Plate I) [Bickford und Boardman, 
1984; Knoper und Condie, 1988; Bickfbrd e f  a/., 1989; Hill 
andBickford, 20011. Nd models suggest that these rocks rep- 
resent juvenile material often interpreted as arc components 
[DePaolo, 198 I]. The presence of inherited zircons supports 
models for the presence of older crustal material of -2.0-1.8 
Ga in the subsurface (Trans-HudsonlPenokean age) [Hill and 
Bickforcl, 2001 ; Hawkins et ul., 19961. The Black Canyon area 
hosts quartz-rich nietasedimentary rocks that are in contact 
with the Dubois and Cochetopa metavolcanic successions 
(Plate 1) [Hunsen, 198 11. The nature of contacts between these 
three lithostratigraphic successions was obscured by intense 
polyphase deformation and may involve depositional contacts 
andlor tectonic juxtaposition of "blocks" [Afifi, 198 1; Shonk, 
19841. Proterozoic rocks are also exposed in thc Uncompah- 
gre Plateall; these consist of migmatitic gneiss (ca. 1.74 Ga) 
intruded by a syn-kinematic monzogranite (1.72 Ga; Figure 
2) [Livaccari et ul., 200 1 1. 

Regional -1.4 Ga intracratonic tectonism is recorded by 
the emplacement of the Curecanti and Vernal Mesa mon- 
zogranites, several generations of pegmatite dikes (Plate 1) 
[Hansen, 1964; Hansen and Peternzan, 1968; Bickford and 
Cz~dzilo, 1975; Hansen, 198 11, and significant deformation 
and metamorphism [Jessup et ul., 2002a,b; Jc>sszip, 20031. 
The Curecanti monzogranite (1 420 h 15 Ma) is undeformed 
and was ernplaced as sheets that crosscut the vertically foli- 
ated migrnatitic gneiss host rock [Hansen, 1964; Hunsen 
and Peterman, 19681. The Vernal Mesa monzogranite (1434 
* 2 Ma; dated and discussed below) of the Black Canyon is 
interpreted as syn-tectonic [Hansen and Peterman, 1968; 
Hunsen, 19811, but the Vernal Mesa of the Uncompahgre 
plateau (1430 * 22 Ga) is interpreted as post-tectonic [Livac- 
curi et a/ . ,  20011. The discrepancy between these two inter- 
pretations may reflect different levels of emplacement and/or 
partitioned deformation. 
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Explanation 

biohbl dikes (1.366 Ga, Ar/Ar bio.) 

metagabbroldiorite (-1.4 Ga) 
Vernal Mesa monzogranite (1.43 Ga) 

amphibolite (-1.7 Ga) 

0 monzogranite (1.72 Ga) 

migmatitc gneiss (-1.70-1.75 Ga) 
supracrustal rocks undivided 

Figure 2. Generalized geologic map of the Proterozoic rocks exposed in the Uncompahgre Plateau. NW-trending F2 folds 
are tight to isoclinal with steeply dipping axial surfaces. The timing of this deformation is constrained by the syn-kinematic 
megacrystic monzogranite (1,721 k 14 Ma). NE-trending F3 folds that result in basin and dome interference patterns 
refold the NW-trending folds. The Mesoproterozoic Vernal Mesa monzogranite is relatively undeformed (1,430 i 22 Ma) 
[Bick$oford and Cudzilo, 19751. 
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GEOMETRIC AND KINEMATIC ANALYSIS OF THE 
BLACK CANYON REGION 

In order to elucidate the nature of regional tectonism as 
expressed in southwestern Colorado, the following section 
describes details of a geometric and kinematic analysis of 
the well-exposed Proterozoic rocks in the Black Canyon of 
the Gunnison. This section builds on excellent mapping by 
Hansen [I97 1 ; 19721 and distinguishes four phases of defor- 
mation. We differentiate these phases with an understand- 
ing that they may represent distinct events, a progression of 
deformation, or some combination of both. The prevalent 
structural character throughout the Black Canyon was 
imposed during the first (Dl) and second (D2) phases of 
deformation, while the third (D3) and fourth (D4) phases of 
deformation are limited to the Black Canyon shear zone 
(Plate 1). The four phases of deformation are generalized as 
follows. The first phase of deformation (Dl)  is recorded 
by mesoscopic and macroscopic isoclinal F 1 folds of bed- 
ding and associated S1 axial planar foliation and is pre- 
served in the hinges of F2 folds where subsequent 
overprinting is weak (e.g., Crystal Creek synform, Morrow 
Point and Wildcat Gulch antiforms; Plate 1, inset C). The 
second phase of deformation (D2) is recorded by variably 
plunging macroscopic F2 folds and L2 stretching lineations 
that resulted in the regionally dominant SlIS2 composite 
foliation that strikes north to northwest (e.g. Plate 1; Crys- 

tal Creek synform, Morrow Point antiform, Curecanti 
antiform, Wildcat Gulch antiform, and Gold Basin antiform). 
D3 is recorded by NE-trending, upright F3 folds with sub- 
vertical NE-striking S3 axial planar foliation and subverti- 
cal L3 stretching lineations that are concentrated in a 
-5-km-wide-high-strain zone (Plate 1). We term this high- 
strain zone the Black Canyon shear zone and propose that 
it may be the southern extension of the Colorado Mineral 
Belt shear zone system [Tweto, 1963; McCoy et al. 20011. 
D4 is recorded by reoriented L3-lineations, rotated into par- 
allelism with a gently SW-plunging L4 stretching lineation. 
This lineation is perpendicular to -1.4 Ga pegmatite dikes 
and is interpreted to record a reactivation of the Black 
Canyon shear zone during dextral transpressional shear. In 
the following section we present detailed observations from 
four structural domains that provide the basis for the four 
phases of deformation proposed above. 

The Crystal Creek F2-Synform (Domain 1) 

Several folds that contain sub-horizontal, N-S trending fold 
axes are located in the northwestern part of the Black Canyon 
of the Gunnison, including the Crystal Creek synform (Plate 
1, Domain 1, Fig 3a). The gneissic S1 foliation in the Pitts 
Meadow granodiorite and migmatized quartzofeldspathic 
paragneiss is folded by F2 folds and is therefore oriented N- 
S, subvertical, and subparallel to the axial plane of the F2 

- - -- - - - 

Figure 3. a) Equal-area projection of structural data from domain 1 (e.g. Crystal Creek synform). The poles to the S1 foli- 
ation (squares) define the great circle used to calculate a subhorizontal F2 fold axis (large gray circle) of 01" +004" 
(N=135). The L2 stretching lineations (small gray circles) have an average orientation of 12"-+182" (N=38). The orien- 
tation of fold axes and lineations suggests that the extension direction, as recorded by stretching lineations, is subparallel 
to the fold axes. b) Equal-area projection of poles to the S3 foliation within domain 2 (e.g. the Black Canyon shear zone). 
The tight clusters of poles to S3 demonstrates a consistent shear plane orientation of 246", 84" (N=40) as shown by the dashed 
great circle. c) Equal-area projection of lineations and fold axes within the Black Canyon shear zone. Solid squares rep- 
resent the orientation of stretching lineations in the migmatitic gneiss near the contact with the Vernal Mesa monzogran- 
ite and define a cluster with an average orientation of 32"+243O (N=13). Open circles depict the fold axes orientation in 
the migmatitic gneiss that varies between 29"+246O and 13°+0560 with a maximum towards the southwest (N=21). Lin- 
eations in the layered quartzitic gneiss are shown by the distribution of open crosses that vary between 33"+250° to 
45"+050°. We interpret the variation in lineation orientation as a record of the rotation of linear elements towards verti- 
cal in the center of the shear zone. Here, the average orientation of lineations in the layered quartzitic gneiss is 84"+302" 
(N=42). Fold axes within the layered quartzitic gneiss are shown as black crosses and have an average orientation of 
82"+055" (N=10). The subparallel orientation of fold axes and lineations provide evidence for the rotation of fold axes 
into subvertical near the center of the shear zone. d) Equal area projection of the average orientation of NW-striking peg- 
matite dikes (292", 5 1°N), shear plane (224", 74"N), and L4 stretching lineation (32"+243"). The intersection of the peg- 
matite dikes with the shear plane is -90" from the movement direction (X-axis) as defined by stretching lineations. If the 
pegmatite dikes represent tensile openings perpendicular to the X-axis and are used to define the finite strain axes, they 
are consistent with dextral shear with a NW-side-up component. e) Equal-area projection of poles to S1 foliation ineas- 
urements from domain 3 defines the great circle used to calculate a F2 fold axis (gray circle) for the Morrow Point antiform 
with an orientation of 27"+175" (N=75). f) Equal-area projection of poles to S1 foliation measurements from domain 4 
that statistically define an F2 fold axis orientation (gray circle) of 44"-292" (N=27) for the Curecanti Needle antiform. 
g) Equal-area projection of poles to S1 foliation measurements that defines an F2 fold axis orientation (gray circle) of 
50°+3 18' (N=189) for Gold Basin antiform. 
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folds (Plate 1) [Hansen and Peterman, 1968; Hansen, 1971, 
19721. The Pitts Meadow granodiorite (ca. 1.713 Ga) [Jes- 
sup et al., 2002bl was emplaced before or during amphibolite 
facies metamorphism and migmatization, as shown by dif- 
fuse contacts where metasedimentary gneiss grades subtly 
into gneissic granite [Hansen and Peterman, 19681. On the 
western limb of the Crystal Creek (F2) synform the Pitts 
Meadow granodiorite is sheared sinistrally and has a pene- 
trative LiS-tectonite (17"+201°) fabric that is axial planar 
to N-S-trending F2 folds. The SllS2 composite foliation is 
defined by aligned mica and flattened quartz and feldspar; 
elongate quartz and feldspar rods define L2 stretching lin- 
eations that are sub-parallel to F2 fold axes (Plate 1). An early 
generation of pegmatite dikes (ca. 1.709 Ga) [Jessup et al., 
200261 is isoclinally folded and locally boudinaged along the 
SlIS2 composite fabric and suggests -E-W shortening and 
-N-S extension in the X-axis (17"-+201°) (Figure 4a; see 
CDROM in back cover sleeve). Asymmetric pegmatite boudins 
along the S 1IS2 composite foliation record sinistral strike slip 
that we interpret to have formed either pre-or syn-F2 folding 
(Figure 4b; see CDROM in back cover sleeve). 

The Green Mountain antiform (F2) is southeast of the Crys- 
tal Creel< synform (Plate 1). This area contains schist and 
migmatitic quartzofeldspathic gneiss with an average fold 
axis of 17"+199" and average stretching lineations of 34" 
233" (Plate 1). The axial surface of the Green Mountain 
antiform bends southwest as it approaches the Black Canyon 
shear zone (Plate 1). 

The Black Canyon Shear Zone (Domain 2) 

The -4-km-wide, NE-striking, Black Canyon shear zone 
(Domain 2; Figure 3b) is a zone of intense NE-striking, 
subvertical foliation (246", 86"NW) and migmatization. It 
deforms a variety of rocks including the Vernal Mesa mon- 
zogranite, two generations of pegmatite, layered quartzitic 
gneiss, migmatized gneiss, and quartz-biotite-plagioclase- 
garnet-staurolite-cordierite-anthophyllite schist (Plate 1). 
The pervasive subvertical, NE-striking, axial planar folia- 
tion and shear plane orientation are remarkably consistent 
(Figure 3b). The plunge of lineations and fold axes within 
the foliation, however, are variable throughout the Black 
Canyon shear zone (Figure 3c). There is a general steepen- 
ing of fold axes and stretching lineations from the edge 
towards the center of the shear zone (Figure 3c). We inter- 
pret this as an indication that during the formation of the 
shear zone, the extension direction was subvertical and shal- 
lowly plunging L2 lineations and F2 fold axes were rotated 
towards a vertical elongation direction in the zones of high- 
est strain [e.g. Cobbold and Quinquis, 19801. For example, 
the Coffee Pot Hill antiform (Plate 1) forms the southeast- 

ern margin of the Black Canyon shear zone and has a fold 
axis of 52"+046" and an average stretching lineation of 
66"+047". The NE-trend of the Coffee Pot Hill antiform is 
similar to the Black Canyon shear zone and we interpret 
the moderate plunge as a record of the partial steepening of 
an originally shallowly plunging, NW-trending F2 fold 
within the margin of the Black Canyon shear zone (Plate 
1). Because F2 and L2 lineations and fold axes were rotated 
into the shear zone, we propose it formed during a third 
phase of deformation (D3). Therefore, the NE-striking shear 
plane, fold axes, and lineations within the shear zone are 
termed S3, F3, and L3, respectively. The bending of the 
Green Mountain antiform (F2) into the shear zone provides 
further evidence for D3 and also suggests a component of 
dextral shear (Plate 1). Overprinting relationships between 
two of the three phases of deformation are locally preserved 
in a low-strain domain on the southern margin of the shear 
zone. At this location, an early F1 isoclinal fold deformed 
primary graded bedding. This isoclinal fold was overprinted 
by a NE-striking subvertical foliation that we interpret as the 
S3 foliation (Plate 1, inset B). The record of D2 may have 
been completely overprinted via tightening and transposition 
during D3 (Plate 1, inset B). 

The Vernal Mesa monzogranite (1 434 i 2 Ma; dated and 
discussed below) is a NE-trending, 1.5 x 6 km body on the 
northwestern margin of the Black Canyon shear zone. It 
has a strong NE-striking, dominantly magmatic foliation 
defined by aligned feldspar megacrysts. Solid-state fabrics 
in the pluton are present but uncommon, and indicate that 
some regional deformation outlasted pluton crystallization. 
The contact between the monzogranite and migmatized 
quartzofeldspathic gneiss is several hundred meters wide 
and characterized by blocks and screens of gneiss within 
granite that decrease in abundance away from the contact. 
Fold axes and lineations are parallel in the migmatitic gneiss 
near the pluton and define a maximum of 32"+243" (Fig- 
ure 3c; Figure 5; see CDROM in back cover sleeve). NW- 
striking - 5-m-wide pegmatite dikes (292", 5 1°N) crosscut 
both the Vernal Mesa monzogranite and migmatitic gneiss 
to the northwest and therefore were intruded during or after 
emplacement of the Vernal Mesa monzogranite. Equal-area 
projection of the shear plane, stretching lineations, and aver- 
age orientation of pegmatite dikes demonstrates the geo- 
metric relationship between these features (Figure 3d). The 
well-developed stretching lineations form a maximum that 
is - 90" from the intersection of the pegmatite dikes and 
shear plane (Figure 3d). This suggests that the pegmatite 
dikes formed as tension gashes and that the stretching lin- 
eations (L4) record the extension direction during dextral- 
oblique reactivation of the Black Canyon shear zone (Figure 
3d). 
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Morrow PointAntiform (Domain 3) 

The Morrow Point antiform (F2) is one of a series of open syn- 
forms and antiforms; it has a fold axis orientation of 27"+175" 
(Figure 3e). The Morrow Point antiform (F2) is cored by layered 
quartzitic gneiss and overlain by a thick sequence of migmatitic 
sillimanite-bearing schist. On the eastern limb of the broad F2 
antiform there is a nappe-style isoclinal F 1 fold with a pervasive 
axial planar S1 foliation. The S 1 foliation is recorded in the 
hinges of parasitic F 1 folds where aligned muscovite is at a high 
angle to bedding. Pegmatite sills and leucosomes are localized 
along the -N-S-striking S 1 foliation and are folded by F2 folds 
indicating that a rnigmatization event was syn-or-pre-F2. This is 
important in documenting that migmatization of country rock 
took place during D 1 (Pitts Meadow), D2 (Morrow Point), and 
D4 (Vernal Mesa). 

Curecanti and Wildcat Gulch Antiforms (Domain 4) 

The Curecanti antiform (F2) folds migmatitic gneiss with 
a pervasive S 1 foliation and trends northwest with a fold axis 
of 44"+292" (Figure 3f). The cuspate, open hinge, steep- 
limbed style of F2 folds appears to be consistent between the 
Morrow Point antiform and these areas to the southeast. How- 
ever the trend of the fold axes undergoes an important transition 
from N-S to NW-SE as first noted by Hunter [1925]. Con- 
tinuing to the southeast towards the Dubois and Cochetopa 
successions, the next major structure that we mapped is the 
Wildcat Gulch antiform (F2; 13'41 1 lo) just northwest of 
the contact between the Dubois and Black Canyon succes- 
sion (Plate 1). The Wildcat Gulch antiform (F2) has a broad 
hinge and steep limbs and folds layered quartzitic gneiss that 
contains a pervasive S1 foliation. Overprinting relationships 
between the two phases of deformation are preserved in the 
hinge region just north of Wildcat Gulch. Here the S1 folia- 
tion is parallel to the axial surface of isoclinal F I folds that fold 
graded bedding (Plate 1, inset C). 

THE DUBOIS AND COCHETOPA SUCCESSIONS 

Based on the following synthesis of data we propose three 
generalized phases of deformation recorded by the Dubois 
and Cochetopa successions (Plate 1). The first phase (Dl) 
includes F1 folds of primary volcanogenic features and is 
associated with a strong axial planar S 1 foliation that is defined 
by the alignment of various minerals and dominates much of 
the region (Plate 1, inset D; e.g., Iris syncline, Beaver Creek 
anticline, Vulcan syncline, Gunnison annular complex) [AfiJi, 
1981; Shonk, 1984; Lafrance and John, 20011. The second 
phase of deformation (D2) produced shallow to moderately 
plunging NW-trending F2 folds with steep limbs (e.g. Gold 

Basin antiform Figure 3g), Gunnison annular complex) [Am, 
198 1 ; Shonk, 1984; Lupance and John, 200 11. F2 folds (and 
hence development of the regional sub-vertical NW fabric) 
formed between 1.70 and 1.7 13 Ga, based on the syn- 
kinematic granite of South Beaver Creek (1.70 Ga) and late- 
/post-kinematic tonalite of Gold Basin (1.7 13 Ga) [Ajifi, 198 1 ; 
Shonk, 1984; Bickford et al., 1989; Wortman and Bickford, 
1990; Lafrance and John, 2001; Hill and Bickford, 20011. 
The syn-to-post-kinematic tonalite of Gold Basin is largely 
undeformed but locally preserves a deformational fabric that 
is recorded by boudinage of some small dikes and attributed 
to the assembly of another arc [Wortman and Bicljord, 19901. 
Hinge zones of F2 folds are not as common as the steep limbs 
(cuspate-style), and therefore the pervasive fabric of the region 
is considered to be a subvertical S 1/S2 composite fabric (Plate 
1). The composite SlIS2 fabric was overprinted during a third 
event (D3), to create complex, more localized F3 folds and S3 
foliations such as the southern limb of the Iris syncline (Plate 
1, inset D) [Afifi, 19811. At this location, the isoclinal Iris 
syncline folds primary features. During D2 this structure was 
refolded by a NW-trending F2 fold. On the southern end of the 
Iris synform a third phase of deformation is recorded by a 
NE-trending fold with a subvertical axial planar foliation 
(Plate 1, inset D) [A$$, 198 11. 

THE BLACK CANYON AND DUBOIS SUCCESSION 
CONTACT 

The contact between the rocks of the Black Canyon and 
Dubois succession provides a small field area to test various 
hypotheses for the assembly of the southwestern U.S. during 
the Paleoproterozoic. Here, the Proterozoic rocks of the Black 
Canyon share a pervasively sheared contact with the Dubois 
succession (Plate 1). We mapped the shear zone to determine 
whether the contact represents the juxtaposition of unrelated 
"blocks", a sedimentary contact, or both. 

The area is divisible into three main-tectonic units; the Pro- 
terozoic rocks of the Black Canyon (originally named the 
Black Canyon Schist), the Dubois succession (originally the 
Dubois Greenstone), and a lens of quartzite conglomerate 
that we here name the Cebolla Creek quartzite conglomerate 
[Olson and Hedlund, 19731. As exposed near the contact, the 
rocks of the Black Canyon area are predominantly composed 
of various types of quartz-biotite schistlgneiss, quartzofelds- 
pathic gneiss, amphibolite schist, and limited carbonate lenses, 
with little or no volcanogenic sediment. In contrast, the Dubois 
succession (1.77-1.76 Ga) has many features that are hall- 
marks of a volcanogenic origin [Afifi, 198 1; Bickford et al., 
19891. These features include, but are not limited to, felsic 
and mafic metavolcanic rocks, pillow structures, amygdules, 
metachert, and flow rocks [Olson and Hedlund, 19731. The 
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1 KOOBC9 - Vernal Mesa 

Figure 6. Concordla plot for zlrcon and tltan~te fractions &om the syn- 
kinematic Vernal Mesa monzogranlte Ell~pses denote the devidtion 
associated with flvc zircon fract~on., shown In l~ght gray (ZIZ5)  
and two titanite fractions shown in dark gray Z 1 and 23 appear to be 
sl~ghtly older, poss~bly due to 1n11e1 ltance The large clustcr dcfines 
an age of 1,434 * 2 Ma based on 3 z~rcons (Z2,Z4,Z5) and one 
titanitc (TI) We Interpret th~s  as the crystalhzat~on age of the Ver- 
nal Mesa monzogranlte We Interpret the younger tltan~te (T2) as a 
record of a second thermal pulse at ca 1,409 Ma 

ite to granodiorite. Average normative composition of 4 sam- 
ples is: 43% plagioclase, 22% orthoclase, and 15 % quartz; 
other modal minerals are biotite, opaque iron minerals, epidote, 
titanite, hornblende, apatite, and calcite [Hansen, 197 I]. Three 
zircon fractions (22, 24,  and Z5) and one titanite fraction 
(TI; not used in calculation) are slightly discordant but all 
have similar 207Pb/206Pb ages that average to 1,434 i 2 Ma 
(Figwre 4; Table 1, see CD ROM in back cover sleeve). We 
interpret the crystallization age as 1,434 i 2 Ma bascd on a 
weighted mean of these points (Figure 6). The ca. 1,409 Ma 
titanite suggests that the area either remained hot for tens of 
millions of years or was reheated - 20 million years after plu- 
ton emplacement. Zircon fractions Z1 and 23 are interpreted 
to contain an inherited component. 

IN SITU MONAZITE GEOCHRONOLOGY 

We conducted in situ monazite geochronology to determine 
the timing of metamorphic events as recorded in the host rock 
bounding the Vernal Mesa monzogranite (Plate 2). The com- 
positional mapping, age mapping, and microprobe dating of 
in situ monazite is a powerful tool that enables complex tec- 
tonic histories to be integrated [Williams et al., 19991. Mon- 
azite is a rare earth element-bearing (dominantly cerium) 
phosphate that also contains Th, U, and insignificant levels 

of nonradiogenic lead and is therefore widely used for U-Pb 
datlng [Parrlsh, 19901 Because d~ffusion of major and trace 
elements is slow, monazite retains geochronolog~cal data 
through younger metamorphic events [ W ~ l l l a m ~  et a1 19991. 
The concentratlons of U, Th and Pb are used to calculate an 
age assumlng a neglrglble amount of common Pb and no slg- 
nificant modificat~on of their concentrations by mass transfer 
 willl lam^ et a1 , 19991 Elemental concentratlons are measured 
m vtu on the electron mlcroprobe and thereby provide a unique 
opportunity to Infer the age of deformatlonal fabrlcs 

Sample MBC43 IS from a schlst -3 km southeact of the Ver- 
nal Mesa monzogranite (Plate I ) Thls rock contains porphy- 
roblasts of garnet-staurolite-cordiente-anthophyllite surrounded 
by a matrix of plagioclase and quartz The pel~te grld for the 
KFMASH system and the emp~rlcal petrogenetlc grld for 
cordlerite-anthophyllite rocks define an overlapping stability 
field of -600 + 50°C and 3 * 1 kbar [Speuu; 19951 Two mon- 
azite minerals were dated using 1n sltu monazlte geochronol- 
ogy One IS an inclusion in a cordlerite porphyroblast that 
ylelds an age of 1,390 * 6 3 Ma (Plate 2a), the second is an 
inclusion in a garnet porphyroblast that ylelds a s ~ m ~ l a r  age of 
1,390 h 5 9 Ma (Plate 2b) Age zoning 1s absent within both 
of these grams Because these monazites are inclusions withln 
cordierlte and garnet porphyroblasts, we interpret them as a 
timlng constraint on the growth of the metamorphic assem- 
blage and an indication that metamorphism outlasted emplace- 
ment of the Vernal Mesa pluton durlng Mesoproterozoic 
lntracratonic tectonism in the Black Canyon shear zone 

REGIONAL IMPORTANCE OF NW-TRENDING 
FABRICS IN SOUTHWESTERN COLORADO 

From the Cochetopa succession in the east to the Protero- 
zoic rocks of the Uncompahgre Plateau on the west, the dom- 
inant regional foliation trends northwest (ca. 1.72-1.70 Ga). 
In the -40 km wide region that bounds the NE-striking Black 
Canyon shear zone, F2 folds and L2 stretching lineations are 
reoriented to north-south trends. We relate this progressive 
reorientation of F2 fold axes to movement on the NE-striking 
Black Canyon shear zone. The foliation trajectories of this 
transition suggest that the Green Mountain and Coffee Pot 
Hill antiforms (F2) are macro-scale drag folds that were rotated 
into their NE-trend during dextral shear (Plate 1). To explain 
this observation, we propose that the early assembly of this 
portion of the Yavapai province was along NW-striking fea- 
tures that developed ca. 1.72-1.70 Ga, not the NE-striking 
orogenic fabric that is dominant throughout much of the 
Yavapai province. 

To determine the regional extent and depth of these NW- 
striking features we examined aeromagnetic and mantle tomo- 
graphic trends. The aeromagnetic map for the central U.S. 
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Plate 3. a) The Magnetic Anomaly Map of North America for southern Wyoming, Colorado, and northern New Mexico 
[NAMAG, 20021. Relative differences in magnetic susceptibility of sub-sediment rocks are shown as various shades 
between pink (highest) and dark blue (lowest). Notice the location of the Vernal Mesa monzogranite (white circle) that appears 
as a NE-striking red zone that crosses a NW-striking blue zone. b) P-wave velocity map for Colorado and New Mexico from 
Dueker et al., [2001]. The warm colors (redlyellow) show regions of mantle at -100 km depth that have slow velocities 
relative to the cold colors (greedblue). The yellowlgreen contour represents relatively low velocity zones and is shown as 
a green line in the compilation map. c) Compilation map of low velocity zones, low magnetic susceptibility areas, and ca. 
1.75 - 1.65 Ga Paleoproterozoic geology. There is a general coincidence between surface fabrics, aeromagnetic and tomo- 
graphic anomalies along the NE-striking Cheyenne belt and Jemez zone as well as the NW-striking Uncompahgre/Gun- 
nison zone. This agreement in data sets suggests the presence of a NW-trending structure from the surface to -100 km. 
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contains several prominent NE-and NW-striklng zones of 
magnetic highs and lows that record contrast~ng magnet~c 
charactenstics of Proterozoic basement rocks withln the upper 
few meters of basement (Plate 3a) [NAMAC, 20021. The Ver- 
nal Mesa monzogranite appears as a -6-km-long NE-stnk~ng 
zone of high magnetic suscepttbihty in the Black Canyon area 
that crosscuts a NW-str~king zone of low magnetic susceptl- 
billty (Plate 3a). Two NE-striking zones of magnetic lows 
co~nclde with the Cheyenne belt and Jemez hneament, notable 
major Proterozoic features [Karlstrom and Humphrey,, 19981. 
The Proterozoic rocks of the Cochetopa, Dubois, Black 
Canyon, and Uncompaligre Plateau areas co~nc~de wlth a zone 
of NW-stnlcing magnetlc lows, wh~ch is consistent with field 
observations (Plate 3 4 ,  and suggests that the NW-striking 
fabric 1s a reg~onally slgnlficant crustal-scale feature 

Seismic tomography of the western U S shows zones of 
low veloc~ty at 100-km-depth that are interpreted as sites of 
partial melting of hydrated ol~vine-poor lithosphere, such as 
oceanic crust [Deuker et a l ,  20011 The "warm zones" of 
crustal melting thus reveal older hydrated compositional 
domains (Plate 3b) [Kurl~trom and CD-ROM workzng group, 
20021 The low velocity zones coincide wlth several NE- 
striking features that are proposed as Paleoproterozoic suture 
zones (e g the Salnt George and Jemez lineaments) [Deuker 
et a l ,  20011 From these results it is proposed that young 
lithospher~c melting has been preferentially focused along 
Paleoproterozoic suture zones [Deuker et ul , 200 1, Karl~trom 
and CD-ROM working gr*oz~p, 20021 The one exception to 
the dominant NE-striking trend is the Aspen anomaly, a low- 
veloclty body that, although not completely de f~ned  appears 
to have a NW-str~king aspect under southwestern Colorado 
(Plate 3b) [Deuker et u l ,  20011. By compar~son wlth the NE- 
strikmg low-veloclty lineaments interpreted as sites of pref- 
erential meltlng assoc~ated w ~ t h  foss~l  suture zones, the 
NW-strik~ng Aspen anomaly may define a suture zone of con- 
trast~ng orientation, or at least imply that NW-str~king ele- 
ments are present in both the crust and upper mantle beneath 
southwest Colorado (Plate 3c) 

PLATE TECTONIC MODEL FOR CRUSTAL 
ASSEMBLY 

A tectonic model for the assembly of the Yavapai province 
to the Archean craton must explain: (1) disparate ages of the 
volcanogenic sequences across the region that are interpreted 
to be components of arcs: Irving formation (1.80-1.78 Ga) 
[Gonzales, 19941, Dubois succession (1.77-1.76 Ga) [Bicvbrd 
et ul., 19891, Cochetopa succession (1.741.73 Ga) [Bickjord 
et al., 19891, Green Mountain (1.78-1.76 Ga) [Tyson et al., 
20021, and the Granite Gorge Metamorphic Suite (1.75-1.73 
Ga) [Ilg et al., 1996; Huwkins et al., 19961; (2) data on the tim- 

ing of multiple phases of deformation of these arcs with the 
northeast grain created -1.70-1.68 Ga and northwest grain 
active earlier at ca. 1.72-1.71 Ga; (3) evidence that NE- 
trending fabrics were forming along the Cheyenne belt at 
1.78-1.75 Ga coeval with the deposition of volcanogenic 
rocks that assembled across NW-striking structures in south- 
western Colorado; and (4) the presence of older fragments of 
continental crust such as the Elves Chasm gneiss (1.84 Ga) 
[Hawkins et al., 1996; Ilg et ul., 19961 and as evidenced by 
inherited zircons 1.87-1.84 Ga [Hill and Bickford, 20011. 

The tectonic model presented here identifies analogous tec- 
tonic elements within the modern collision of the Australian 
continental plate margin with the Indonesian system (Figure 
7a) [Hamilton, 19791 and proposes that a comparably complex 
margin existed along Laurentia during the Paleoproterozoic. 
The Banda arc (shown "upside-down" in Figure 7a) is an 
active subduction system composed of an inner and outer arc 
that trends eastward (left) from Java for -2,000 km then turns 
nearly 180" (Figure 7a) [Hamilton, 19791. Upper Cenozoic 
calc-alkaline volcanic rocks dominate the inner ridge from 
Bali to Wetar, whereas the outer ridge is composed of Ter- 
tiary subduction melange and imbricated complexes in Timor 
[Hamilton, 19791. The outer ridge islands are subduction- 
imbricated complexes composed of continental crust, while the 
inner arc islands are formed by the convergence and ramp- 
ing of material during the advance of island arcs onto conti- 
nental crust [Hunzilton, 19791. The model proposed for this 
complex geometry involves: (1)  the creation of the inner arc 
along a continuous subduction system with only a slight arcu- 
ate geometry, and (2) counterclockwise rotation of the sub- 
duction system as shortening progressed [Hamilton, 19791. 
Other features that are important to note are arcs that are con- 
structed on fragments of older continental crust (e.g., Sumba) 
and oceanic crust as well as the presence of transform faults. 

A possibly analogous geometry is proposed for the assem- 
bly of the Yavapai province and accretion to the southwest- 
ern margin of Laurentia. The model for the assembly of the 
northernmost Yavapai province along NE-striking structures 
may have begun with a tectonically thinned post-2.1 Ga rifted 
Archean craton [Karlstlvm and Houston, 1984; Tyson et ul., 
20021. Ocean basin closure proceeded via the south-dipping 
subduction system that built the Green Mountain arc (Figure 
7b; 1.78-1.76 Ga) [Tyson et al., 20021. The continental mar- 
gin reached the Green Mountain trench between 1.77-1.76 
Ga, and terminated south-dipping subduction. The Rawah arc 
(1.78-1.72 Ga) then approached from the south over a south- 
dipping subduction zone and collided with the Proterozoic 
continental margin between 1.74-1.73 Ga [Tyson et al., 20021. 

Using the Banda arc analog, nearly coeval arc sequences that 
are presently located southwest of the Cheyenne belt are hypoth- 
esized to have been built along a subduction zone with varying 



JESSUPETAL. 35 

Explanation 
Transform fault 
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Continental crust1 m .  
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Figure 7. a) A simplified geologic map of the Banda Sea that is inverted (north-down) to show the current geometries of 
orthogonal subduction related to assembly of island arcs onto the northern cratonic margin of Australia [Hamilton, 19791. b) 
The proposed distribution of major island arcs in the southwestern U.S. that formed during the Paleoproterozoic. The hypothetical 
geography demonstrates the possibility of a complex interaction between NW- and NE-striking subduction zones ca. 1.75 Ga 
that will presumably create fabrics in the middle crust during assembly of the Yavapai province between 1.73-1.70 Ga. 

orientation (northwest to north-south). Convergence between the Elves Chasm gneiss (Figure 7b; 1.84 Ga) [Hawkins et al., 1996; 
arcs andkchean craton continued, possibly with a component Ilg et al., 19961. The inherited zircons from the Dubois and 
of counterclockwise rotation of the subduction zone and arc Cochetopa successions may also record presently unexposed 
into a NW-trend. The Granite Gorge metamorphic suite older continental fragments under southern Colorado [Hill and 
(1.75-1.73 Ga) is an example of a section of arc that was built Bickjord, 20011. Transform faults may have dissected the ocean 
partially on top of a fragment of older continental crust, the crust between arcs to accommodate rotation, such as the Buck- 
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horn Creek shear zone [Cavosie and Selverstone, in press]. The 
Mojave province was also built to the southwest possibly above 
a NW-striking subduction zone as proposed by Duebendorfer 
et al. [200 11. The arc terranes were then assembled along NW- 
striking structures to form the Yavapai province between 
1.73-1.7 1 Ga. (Figure 7b; see CDROM in back cover sleeve) 
[Albin and Karlstrom, 1991 ; Duebendofer et al., 2001; Lafrance 
and John, 200 1 ; Livaccari et al., 200 11. The NW-striking struc- 
tures were later overprinted (rotated and tightened) during the 
assembly of the Yavapai province onto the southern margin of 
Laurentia (1.70-1.68 Ga). This preliminary model considers 
evidence from Paleoproterozoic rocks (inherited zircons, trans- 
form faults, suture zones, arcs, fragments of older continental 
crust, assembly along NE and NW-striking boundaries) and 
attempts to assemble this evidence into a unifying model based 
on a modern tectonic setting, the Banda Sea. 

TECTONIC OVERVIEW 

Combining data from the Black Canyon area with that from 
surrounding exposures of Proterozoic rocks, we suggest that 
the evolution of continental crust in the region involved six 
main tectoniclplutonic stages: 

1) Deposition of a bimodal volcanic succession and related 
turbidite packages (ca 1.79-1.73 Ga). 

This stage involved: (1) Submarine volcanism (1.77-1.76 
Ga) in the Dubois succession and intrusion of calc-alkaline 
granites (1.757-1.751 Ga) [Bickford et al., 1989; Hill and 
Bickford, 20011; (2) Deposition of the 30 m.y. younger, sub- 
marine Cochetopa succession in the same region (1.74-1.73 
Ga) [Bicvord et al., 1989; Hill andBicvord, 20011; (3) Depo- 
sition of the Black Canyon (>1.74 Ga) [Jessup et al., 2002bl 
and the Uncompahgre (1.74 1 Ga) metasedimentary succes- 
sions [Livaccari et al., 200 11; (4) Early isoclinal F 1 folding and 
creation of pervasive S 1 foliation. The long duration of arc- 
type magmatism and related deposition of immature sedi- 
ments suggest one or more long-lived oceanic subduction 
systems as depicted in Figure 7b. 

2) Outboard assembly stage (1.73-1.70 Ga) 

This stage involved the formation of numerous NW-trending, 
variably plunging F2 folds throughout the Uncompahgre, Black 
Canyon, Dubois and Cochetopa successions at ca. 1.70-1.72 
Ga, presumably during assembly of arcs along NW-striking 
boundaries. Timing of NE-SW directed shortening to form NW- 
trending folds is constrained to be -1.72-1.70 based on: 1) the 
deposition of the pre-D2 Cochetopa succession (1.74-1.72 Ga) 
and late-syn-NE-directed shortening in the tonalite of Gold 

Basin (1.713 Ga) [Afifi, 1981; Wortman and Bicyord, 1990; 
Lafrance and John, 20011; 2) the emplacement of the Granite of 
South Beaver Creek at ca. 1.70 Ga (outer ring of the Gunnison 
annular complex) syn-NE-directed shortening [Lafrance and 
John, 2001; Hill and Bicyord, 20011; and 3) the syn-NE-directed 
shortening emplacement of the megacrystic monzogranite in 
the Uncompahgre Plateau (1.721 Ga) [Livaccari et al., 20011. 

3) Assembly to Laurentia stage. 

This stage involved the rotation, tightening and transposition 
of NW- to NS-trending F2 folds into isoclinal F3 folds with a 
strong subvertical axial planar S3 foliation in the Black Canyon 
shear zone during dextral shear. L2 lineations and F2 fold axes 
were rotated towards vertical in the highest strain zone. Strain was 
partitioned throughout the shear zone resulting in various degrees 
of fabric intensity and transposition. In the Uncompahgre Plateau, 
basin and dome interference patterns were created during D3 
by NE-trending F3 folds that overprint the NW-trending F2 
folds [Livaccari et al., 20011. NE-trending F3 folds in the 
Cochetopa and Dubois successions fold the southern end of the 
Iris syncline, South Beaver Creek, Gold Basin antiforms [AH, 
1980; Shonk, 19841. Although not yet well dated in the Black 
Canyon region, F3 is constrained as -1.68 Ga by monazite in the 
Homestake shear zone [Shaw et al., 20011. 

4) Quartzite deposition (ca. 1.70-1.68 Ga). 

Clean quartzites exposed in the Cebolla Creek syncline and 
Needle Mountains [Gibson and Harris, 19921 were uncon- 
formably deposited onto the previously deformed Paleopro- 
terozoic basement. The presence of clean quartzites suggests 
a transition from oceanic arc-related deposition to a more sta- 
ble continental setting before the onset of the Mazatzal orogeny. 

5) The Mazatzal orogeny (ca. 1.65 Ga). 

This stage involved the assembly of a younger tectonic 
block to the southeast margin of the Yavapai province along a 
complex, northeast-striking boundary [Shaw and Karlstrom, 
19991. NW-SE directed shortening rotated NW-trending fab- 
rics into a northeast orientation and thereby reactivated andlor 
created NE-striking shear zones that overprinted the NW- 
striking F2 folds. The NW-directed shortening also folded 
quartzites into NE-striking synclinal keels (Coal Creek, Blue 
Ridge, Cebolla Creek, Uncompahgre Group). 

6) Intra-continental tectonism (ca. 1.43-1.3 Ga). 

The emplacement of the Vernal Mesa monzogranite in the 
Black Canyon (1,434 * 2 Ma) took place during predomi- 
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nantly dextral, southeast side down transpressional shear par- 
allel to the preexisting Black Canyon shear zone (S3). Based 
on metamorphic assemblages and in situ monazite geochronol- 
ogy, the schist -3 km from the Vernal Mesa monzogranite 
experienced metamorphism at a pressure and temperature of 
600 * 50°C and 3 5 I kbar at 1.39 Ga. 
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Signs From the Precambrian: The Geologic Framework of 
Rocky Mountain Region Derived From Aeromagnetic Data 

Carol A. Finn and Paul K. Sims 

U S. Geological Survey, Denvel; Colorado 

Recently compiled aeromagnetic data greatly enhance our understanding of the Pre- 
cambrian basement from the Rocky Mountain region by providing a means to (1) 
extrapolate known geology exposed in generally widely separated uplifts into broad 
covered areas, and (2) delineate large-scale structural features that are not readily dis- 
cernable solely from outcrop mapping. In the Wyoming Province, Archean granite 
and gneiss terranes generate semi-circular bands of magnetic highs and lows, respec- 
tively, primarily reflecting Late Archean magmatic and deformation events that 
modified the older craton. In contrast, the subdued magnetic signature of the Pale- 
oproterozoic crystalline basement of the Rocky Mountain region does not allow 
straightforward distinction of the Yavapai, Matzatzal and Mojave provinces. This is 
not the case for the Mesoproterozoic (-1.4 Ga) iron-rich granites. Although variable 
in magnetic expression where exposed and drilled, most are associated with highs. 
Many of these plutons intruded shear zones and therefore produce long, linear mag- 
netic highs, particularly conspicuous in Arizona. A spectacular, high-amplitude 
magnetic potential high defines broad region of thick (-> 10 km) magnetite-rich gran- 
ite, perhaps underlain by coeval mafic crust. In the east, this high corresponds to the 
Western Granite-Rhyolite Province. Based on the continuity of the regional magnetic 
high, we extend the western limit of the province from its current position in New 
Mexico to southeastern California. This implies that the province lay at the edge of 
the North American margin at the time of the late Proterozoic break-up of Rodinia 
and may be present in one of the conjugate rifted pieces. 

INTRODUCTION 

Updated aeromagnetic data from the Rocky Mountains 
greatly enhance our understanding of the Precambrian base- 
ment in the region. Magnetic anomaly data provide a means 
of "seeing through" nonmagnetic rocks and cover to reveal 
lithologic variations and structural features such as faults, 
folds, and dikes. Magnetic anomalies reflect variations in the 

The Rocky Mountain Region: An Evolving Lithosphere 
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distribution and type of magnetic, iron oxide minerals-primarily 
magnetite-in Earth's crust. As much as 90 per cent of the con- 
tinental United States may be underlain by Precambrian rocks, 
yet only about 10 per cent are exposed [Reed and Harrison, 
19931, making aeromagnetic data a powerful tool for map- 
ping the geometry of basement rocks particularly where they 
are buried by younger sedimentary rocks. Because the younger 
strata generally have little magnetic character, they are often 
transparent in regional magnetic mapping. Consequently, 
observed magnetic patterns can be attributed to variations in 
magnetism of rocks in the Precambrian basement. However, 
veneers of younger volcanic rocks such as the Yellowstone 
volcanic field in northwest Wyoming and the San Juan volcanic 
field in southwest Colorado and adjacent areas are moder- 



40 AEROMAGNETIC SIGNS FROM THE PRECAMBRIAN 

0 100 200 

kilometers 

Plate la. Aeromagnetic Map of WY. Color shaded-relief image of a merged compilation of reduced-to-the-pole aero- 
magnetic data [Kucks and Hill, 20001 with outlines of mapped and inferred geologic units and faults. White plus pattern 
corresponds to Archean granites and cross-hatch pattern to Archean gneisses (see Plate lb for legend). b) Precambrian base- 
ment map of Wyoming slightly modified from [Green, 1994; Sims et al., 20011 based on interpretation of geologic map- 
ping [Blackstone, 1989; Green, 1994; Love, 19851, aeromagnetic and drill hole information. New ages for the Sherman 
batholith [Fmst, 19991 have been updated from the original map. Letters mark the following locations: BHT=Big Horn Thrust, 
BHM=Big Horn Mtns., CB=Cheyenne Belt, HF=Hartville Fault; LP=Laramie Peak, OBT= Owl Creek-Bridger Mountains 
Thrust; OTS= Oregon Trail Structure; WRT=Wind River Thrust. 
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ately magnetic and can mask the magnetic patterns of the 
underlying basement. 

Tlic general character and tectonic relationships of the 
exposed basement geology of the Rocky Mountain region 
have been known for several decades (see references in [Karl- 
stro-oln, this issue]) but knowledge of the basement in covered 
areas has been meager. Subsets of portions of the Rocky 
Mountain region froni a new, modern digital magnetic anom- 
aly grid of North America [Finn c.t al., 2001 ; NAMAG, 20021 
show clearer views of Precambrian basement lithologies and 
structures than the previous DNAG n~agnetic compilation 
[Committee for the Magnetic-Anomaly Map of North Amer- 
ica, 19871. 

The new magnetic data help elucidate upper crustal litho- 
logic variations often invisible to seismic and gravity tcch- 
niques. The magnetic data, combined with other data such as 
those collected as part of the Continental Dynamics of the 
Rocky Mountain region project (CDROM), can provide a 3- 
dimensional view of the regional geology. We review cxam- 
plcs of the strong constraints the acromag~letic data can place 
on basement lithology and structure where the rock types are 
magnetically distinct (c.g., Wyoming, Trans Hudson and Supc- 
rior Provinces) as well as the difficulties in correlating specific 
geologic units to magnetic anomalies where they are less so 
(c.g., the Palcoproterozoic provinces). The magnetic data for 
Wyoming and the Rocky Mountains of Colorado provide a 
starting point for geologic interpretations because of good 
exposures there. Extrapolation of exposed units to areas of 
cover in a broader region was done with regional and filtered 
magnetic data. Identification of the magnetic signature of 
regional geologic provinces helps constrain reconstructions 
of Rodinia, inasmuch as the other crustal segments proposed 
to be adjacent to the western North American craton (Aus- 
tralia, Siberia and Antarctica) also have aeromagnetic data 
coverage [Finn rrrzd Pi.surz.~~.rkj~, 20031. 

UTIL.ITY OF AEROMAGNETIC DATA FOR MAPPING 
PRECAMBRIAN GEOLOGY 

We use the aeromagnet~c data (Plate la) [Kuck, und Hrll, 
20001, dnII hole and outcrop data [Bluchtone, 19891 to con- 
st1 L I C ~  a Preca~iibr~an basement map of thc state of Wyom~ng 
(Plate I b) [Scins et ul ,20011 as an example of aeromagnetic 
mapplng of an Archean terrane. Here we update the descrip- 
tlon of the basement map developed by Sirns et a1 12001 b]. 

The pattern of aeromagnetlc anomalies for much of 
Wyoming (Plate la)  is roughly semi-circular and open to the 
north, retlect~ng the overall structural pattern w~th in  the 
Wyorn~ng provlnce (Plate lb). This pattern is approx~mately 

subparallel to the outer, oval margin of the Wyoming craton, 
which is composed mainly of two magnetically distinct, gen- 
eralized rock units. The primary unit consists of unmetarnor- 
phosed to amphibolite metamorphic grade granite-granodiorite 
plutons (2.9-2.5 Ga) [Chamhc~~,lain et ul., 2003; Frost et al., 
2000; Green, 1994; Love, 1985; Sims pt ul., 20011 that produce 
relatively high amplitude (200-800 nt) magmetic highs. The sec- 
ond unit, orthogneiss and paragneiss (3.3-2.5 Ga) [Chanz- 
herlain et al., 2003; Frost et ul., 20001 and minor amounts of 
supracrustal metavolcanic-metascdimentary rocks, generally 
produce magnetic lows, but the gneisses arc also associated, 
in places, with low to moderate amplitude (20-200 nT) highs. 
The cause of the contrasting magnetic expressions of the 
gneiss is the difference in contrast with the adjacent rocks 
and coniposition of the protoliths, with the orthogneiss likely 
to be magnetic and the paragnciss not. The distinct magnetic 
signatures of the granites and gneisses can be traced over cov- 
ered areas, allowing the mapping of (1) rnagnzatic donzains and 
(2) gneiss donzains, respectively (Plate I b) [Sims et al., 20011. 
In some cases, (e.g. the Laramie, Wind River and Big Horn 
ranges) the rocks in the high-grade gneiss domains are roughly 
coeval with those in adjacent magmatic domains [Chamher- 
luin et ul., 2003; Chamberlain et a/., 19931, and may represent 
the deeper portions of now-crodcd granodiorites. These 
domains are often, but not always (c.g. Big Horn Mountains), 
separated by faults with liilometers of vertical of'fsct. 

Although the Laramide orogeny brought Precambrian rocks 
to the surface, late Archean magmatisin and deformation 
[Chan?herlcrin et ul., 20031 produced the overall magnetic pat- 
tern (Plate la). Based on differences in Late Archean histories, 
the Wyoming province has been divided into several sub- 
provinces in the Archean core and 2 blocks that may be 
allochthonous to the -3 Ga craton [Chanlherluin et al., 20031. 
The southern boundary of their Sweetwater province is visi- 
ble in the magnetic data, corresponding to the Wind River 
thrust (WRT, Plate I a, b) and inferred westward extent of the 
Lararnie Peak shear zone (LP, Plate la,b) [Chamberlain, writ- 
ten comm., 20031. The > 3 Ga Sweetwater and Big Horn 
provinces (edges defined by the present-day Wind River Range, 
Granite, Laramie and Big Horn Mountains (WR, GM, LM, 
BHM, Plate la,b)) were ~zlagmatically reworked during sev- 
eral periods of arc volcanism in the late Arcl~ean (-2.6 Ga) 
[Clzanzherluitz rt al., 20031. The curvilinear belts of magnetic 
highs (Plate la) may largely reflect the calc-alkaline plutonic 
roots (Plate 1 b) of the nlagn~atic arcs. The northern limit of the 
-2.6 Ga reworking is along the Owl Creek-Bridger Moun- 
tains thrust (OBT, Plate lb) [Chunzherluin et al., 20031 but the 
curvilinear "arc" pattern does not terminate until north of the 
Big Horn Mountains (BHM, Plate 1) in the central part of 
the Big Horn province, where the last Archean deformation was 
-2.85 Ga. The termination of the "arc" magnetic patterns sug- 
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gests this region as a possible northern limit of reworking of 
the older craton -2.85 Ga. South of the Oregon Trail Structure 
(OTS, Plate lb), an exotic terrane, the Sierra-Madre-Medicine 
Bow, accreted to the continent in latest Archean [Chamberlain 
et al., 20031. The change in the orientation of magnetic highs 
south of this boundary (OTS and WRT, Plate la) may distin- 
guish the curvilinear arc terranes to the north from the exotic 
block to the south, but this is speculative. 

Magnetic Expression o f  Selected Wyoming Province Faults 

The Laramie Peak shear zone in the northern Laramie 
Mountains [Chamberlain et al., 19931 is a northeast-trending, 
northwest-vergent shear zone marked by a magnetic gradi- 
ent separating magnetic highs related to the -2.5 Ga Laramie 
batholith from magnetic lows associated with non-magnetic, 
roughly coeval [Johnson and Hills, 19761, chemically similar 
[Condie, 19691, high-grade gneiss to the south (LC Plate la, 
b). On the basis of mineral phases, Chamberlain and others 
[I9931 interpreted a south side-up throw of about 10 km. The 
fault marks the approximate north limit of reworking of the 
Archean rocks of the Laramie Mountains by forces transmit- 
ted from the collision along the Cheyenne belt [Chamberlain, 
19981. The fault has been dated at 1.76 Ga [Chamberlain et al., 
19931, just slightly younger than initial collision along the 
Cheyenne belt (CB, Plate lb). The trace of the fault is projected 
westward on the basis of the abrupt magnetic break for a dis- 
tance of -100 km. A possible lesser thrust fault is inferred 
from the magnetic data to exist about 20-30 km south of the 
Laramie Peak shear zone. 

The Cheyenne belt (CB, Plate lb), marked by a -5 km- 
wide mylonite zone, is a well defined collisional suture in 
southern Wyoming [Karlstrom and Houston, 19841. Based 
on a pronounced negative magnetic anomaly (Plate la), the 
shear zone is projected to the east and west of its exposed 
areas to state borders. 

Uplift of the mountain ranges of Wyoming resulted mainly 
from thrust faulting associated with regional northeast- 
southwest shortening during the late Cretaceous Laramide 
orogeny [Erslev, this volume]. The thrusts raised Precambrian 
basement rocks to high crustal levels (in present-day moun- 
tainous areas) and depressed the basement in adjacent areas 
(basins). Contours on the basement surface (Blackstone, 1989) 
indicate throw on the major thrusts of a few to several thou- 
sand meters. The magnetic expressions of the faults are usu- 
ally steep gradients. The Wind River thrust fault (WRT, Plate 
I), known from COCORP deep-reflection data [Smithson et 
al., 19781, is generally marked by steep magnetic gradients sep- 
arating high-amplitude, high-frequency magnetic highs asso- 
ciated with granitic rocks in the hanging wall from subdued 
highs caused by deeper level granites and lows caused by 

gneisses. Contours on the basement surface indicate a verti- 
cal displacement of - 30,000 ft (9250 m) on the Wind River 
fault [Blackstone, 19891. Northeast of the northern part of 
Wind River thrust system, we infer the northwestward con- 
tinuation of a mapped thrust fault. Despite the cover of Tertiary 
volcanic rocks east of Yellowstone National Park, the posi- 
tive anomaly in the basement can be observed (Plate la). The 
inferred fault (yellow line, NE of WRT, Plate la) bounds high 
magnetic values on the east, presumably associated with buried 
Paleoproterozoic granitic rocks from high-frequency mag- 
netic highs associated with rhyolite flows and lows associ- 
ated with alteration in Yellowstone National Park [Finn and 
Morgan, 20021. The northwestward continuation of this 
inferred structure truncates the northeast edge of the Yellow- 
stone caldera along the Mirror Lake fault system [Finn and 
Morgan, 20021. This suggests that this inferred older structure 
may have influenced the location of the Yellowstone caldera. 

The magnetic data delineate buried and exposed offsets of 
Precambrian granitic rocks in the Big Horn Mountains region. 
The Bighorn thrust fault (BHT, Plate 1) verges southwest and 
has a vertical displacement of about 1,540 m at the basement 
surface [Blacktone, 19891. Its magnetic expression is a north- 
northwest-trending gradient dividing a high-amplitude high 
over the mountains from lower amplitude highs to the west 
(BHT, Plate la). The Bighorn fault does not bring the Pre- 
cambrian basement to the present surface here; instead the 
basement rocks lie at a shallow depth beneath Phanerozoic 
strata in the Bighorn basin (west of BHT, Plate la) [Blackstone, 
19891. However, the Precambrian basement is brought to the 
surface further east (-1070307, Plate 1) by a probable sec- 
ondary, southwest-vergent thrust along the west face of the 
main mountainous area of the Bighorn Mountains (BHM, 
Plate lb); this thrust has a vertical displacement at the Pre- 
cambrian surface of about 300 m [Blackstone, 19891. This 
offset is not expressed as a break in the positive magnetic 
anomaly pattern (at west end of outcrop at (-107O30', Plate la) 
because it is too small to see on the regional magnetic data. 

Two closely-spaced mapped faults bound the eastern mar- 
gin of the Big Horn Mountains, the mountain front is marked 
by a northeast-vergent back-thrust (at east end of BI-IM, Plate 
I b) is marked by an abrupt break in magnetic anomalies (Plate 
la). The upthrown block, to the west, is expressed by high- 
amplitude, magnetic highs; the downthrown block, to the east, 
beneath sedimentary strata, causes subdued magnetic lows. A 
sub-parallel backthrust a short distance to the east fails to 
bring the basement to the present topographic surface. Based 
on the basement surface contours [Blackstone, 19891, these 
backthrusts have vertical displacements of 600-900 m. 

A lengthy, sinuous southwest vergent thrust fault occurs along 
the south margin of the Owl Creek-Bridger Mountains (OBT, 
Plate 1 b). It is expressed magnetically by a pronounced gradi- 
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Plate 2. a) Color- shaded-relief image of a merged compilation of reduced-to-the-pole aeromagnetic data [Oshetski and 
Kucks, 20001 for central Colorado with outlines of mapped geologic units and faults [Schruben, 20021. B) Subset of the 
Precambrian basement map of Colorado [Green, 1992; Sims et al., 200 1 a] based on geologic mapping [Green, 1992; 
Tweto, 19791, drill hole and aeromagnetic data. Letters refer to legend. Bright colors correspond to outcrop areas, subdued 
in the same hue to buried equivalent units. C) Gray-shaded relief map of the magnetic data (Plate 2a) to enhance linear trends. 
Letters mark the following features: PP=Pikes Peak batholith; ISR=Idaho Springs-Ralston shear zone; SG=Skin Gulch shear 
zone; SCFC=Soda Creek-Fish Creek shear zone. Arrows point to inferred buried shear zones. 
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Plate 3. A) Color shaded-relief image of a merged compilation of reduced-to-the-pole aeromagnetic data [Finn et al., 
2001; NAMAG, 20021 with outlines of exposed, undifferentiated Precarn- crystalline (white lines) rocks [Schmben, 20021. 
Black lines mark province and deformation boundaries; thrust faults indicated by teeth on upper plate (from Plate 3, [Karl- 
strorn et al., 20021. Letters mark the following locations: BB=Belt Basin, GFTZ=Great Falls Tectonic Zone, MCR=Mid- 
Continent Rift; OA=Oklahoma Aulacogen, SP=Superior Province; SRP=Snake River Plain THO=Trans-Hudson Orogen; 
and WP=Wyoming Province; Y=Yellowstone. Index map shows flight-line spacing of the various surveys that form the com- 
pilation [NAMAG, 20021. B) Rose diagrams derived from calculating the orientations of magnetic trends [Grauch, 19971 
for the Yavapai, Mazatzal and Mojave provinces. 
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ent between magnetic highs associated with scattered granitic 
exposures in the Owl Creek-Bridger Mountains (upthrown side) 
and lows over inferred gneiss in the south (Plate la). 

A north-northeast-trending linear magnetic high marks the 
trace of the Hartville fault (HF, Plate lb), a high-angle ductile 
shear zone, interpreted as a west-vergent thrust in the foreland 
of the Trans-Hudson orogen to the east [Sims and Day, 19991. 
Archean rocks on both sides of the structure are grossly sim- 
ilar, but they are higher grade (amphibolite facies) on the east, 
hanging-wall block. Based on compositions of mineral phases 
on opposite sides of the fault, the eastern block is estimated 
to have been uplifted about 5 km relative to the western block 
[K.R. Chamberlain, University of Wyoming, oral commun., 
19931. Like the Laramie batholith, these deeper-seated high- 
grade rocks are less magnetic than the higher level rocks to the 
west. The northward projection of the fault is inferred to fol- 
low the linear magnetic anomaly (Plate la). 

Magnetic Expression o f  Paleoproterozoic Basement, 
Colorado 

Unlike the Wyoming Province, where the major rock types 
can be distinguished on the basis of their magnetic expres- 
sion, a variety of Proterozoic rock units exposed in the Rocky 
Mountains possess similar magnetic signatures. The discus- 
sion that follows (largely taken from Sims et al, 2001a), demon- 
strates the difficulties in extrapolating from outcrop to covered 
areas in these circumstances. 

The aeromagnetic anomaly map of Colorado (subset, Plate 
2a, 3) [Oshetski and Kucks, 20001 is characterized by northeast- 
trending anomalies in the northern half of the state. In the 
southwestern part of the state, northwest-trending negative 
anomalies dominate. The north-trending mountain ranges 
show sharp, high-frequency magnetic highs and lows, whereas 
covered areas to the east and west are expressed by more sub- 
dued anomalies [Karlstrom and Houston, 19841. The mag- 
netic anomalies in western Colorado [Case,  19661 and 
presumably elsewhere throughout Colorado, are caused mainly 
by contrasts in the magnetism of the Precambrian basement; 
the overlying Phanerozoic sedimentary rocks are essentially 
non-magnetic. The Tertiary volcanic and intrusive rocks, for 
much of the state, although weakly to moderately magnetic, 
are generally too small in areal extent to be major sources of 
magnetic anomalies [Case, 1966; Tweto and Case, 1972; Zietz 
et al., 19691. In southwestern Colorado, however, over the 
San Juan volcanic field (Plate 2a, b), anomalies caused by a 
veneer of volcanic and subvolcanic rocks are broadly circular, 
and they generally mask the magnetic expression of the under- 
lying Precambrian basement. 

The geologic framework of Colorado was established as a 
result of the collision, subduction, and continued convergence 

of a Paleoproterozoic arc terrane with the Archean Wyoming 
craton along the Cheyenne belt [Duebendorfer and Chris- 
tensen, 19951. Collision occurred at -1.78Ga and continued 
at least to -1.74 Ga [Chamberlain, 19981, deforming and 
metamorphosing Paleoproterozoic continental-margin sedi- 
mentary rocks and Archean marginal gneisses and granitoids 
north of the Cheyenne belt as well as the arc rocks to the 
south. The orogenesis was episodic, lasting at least to -1.70 
Ga [Reed et al., 19871, and judged from age dating of syn- 
tectonic plutons [Premo, 20001, culminated in Colorado, dur- 
ing the interval 1.735-1.705 Ga. 

Precambrian rocks in central Colorado (Plate 2b) are 
exposed mainly in north-trending mountain ranges (Plate 2b) 
that extend northward into Wyoming and southward into New 
Mexico, and underlie younger Phanerozoic rocks at shallow 
to considerable depths in the remainder (ca. two-thirds) of 
the state [Tweto, 19871. The basement rocks in Colorado range 
in age from ca. 1.79 Ga [Premo and Loucks, 20001 in the 
northern part of the orogen to ca. 1.65 Ga and are generally 
younger southward. The rocks are mainly metamorphosed to 
amphibolite-facies [Reed et al., 19871. The metavolcanic rocks 
(Xfh, Plate 2a, b) are essentially non-magnetic, with the pos- 
sible exception of the large patch in the southeast. Migmatite 
and biotite gneiss (Xb, Plate 2a,b) produce both positive and 
negative magnetic anomalies. The Paleoproterozoic metavol- 
canic and metasedimentary rocks are modified by batholithic 
intrusions of -1.7, -1.4, and 1.1 Ga [Tweto, 19871. The old- 
est (1.75-1.65 Ga [Reed et al., 1987; Reed and Harrison, 
19931) and most abundant intrusions are mainly intermediate 
composition foliated hornblende-biotite granodiorite or mon- 
zogranite of calc-alkalic affinity. Generally, these intrusions 
were synchronous with regional deformation, but some were 
post-tectonic. The intrusions (Xg, Plate 2a, b), while mainly 
moderately magnetic, do correlate with lows in the south- 
central portion of the state. 

The second major magmatic episode, of -1.4 Ga age, con- 
sisted of intrusions of dominantly granitic, but variable com- 
positions, that were emplaced during a major deformational 
episode. These plutons commonly are discordant to older 
structures in the wall rocks and are undeformed except locally. 
Previously, most authors have classed these intrusions as A- 
type or "anorogenic", mainly because of their chemical com- 
positions [Anderson and Cullers, 1999, and references therein], 
but in recent years the appropriateness of classification of 
these rocks as anorogenic has been questioned [for example, 
Nyman and others, 19941. These intrusive rocks (Yg, Plate 
2a, b) are, in part, magnetic and in part non-magnetic, depend- 
ing on their iron-oxide mineralogy. Ilmenite-bearing plutons 
are non-magnetic (e.g. YI, Plate 2a) whereas magnetite-bearing 
pIutons are moderately magnetic (e.g. YM, Plate 2a). The 
third principal type of 1.4 Ga plutons-peraluminous, two- 
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mica granitic intrusions [An~ler*~son and Czillens, 19991-which 
dominate plutons of this age in central Colorado-are mainly 
moderately magnetic (e.g. XM, Plate 2a), although some bod- 
ies are not uniformly magnetized (e.g. XI, Plate 2a). 

A singlc, large batholith of partly potassic and partly sodic 
affinities, the 1 . 1  Ga Pikes Peak, is present in the southern 
part of the Front Range and has been classed as a "type cxam- 
ple" of A-type (anorogenic) granite magmatism [Loiselle, 
1979; Smith et al., 19991. A pronounced, circular magnetic 
low (PP, Plate 2a) defines the exposed batholith and buried 
eastward extension for a short distance. 

The magnetic grain in Colorado and adjacent New Mex- 
ico partly reflects faults and fractures in the Precambrian basc- 
ment which can be enhanced by displaying the aeromagnctic 
data in grey-shade (Plate 2c). The northeast-trending ncga- 
tive anomalies (Plate 2a) are associated with shear zones inter- 
preted to be -1.4 Ga (eg. [Sinzs el a/. ,200 1 a]); however recent 
data suggest that original movenicnt was at 1.7 Ga [McCoy et 
ul., 2001 I. The Idaho Springs-Ralston (ISR, Plate 2) and Skin 
Gulch (SG, Plate 2) shear zoncs in the Front Range, and the 
Soda Creek-Fish Creek shear zone in the northern Park Range 
(SC-FC, Plate 2), in particular, produce prominent magnetic 
lows. In covered areas, many northeast-trcnding lows are like- 
wise interpreted as representing -1.7 C a  shear zones. 
Northeast-trending magnetic highs in the eastern part of 
the statc (east of 105", Plate 2a, 3), are interpreted to relate 
eitlicr to - 1.7 or -1.4 Ga plutons emplaccd along the shear 
zones. 

IMPLICATIONS FOR REGIONAL 
PRECAMBRIAN GEOLOGY 

Correlating Magnetic Domains and Geologic Provinces 

Regional magnetic data compilations have often been used 
to extend geological mapping of exposed Precambrian crys- 
talline basement into covered areas, as well as link local geo- 
logic interpretations (e.g. [Adams und Keller, 1996; Dutch, 
1983; Grcm et al., 198%; Pilkington et al., 2000; Ross et al., 
199 1 ; Shuw and Karlstrom, 1999; Van Schmus and Bickfbrd, 
1993; Ziptz et al., 197 1 I). Delineation of crustal elements 
through identification of geophysical domains [Cad~v, 1989; 
Shaw et a/., 1996; Wellman, 1985; Wellman, 19981 is based on 
characteristics of anornaly geomctry and trend, wavelength 
(texture), and amplitude. Whcrc crystalline basement is 
exposed (e.g white lines, Plate 3), these domains commonly 
coincide with geologic units, lithostratigraphic terranes, or 
cratons, depending on the scale of investigation [Pilkington et 
al., 20001. The DNAG compilation [Comnzit teefi~r the 
Magnetic-Anomaly May ofNorth America, 19871 was used to 
identify some of the regional geologic provinces in the study 

area, in particular, the Superior, Trans-Hudson and Western 
Granite-Rhyolite provinces (e.g. [Dutch, 1983; Grccn et al., 
1985a; Karlstrom and Bowring, 1993; Lidiak, 1973; Van 
Schmus et al., 19871). 

Part of the new, intcrnally consistent gridded compilation of 
magnetic data for the United States (spacing of I km and 
draped 305 m above the tcrrain (to reduce the effects of vary- 
ing magnetic source depths)) [Finn et a/. ,  2001; Finn et ul., 
2001; NAMAG, 20021 was used in this study. The grid is more 
closely spaced tlian the previously available 2 km DNAG grid 
[Comnzittee, for- the Magnetic-Anomaly Map ofNorth Americu, 
19871 and contains major improvements in data resolution 
and coverage. Moreover, the digital merging tecliniqucs 
[NAMAG, 20021 reduced some of the datum shifts relatcd to 
merging individual survcys with disparate flight specifica- 
tions that resulted in substantial inconsistencies in the DNAG 
data [Conzmittee,fi,r the Magnetic-Anomaly Map qf North 
Americu, 1987; National Re.sear*ch Council, 19931. However 
problems still remain in that the existing patchwork of surveys 
is inherently unable to accurately represent anomalies with 
long (grcatcr than roughly 150 km) wavelengths, particularly 
in the US and Canada [US. Magnetic Anomuldv Data Set Tusk 
Group, 19941. The lack of information about long wavelength 
anomalies is primarily related to unknown datum shifts 
between some merged surveys, caused by data acquisition at 
widely diffcrent times and by differences in merging proce- 
dures. Thcrcfore, an equivalent source metliod, based on long- 
wavelength characterization using satellite data (CHAMP 
satellite anomalies, [Maus et al., 20021) was used to correct 
for spurious shifts in the original magnetic anomaly grid 
[Ruvat rt a/., 20021. The resulting grid resolves finer-scale 
features and is more suitable for a variety of filtering, depth- 
analysis, and modeling techniques than the DNAG grid. The 
data used in this study were reduced to the obscrved mag- 
netic data to the pole, a technique designed to account for the 
inclination of the Earth's magnetic field (Plate 3). Its princi- 
pal effect is to shift magnetic anomalies to positions directly 
above their sources [Baranov and Nuudy, 19641. An assump- 
tion in this correction is that the remanent and induccd direc- 
tions are similar (within about 25", [Bath, 19681). This 
assumption holds for much of the area as the dominant com- 
ponent of magnetization is induced for the Precambrian rocks 
in the Rocky Mountain rcgion [Bankey and Pitkin, 1999; 
Case, 19661. 

Regional features that might reflect buried boundaries in 
crystalline basement are oftcn difficult to image. To help 
delineate buried geologic provinces, we transformed the mag- 
netic (Plate 3) data to the magnetic potential (Plate 4), a trans- 
formation that suppresses short-wavelength relative to 
long-wavelength anomalies and centers anomalies over their 
sources [Barunov and Naudy, 1964; Blakely, 19951. As for 
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Plate 4. Color shaded-relief map of the magnetic potential of the magnetic data. Letters mark locations as in Figure 3. White 
dashed line is the location of the western boundary of the Western Granite Rhyolite Province of Bickford et al. [1986]. The 
black dashed line represents our estimate of its extent. Arrows show locations of lineaments based on geologic mapping 
[Baars, 19781. NB=northern boundary of magnetite-poor Precambrian crystalline rocks in Nevada [Grauch et al., 20031. 
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Despite the donlinance of Paleoproterozoic intermediate and 
mafic rocks in Nebraska and granitic rocks in Kansas [Van 
Schrnus und Bickford, 19931, no contrast in their regional 
magnetic expressions can be observed. As for Colorado and 
New Mexico, these rocks probably contribute to the background 
magnetic low in the region (blue colors, Plates. 3 and 4). 

Orientations of magnetic anomalies can help to discriminate 
geologic provinces. These can be estimated by obtaining the 
x and y first derivatives of the magnetic gradients, which yield 
a direction normal to the horizontal, and adding 90" [Gmuch, 
19971. The resulting anomaly trends were averaged into 10- 
degree bins. To eliminatc minor trends in the histograms, we 
subtracted a low threshold value corresponding to the lowest 
numbcr of points from each data set. The resulting rose dia- 
grams (Plate 3b) represent the dominant trends of magnetic 
anomalies within the Yavapai, Mazatzal and Mojave provinces. 
Although magnctic anomalies associated with Phanerozoic 
igneous rocks influence the rose diagrams, the prevailing 
trends are likely to be due to niagnctic Precambrian rocks in 
the Yavapai and Mazatzal province. In addition, latcr intru- 
sions and altered zones are often guidcd by Precambrian struc- 
tures (e.g. [Karlstr.on~ and Hunzphveys, 1998; 0 'Neil1 and 
Lopez, 1985; Shaw and Kurlstronz, 1999; Si~lzs et al., 20021 
such that anomalics associated with them will also display 
Precambrian orientations. The trends of anomalies within 
these provinces vary somewhat (Plate 3b). The major anom- 
aly trends in the Yavapai province are -N60E, east, and N80W 
(Plate 3b). The easterly trends probably include a componcnt 
of artifacts due to magnetic survey boundaries and flight linc 
noise. In contrast, the dominant magnetic trends in the Mazatzal 
province range from -N50-80W and -N50-70W in the Mojave; 
easterly trends are probably due to artifacts as for Yavapai. 

The northeast-trending Paleoproterozoic shear zones clearly 
imaged in the aeromagnetic data for Colorado, can also be 
seen in the regional magnetic (Plate 3) and magnetic poten- 
tial data sets (Plate 4), which show numerous linear magnetic 
lows of northeast- and northwest- trend as well as a general 
northeast- and northwest- trending fabric, characteristic of 
the structures in Colorado and Kansas [Zietz et a/.  , 197 11. 
These directions are reflected in the Yavapai rose diagrams 
as well (Plate 3b). The lows are associated with ductile shear 
zones and ductile-brittle faults that penetrate the basement in 
the Rocky Mountains. The structures are particularly con- 
spicuous within rocks that have a moderately high magnetism, 
such as most calc-alkaline granitic intrusions. They generally 
are distinguished by lengthy linear or curvilinear negative 
anomalies. Typically, ductile shear zones produce broader, 
more persistent, and more strongly negative anomalies than do 
the faults. 

To the north in Montana, a series of northeast-trending 
magnetic lows and highs reflects the Paleoproterozoic Great 

Falls tectonic zone [0 'Neil1 and Lopez, 19851 (GFTZ, Plate 
3), defined by a variety of northeast-trending features such 
as faults in superjacent strata and alignment of Late 
Cretaceous-Tertiary plutons and volcanic rocks that penetrate 
the basement. These Phanerozoic geologic features owe their 
position to rejuvenation of the Paleoproterozoic structures. 
Paralleling the GFTZ, is the northeast-trending Snake River 
Plain terminating at Yellowstone (SRP,Y, Plate 3), associated 
with a northeast trending zone of magnetic highs reflecting the 
Cenozoic volcanic rocks. 

As for Colorado, Mesoproterozoic activity in the region is 
dominated by the regional metamorphism and emplacement 
of -1.45-1.35 A-type granites [Andet'son und Bender, 1989; 
Kurlstrom and H~~myhreys, 19981. Thcy are generally highly 
potassic and enriched in iron; inafic rocks are probably volu- 
minous at depth as indicated by dioritic enclaves in the gran- 
ites [Frost and Fwst, 1997; Kurl.stt*onz and Hunzphrqs, 19981. 
Also during this pcriod Paleoprotcrozoic shear zones were 
reactivated such that the - 1.4 Ga magmatism was influenced 
by the geometry of thcsc older structures [Kurlstl*om and 
Humphrey.s, 19981. 

In addition to Colorado, discrete, circular, magnetic highs 
(500- 1000 nT above base values) over Nebraska and Icansas 
have largely been attributed to these -1.4 Ga plutons (Plate 3) 
[Bickfbrd el al., 1986; Hendricks and Plescia, 199 1 ; Sinzs et 
al., 200 1 a; Van Sc-/zmus und Bich$)rd, 1993; Yurger, 19851. 
In addition, they produce northeast trending magnetic highs 
over eastern Colorado, and western Nebraska and Kansas 
[Bickji~rd et ul., 1986; Yurg~c.r, 19851. The northeast trend of 
the highs changes to easterly in Nebraska and Kansas and 
further east, to northwesterly (Plates 1 and 3). 

In Arizona, northeast-trending linear magnetic highs (Plate 
3) have been attributed to Paleoproterozoic mafic metavol- 
canic rocks in the Grand Canyon [Shoemaker, 19781, and Pre- 
cambrian dioritc-granodiorite intrusions elsewhere [Hen&ick.s 
and Plesciu, I99 1 ; Langenheinz et ul., 2002; Sz~mner, 19851. 
Given the high magnetizations and volumes required to pro- 
duce the observed magnetic high [Hendricks and Plesciu, 
19911, it is unlikely that metamorphosed volcanic rocks are the 
sources of anomalies-volcanic rocks typically lose their mag- 
netizations if altered [Finn et ul., 19991; granodiorite-diorite 
plutons are the most likely sources. As for Colorado, the plu- 
tons are both Paleo- and Meso- Proterozoic in age. Sparse 
susceptibility measurements of the gabbro-granodiorite plu- 
tons are high enough (> 500 x 10" SI) [Lungenhein? et al., 
20021 to produce magnetic anomalies. The amplitudes (500- 
1000 nT above background level) and wavelengths of the 
magnetic highs are similar throughout the study area (Plate 3). 
A gap in the voluminous distribution of -1.4 Ga plutons in the 
central part of the transition zone in Arizona (white lines, 
Plate 3) [KuI-lstrom uncr' Huny~hr<ys, 19981, corresponds to a 
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magnetic quiet zone (north of 34ON, 112OW, Plates 3 and 4). 
Comparison of geologic mapping and aeromagnetic data for 
Arizona show that the majority of the magnetic highs relate to 
-1.4 Ga plutons, with a few anomalies (in the Four Corners 
area, for example) relating to the - 1.7 Ga plutons [Karlstrom 
and Bowring, 19931. All of these lines of evidence suggest 
that the preponderance of long wavelength (>50 km), high 
amplitude magnetic highs (>500 nT above base values) in the 
region reflect magnetite-rich -1.4 Ga plutons. Other sources 
of magnetic highs include mafic rocks emplaced within a 
Cambrian rift, the southern Oklahoma aulacogen, that pro- 
duce a linear northwest-trending magnetic high (OA, Plate 
3), mafic roclcs within the Mid-Continent rift (MCR, Plate 
3) and Tertiary igneous rocks in Arizona, Colorado and New 
Mexico which produce high-frequency anomalies. 

The regional magnetic character, expressed by the mag- 
netic potential map (Plate 4), is dominated by a high, the 
boundaries of which (dashed black lines, Plate 4) are strongly 
discordant to the Paleoproterozoic geologic fabric. The lower 
magnetic values (to the north) are similar to those that char- 
acterize the Paleoproterozoic basement in Colorado, and prob- 
ably are representative of the Paleoproterozoic basement 
throughout the Rocky Mountain region. Accordingly, to 
account for the magnetic disparity to the north and south, 
each region must have had different post-Paleoproterozoic 
histories. The known occurrence of magnetic (ca. 1.4 Ga) 
granitic plutons can account for most of the positive mag- 
netic potential signature. 

DISCUSSION AND CONCLUSIONS 

Unlike the Archean and Trans-Hudson provinces, rock units 
within Paleoproterozic basement of the Rocky Mountain 
region are not readily distinguishable from each other based 
on the wavelengths and amplitudes of magnetic anomalies 
because of their generally non-magnetic character. However, 
trends of magnetic anomalies associated with -1.7 Ga struc- 
tures active shortly after formation of the basement may pro- 
vide clues to the tectonic history of the provinces. Dominant 
northeasterly and easterly trends distinguish the Yavapai from 
the Mojave and Mazatzal provinces. But all three provinces 
contain northwesterly trends. Evaluating the sources of these 
magnetic trends may help constrain the location of province 
boundaries as well as Paleoproterozoic deformation history. 

The most significant contribution of the magnetic data, in 
particular, the magnetic potential map (Plate 4), in this study 
is that it clearly defines a -1.4 Ga plutonic province (Plate 
4) as a sharply-bounded high. A corresponding magnetic high 
can be observed in satellite data [Maz~s et al., 20021, which has 
been modeled as thick (> 45 lun), magnetic crust [Purucker 
et al., 20021. It is possible that mafic crust (diorite) inferred 

to underlie the granitoids [Karlstrom and Humphreys, 19981 
may contribute to the magnetic potential high as well. Mod- 
eling of an aeromagnetic high in Arizona revealed a buried, 
thick (>8 km) and magnetic (6.3 Aim) source inferred to rep- 
resent a mafic pluton [Hendricks and Plescia, 19911. In the 
east, the magnetic potential high is associated with the West- 
ern Granite-Rhyolite province [BickJbrd et al., 19861. Based 
on the magnetic potential data, we extend the western bound- 
ary of the granite-rhyolite province to western Arizona (Plate 
4 dashed black line) from its original position in New Mex- 
ico (Plate 4, dashed white line) [Bickford et al., 19861. We 
infer that the break in the magnetic potential high along the Rio 
Grand Rift (Plate 4) relates to destruction of magnetite due to 
recent heating and thermal activity. 

The northern and western boundaries of the magnetic poten- 
tial high are rather sharp, suggesting major fault control. The 
northwest trend of the northern boundaries, parallels the 
Olympic-Wichita lineament, defined by a series of faults and 
fractures exposed in Washington, Oregon, Idaho, Utah and 
Colorado [Baars, 19781, and the trend of the Oklahoma aulaco- 
gen, interpreted to follow major Precambrian boundaries 
[Baars, 19781. In Kansas, the break between regionally low and 
high magnetic anomalies has been attributed to the bound- 
ary between magnetite-poor -1.625 Ga plutons to the north 
from magnetite-rich -1.4 Ga plutons in the south [Yurger, 
19851. 

The western boundary of the province as we have drawn 
it, follows the trend of the Beer Bottle Pass fault with syn- 
plutonic, dextrallreverse movement (east side down) [Dueben- 
dorfer and Christensen, 19951, which marks the western limit 
of voluminous -1.4 Ga magmatism [Anderson and Bender, 
19891. This boundary also delimits the western edge of the 
satellite magnetic high [Maus et al., 20021. The boundary 
parallels the northwestern limit of the magnetic potential low 
over the Mojave province (NB, Plate 4) which reflects 
magnetite-poor crystalline crust [Grauch et al., 20031. This 
northern boundary has been interpreted to represent a Late 
Paleozoic and older crustal fault zone [Grauch et al., 20031. 

The tectonic origin of the -1.4 Ga granite-rhyolite province 
remains controversial. The granites have long been consid- 
ered anorogenic [Anderson and Bender, 1989; Hoffmunn, 
19891, but evidence for syn- and post-tectonic deformation 
of a variety of plutons has suggested transpressive [Dueben- 
dorfer and Christensen, 1995; Karlstrom and Humphreys, 
1998; Nyman et al., 19941 or extensional [ Windley, 19931 
plate margin settings for the magmatism. The linearity of the 
boundaries of the province as defined by the magnetic data sug- 
gest major structural control for the magmatic province, sup- 
porting a tectonic origin. 

The uniformity of the magnetic anomaly pattern associated 
with the -1.4 Ga rhyolite province and its the sharp boundaries 
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implies that the granites are not disturbed by major faults, 
indicating that substantial, synplutonic movement along reac- 
tivated -1.7 Ga shear zones did not occur. Minor reactivation 
of older faults is clearly warranted by geologic evidence, however. 

The North American craton formed part of the Late Pro- 
terozoic supercontinent of Rodinia [McMenarnin and McMe- 
narnin, 19901 for which multiple configurations have been 
postulated [Dalziel, 199 1 ; Hof fan ,  199 1 ; Karlstrorn et al., 
1999; Moores, 199 1 ; Sears and Price, 2000; Torsvik, 2003; 
Wingate et al., 20021. Because the Mojave and Yavapai 
provinces extended to the southwestern margin of the North 
America portion of Rodinia, knowledge of its crustal com- 
position and structure provide key constraints on plate recon- 
structions. In addition, regional magnetic compilations are 
available for many of the continental blocks such as Australia 
[Tarlowski et al., 19961 Antarctica [Golynsky et al., 20011 and 
Siberia [Ministry of Geology of the US.S.R., 19741 and can be 
compared to the North American data. The interpretation that 
the -1.4 Ga western granite rhyolite province continues west 
to southeastern California, implies that it was at the edge of 
the North American margin at the time of the break-up of 
Rodinia in the Late Proterozoic. The magnetic signature of 
this province and its shear zones can be compared to the mag- 
netic signature of inferred conjugate rifted margins to assess 
the validity of some of the reconstructions [Finn and Pis- 
arevsky, 20031. 
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Low-Temperature Cooling Histories of the Cheyenne Belt 
and Laramie Peak Shear Zone, Wyoming, and the Soda 

Creek-Fish Creek Shear Zone, Colorado 
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The base of a fossil apatite fission-track (AFT) partial annealing zone (PAZ), 
which formed when the area now occupied by the central and southern Rocky 
Mountains was at sea level in Late Cretaceous time, has since been disrupted by 
Laramide and post-Laramide tectonism and denudation. New AFT data are used 
to identify this marlter and to examine its disruption across Proterozoic boundaries 
in north-central Colorado and south-central Wyoming. The cooling history recorded 
by the AFT data in the Laramie Range is not strongly controlled by basement struc- 
tures, but instead reflects either long-wavelength warping of the base of the PAZ dur- 
ing Laramide deformation or N-S variations in Paleozoic to Mesozoic sediment 
thickness across this range. In contrast, at least one structure associated with the 
Cheyenne belt in the Medicine Bow Mountains, the Rambler shear zone, influenced 
the Laramide cooling history of this range. The Rambler shear zone separates 
Laramide AFT cooling ages (60 to 79 Ma) to the northwest from >lo0 Ma AFT 
ages to the southeast. In the Sierra Madre, Wyoming, AFT ages from Archean roclts 
north of the Cheyenne belt and from Proterozoic rocks to the south are nearly equiv- 
alent (49-79 Ma); the Late Cretaceous PAZ is not preserved in this mountain range. 
Similarly, AFT ages north and south of the Proterozoic Soda Creek-Fish Creek 
shear zone the Park Range, Colorado are about the same (45-75 Ma). Thus, these 
shear zones apparently were not strongly reactivated during Laramide deformation. 

INTRODUCTION 

The Cheyenne belt (Figure I ) ,  a Proterozoic crustal suture 
that separates Archean rocks to the north from Proterozoic 
rocks to the south, has long been recognized as integral to the 
assemblage o f  the North American continent [Houston et a/., 
1968; 1989; Karlstrom and Hoziston, 19841. The Proterozoic 
lithosphere in Colorado south o f  the Cheyenne belt was formed 
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by accretion o f  diverse tectonic blocks against the Archean 
Wyoming craton between 1.78-1.65 Ga. The collision o f  the 
Green Mountain block composed o f  1.76-1.78 volcanic arc 
rocks with the Wyoming craton led to the formation o f  the 
Laramie Peak shear zone [Chamberlain et al., 19931. Accretion 
o f  the Rawah block against the Green Mountain block was 
perhaps associated with the development o f  the Soda 
Creek-Fish Creek shear zone [Foster et al., 19991 (Figure 1 ) .  
Subsequent intracratonic events, particularly Laramide defor- 
mation, have reactivated the suture zones and large crustal 
structures that formed during lithospheric assembly in the area 
now occupied by the Southern Rocky Mountains [e.g., Cham- 
herlin, 1945; Houston et ul., 1968; Blackstone, 19751. 
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Figure 1. Index map showing the Laramide uplifts and Proterozoic 
structures examined in this study. GMB=Green Mountain block. 
After Karlstrom and Houston [1984]. 

Apatite fission-track (AFT) thermochronology has been 
used to examine the cooling histories of rocks recording 
Phanerozoic reactivation of Proterozoic boundaries in south- 
central Colorado and northern New Mexico [Pazzaglia and 
Kelley, 1998; Kelley and Chapin, 20041. The base of an apatite 
partial annealing zone (PAZ) that developed in the Southern 
Rocky Mountain region prior to Laramide deformation has 
been used to constrain the geometry of Laramide structures and 
the amount of post-Cretaceous denudation across these fea- 
tures. AFT analysis demonstrates that Proterozoic boundaries 
like the Colorado Mineral belt [Tweto and Sims, 19631, the 
southern Yavapai- northern Yavapai boundary, and the Jemez 
lineament control the Laramide cooling history of the Front 
Range, Wet Mountains, and Sierra Nacimiento, respectively 
[Pazzaglia and Kelley, 1998, Kelley and Chapin, 20041. In 
this paper, the influence of Proterozoic boundaries on the late 
Mesozoic to Cenozoic uplift and erosional history of the 
Rocky Mountains in north-central Colorado and southeast- 
ern Wyoming is examined using AFT thermochronology. The 
areas targeted for analysis include the Cheyenne belt in the 
Laramie Mountains, Medicine Bow Mountains, and Sierra 
Madre of Wyoming, the Laramie Peak shear zone in the 

Laramie Mountains, and the Soda Creek-Fish Creek shear 
zone in the Park Range, Colorado (Figure 1). 

2. DEFINITION OF THE APATITE PARTIAL 
ANNEALING ZONE 

2.1. Relationship Between TrackAnnealing and Temperature 

Temperature and chemical composition control fission- 
track annealing in apatite [Green et al., 19861. Figure 2a illus- 
trates how fission-track age and track length changes as a 
function of increasing temperature in a drillhole. In a rela- 
tively stable geological environment where temperatures as 
a function of depth are at a maximum, AFT age and track 
lengths decrease systematically with depth [Naeser, 1979, 
Fitzgerald et al., 19951. At temperatures less than 60 to 70°C, 
tracks that are produced by the spontaneous fission of 238U are 
retained and annealing is relatively minor. The AFT ages of 
detrital grains in sedimentary rocks at shallow depths (tem- 
peratures < 70°C) are equivalent to or greater than the strati- 
graphic age of the rock unit and the mean track lengths reflect 
the cooling history of the source region. The AFT ages in 
basement rocks at shallow depth (temperatures < 70°C) reflect 
the cooling history of the basement prior to the period of sta- 
bility, and the mean track lengths may be relatively long (>I3 
pm). In the temperature range known as the partial anneal- 
ing zone (PAZ), which is between 60-70°C and 1 10-140°C, 
depending on the chemical composition of the apatite, the 
AFT ages and track lengths are reduced compared to the orig- 
inal AFT ages and lengths. Mean track lengths in the PAZ 
are typically 8 to 13 pm. Finally, at temperatures above 110 to 
140°C, tracks that are formed are quickly annealed and the 
fission-track age is zero. If, after a period of relative stability, 
the crust is rapidly cooled during denudation related to a tec- 
tonic event, the fossil PAZ may be exhumed and the time of 
cooling can be constrained (Figure 2b). Furthermore, the pale- 
odepth of the base of the PAZ can be estimated using certain 
assumptions about the thermal conditions (i.e., geothermal 
gradient, surface temperature, lithology of the removed sec- 
tion) prior to tectonism [Fitzgerald et al., 19951. 

2.2. The PartialAnnealing Zone in the Rocky Mountains 

A fossil PAZ that developed during a period of relative tec- 
tonic stability at the end of Mesozoic time in western United 
States was disrupted by Laramide deformation and is pre- 
served in several areas in the Southern Rocky Mountains [Kel- 
ley and Chapin, 20041. The approximate geometry of the base 
of the fossil PAZ, which separates samples with AFT ages of 
45 to 75 Ma with relatively long mean track lengths from 
samples with AFT ages >lo0 Ma and short mean track lengths, 
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Figure 2. Diagram showing the relationship of fission-track age and 
length as a function of depth at time of maximum burial during the 
Mesozoic(a) and after denudation (b). Diagram described in the text. 
TL = track length. Representative portions of the AFT age-depth 
curve that are preserved in the Laramie and Medicine Bow Moun- 
tains are shown for reference. 

is shown on Figure 2b. This exhumed PAZ, which was origi- 
nally discovered in the Front Range by Naeser [I9791 and 
further mapped in the Front Range and Wet Mountains by 
Kelley and Chapin [2004], is also preserved in bits and pieces 
in the mountains of southeastern Wyoming. 

3. GEOLOGIC SETTING 

3.1. Proterozoic and Laramide Structures 

3.1.1. Laramie Mountains. The Cheyenne belt is exposed in 
three Laramide-aged uplifts in southeastern Wyoming: the 
Sierra Madre and the Medicine Bow and Laramie Mountains. 
The easternmost range investigated in this study is the Laramie 
Mountains (Figure 3). Proterozoic deformation associated 
with the development of the Cheyenne belt in the Laramie 
Mountains has been masked by the intrusion of the 1.4 Ga 
Laramie Anorthosite complex and Sherman Granite along 
the suture. North of the Cheyenne belt, the Laramie Range 
is composed of Archean metamorphic rocks and the Archean 
Laramie batholith [Condie, 19691, while to the south, the 
range is underlain by Proterozoic granite, anorthosite, and 
metamorphic rocks. This mountain block, like others in the 
region, initially formed as the result of compressional defor- 
mation during the Laramide orogeny and is basically a long- 
wavelength, low-amplitude fold bound on the east side by a 
west-dipping thrust fault [Blackstone, 1975; 19961. The 
Laramie Mountains are thrust over the western margin of the 

northern Denver Basin, which is a foreland basin (Figure 3). 
During the late stages of Laramide deformation, the Laramie 
Range was thrust northward over the south end of the Powder 
River Basin [Gries, 1983; Stone, 20021. The Cheyenne belt is 
nearly coincident with the Wheatland-Whalen fault zone (Fig- 
ure 3), which acted as a southeast-vergent thrust fault during 
Laramide deformation, and has since been re-activated as a 
zone of extension cutting rocks as young as Miocene [Black- 
stone, 19961. Normal offset across this fault zone is down to 
the northwest. The Cheyenne belt divides the Laramie Moun- 
tains into two distinctive segments, each of which can be gen- 
erally characterized as a doubly plunging anticline [Blackstone, 
1975; 19961. The southern Laramie Mountains merge with 
the northern Front Range of Colorado. 

The Proterozoic-aged Laramie Peak shear zone (Figure 3) 
is located to the north of the Cheyenne belt in the northern 
Laramie Mountains [Patel et al., 19991. This significant Pro- 
terozoic boundary separates two blocks within the Archean 
crust [Chamberlain et al., 1993; Pate1 et al., 19991. Based on 
interpretations of metamorphic mineral assemblages preserved 
across this structure, the block to the south of the Laramie Peak 
shear zone was uplifted about 10 krn higher than the block to 
the north during 1.8 Ga collision along the Cheyenne belt. The 
Laramie shear zone is on trend with the Wyoming lineament 
[Blackstone, 19961. This lineament, originally defined by Ran- 
some [1915], separates NW-trending, SW-vergent Laramide- 
aged structures on the north side from N-trending, E-vergent 
structures on the south side of this feature, suggesting reacti- 
vation of this boundary during Laramide deformation. 

3.1.2. Medicine Bow Mountains. The Cheyenne belt in the 
Medicine Bow Mountains (Figure 4) consists of several 
northeast-trending Proterozoic-aged mylonite zones separating 
intervening fault blocks. The northernmost mylonite zone in the 
Cheyenne belt is the Mullen Creek-Nash Fork shear zone, 
which separates Archean and Proterozoic metasedimentary 
and metavolcanic rocks sitting on Archean basement to the 
north from Proterozoic metasedimentary, metavolcanic and 
plutonic rocks to the south [Houston and Karlstrom, 19921. 
South of the Mullen Creek-Nash Fork shear zone are the cen- 
tral mylonite zone, the southern mylonite zone, and the Ram- 
bler shear zone [Houston and Karlstrom, 19921. All four 
mylonite zones merge into a single fault in the southwestern 
Medicine Bow Mountains. The mylonite zones have steep dips 
toward the south (60" to vertical) and are 50 to 400 m wide. 

Blackstone [1983, 19871 discusses the Laramide structure 
of the Medicine Bow Mountains. The main frontal thrust fault, 
the Arlington fault (Figure 4), lies on the east side of the Med- 
icine Bow Mountains and dips to the west. The south end of 
the Arlington fault merges with a splay of the Rambler fault 
system, where both brittle features and mylontic structures 
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Figure 3. Generalized geologic map of the Laramie Mountains after 
Bluckstone [1996]. The circles represent samples analyzed in this 
study. The squares mark the age-elevation traverse on Laramie peak 
and the sample from the summit of the range along Interstate 80 
[Cerveny, 19901. The approximate locations of the samples of Cer- 
veny [I9901 in Sybille Canyon are also shown. AFT ages, with the 
standard error of the age enclosed in parentheses, are shown adjacent 
to the sample localities (Table 1; see CDROM in back cover sleeve 
for sample numbers, elevations, and analytical data). 

are exposed. The Corner thrust fault lies to the west of and 
overrides the Arlington thrust fault (Figure 4) .  The south end 
of the Corner fault merges with the southern mylonite zone. 
Brittle features overprint the mylonitic fabric of this struc- 
ture, as well. The Middle Fork thrust fault just southwest of 
Centennial ties in with the main strand of the Rambler shear 
zone. The frontal thrust faults have dips of 17-30" toward the 
west. In the southern Medicine Bow Mountains in Wyoming, 

the frontal Laramide thrust faults on the east side of the range 
trend northwest and dip toward the southwest. These faults 
offset the earlier N-trending thrust faults (Figure 4). 

3.1.3. Sierra Madre. As mentioned above, the four NE- 
trending mylonite zones in the Medicine Bow Mountains coa- 
lesce to form a single fault in the southwestern portion of the 
range and this fault extends a short distance into the Sierra 
Madre (Figure 4).  The northeast trend of the Cheyenne belt is 
disrupted within the Sierra Madre by a north-vergent thrust of 
probable Proterozoic age [Houston and GrafL 19951. Two 
NW-trending strike-slip faults with cataclastic features in the 
southeastern part of the Sierra Madre merge with thrust faults 
in the central Sierra Madre, causing translation of the south- 
em and southwestern portion of the range toward the north. The 
NW-trending cataclastic faults are <40 m wide, are silicified, 
have hematite to limonite alteration, and at some localities, 
have copper and gold mineralization. In places the breccia 
zones appear to be intruded by granite, suggesting a Protero- 
zoic age [Houston and Gvug 19951. 

The Sierra Madre block appears to have been a part of the 
Medicine Bow Laramide uplift and is now separated from the 
Medicine Bow Mountains by a late Cenozoic NW-trending 
half-graben that may be the northern extension of the Rio 
Grande rift (Figure 4).  The Independence Mountain thrust, 
an E-W trending thrust fault dipping toward the north, forms 
the south edge of the Sierra Madre, causing the Sierra Madre 
to override Mesozoic sedimentary units in North Park by as 
much as 7 km [Blackstone, 19771. One of the principal NW- 
striking Proterozoic faults in the Sierra Madre appears to have 
been reactivated during Laramide deformation as the Inde- 
pendence Mountain thrust. Two phases of deformation and 
complex rotation of blocks characterize the Laramide tec- 
tonics of this area [Houston and GrafJ; 19951. Several of the 
NW-trending faults in the Sierra Madre have been re-activated 
as normal faults in Cenozoic time, allowing the preservation 
of basins filled by Miocene Brown Park Formation within 
the range. 

3.1.4. Park Range. The Soda Creek-Fish Creek (SC-FC) 
shear zone in the Park Range is a wide band of Proterozoic 
deformation that developed south of the 1.4 Ga Mt. Ethel plu- 
ton (Figure 5). The zone, which is about 4 km wide, consists 
of many discrete mylonites and shears with deformation 
restricted to bands only a few cm to 10 m wide. Some of the 
faults show left-lateral displacement, while others have right- 
lateral movement. The total apparent displacement across the 
Fish Creek-Soda Creek Shear zone is about 20 km of left- 
lateral motion [Snyder, 19781. Barinek et al. [1999], using 
microstructural analysis, document north-side-down Pro- 
terozoic displacement in addition to left-lateral displacement. 
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fault [Huil, 19651. At the latitude of the Mt. Ethel pluton, the 
Park Range is a single block bound on the west by a thrust fault 
zone. South of the Mt. Ethel pluton, the Park Range is essen- 
tially an anticlinal arch with Paleozoic sediments lapping onto 
the Proterozoic basement on the east side [Huil, 19681 and 
Miocene Browns Park Formation lapping onto the west side 
[Snyder, 1 980~1. 

3.2. Synorogenic Sedimentary Histo y qf'the Adjoining Busins 

Figure 6 summarizes the relationships among the latest 
Cretaceous to Neogene sedimentary rocks preserved in the 
foreland (northern Denver Basin) and intermountain basins 
adjacent to the uplifts examined in this study. These sedi- 
mentary rocks and the unconformities between the sedimen- 
tary packages provide clues as to the timing and location of 
denudation associated with Laramide and post-Laramide 
deformation that can be tied to the AFT results. 

The northernmost Denver Basin to the east of the Laramie 
Range contains rocks of latest Cretaceous age that mark the 
transition from marine deposition of Fox Hills Sandstone to 
marginal marine conditions recorded by the Lance Forma- 
tion. However, synorogenic Paleocene to Eocene rocks that are 
preserved in the Denver Basin to the south between Denver and 

Figure 4. Generalized geologic map of the Medicine Bow Mountains 
and Sierra Madre after Houston and Gvaf[1995]. MC-NC = Mullen 
Creek-Nash Creek shear zone. Symbols defined in Figure 3 and in 
the upper right corner of the map. 

Most of the displacement occurred prior to the emplacement 
of the 1.4 Ga Mt. Ethel pluton, but the last movement offsets 
1.4 Ga dikes. Foster et 01. [I9991 note that the ages of the 
Proterozoic rocks are slightly older (1.78-1.76 Ga) to the 
north compared to the south (1.75-1.73 Ga). The rocks are 
more highly deformed to the south, but record higher pressures 
to the north. Some of the mylonite zones were reactivated 
during Laramide deformation [Snyder, 19781. 

Examination of the simpl~fied geologic map of the Park 
Range (Figure 51, which was compiled from the maps of Sny- 
der [I980 a,b,c], indicates a difference in the style of Laramide 
deformation between the northern and southern Park Range 
that seems to be primarily controlled by the Mt. Ethel plu- 
ton, and to a lesser extent, by the Fish Creek-Soda Creek 
shear zone. North of the Mt. Ethel pluton, the Park Range is 
broken into at least four N-trending blocks, each of which is 
bounded on the west by a thrust fault. Folded Paleozoic to 
Mesozoic sedimentary rocks are preserved between each 
block. The east side of the largest block, which contains Mt. 
Zirkel, is bordered by a high angle fault that is likely a reverse 
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Figure 5. Generalized geologic map derived from Snyder [I980 
a,b,c]. X marks key geographic features. Net Proterozoic left-lateral 
shear displacement across the Fish Creek- Soda Creek shear zone 
from Snyder [ I  9781. 
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Figure 6. Correlation o f  stratigraphic units in basins bordering the 
arcas o f  interest. Data based on Lillegvaven [1993], Montugne [1991], 
Hail [ I  965; 19681, lzett [1968]. 

Colorado Springs are not preserved here. The early Cenozoic 
rocks were either removed by erosion prior to the deposition 
of the latest Eocene White River Formation or there was no 
accommodation space in the northern Denver Basin to preserve 
them. Blackstone [1975] speculates that the Laramie Range 
was elevated during Paleocene time, blocking the distribu- 
tion of Paleocene sediments dcrived from the west and pre- 
venting deposition in the northern Denver Basin. 

In contrast, the Laramie Basin has a history that is compa- 
rable to the southern Denver Basin south of Denver. Late Cre- 
taceous to early Tertiary rocks exposed on the flanks of the 
Medicine Bow Mountains provide a valuable record of 
Laramide deformation in this area. From oldest to youngest the 
key units include the Medicine Bow Formation, Hanna For- 
mation, and Wind River Formation. The marginal marine and 
non-marine shale, sandstone and coal of the Medicine Bow 
Formation conformably overlie the marine Lewis Shale, which 
includes the Fox Hills Sandstone [Blackstone, 19701. Pollen 
preserved in coal is used to assign a Late Cretaceous age to the 
Medicine Bow Formation [Houston et al., 19681. Knight 
[I9531 and Houston et ul. [I9681 suggest that the presence 
of gneiss and granite clasts in a 6-m thick conglomerate lens 
located about 157 m above the base of the Medicine Bow 

Formation indicates that the Medicine Bow Mountains were 
a positive feature in Late Cretaceous time. The conglomer- 
ate is dominated by clasts of Paleozoic to Mesozoic rocks 
and Precambrian clasts make up only about 10% of the clast 
population. The conglomerate is above the dated coal layer 
so the timing of initial uplift of the source is uncertain, but is 
bracketed to be Late Cretaceous-Early Tertiary. Houston et 
al. [I9681 note that a lack of unconformities in this part of 
the section indicates local deformation was not strong. Black- 
stone [I9751 argues that this conglomerate was derived from 
a more distal source to the southwest and that Medicine Bow 
Mountains were not elevated at the time that the Medicine 
Bow Formation was deposited. 

The synorogenic sediments of the Hanna Formation crop out 
in the northern and northeastern Medicine Bow Mountains 
[Blackstone, 19751. The synorogenic sedimentary package is 
only 244 m thick in the Laramie Basin, but this sedimentary 
sequence thickens dramatically to 1200 m in the Hanna Basin 
just northwest of the Laramie Basin [Blackstone, 19751. The 
basal conglomerate of the Hanna Formation becomes more 
coarse-grained near the east flank of the Medicine Bow Moun- 
tains. This conglomerate contains boulders and pebbles of 
rocks that are unquestionably derived from the Medicine Bow 
Mountains, namely the Proterozoic Medicine Peak Quartzite, 
as well as distinctive gneissic and amphibolitic clasts [Black- 
stone, 19751. Houston et al. [I9681 note that there are two 
angular unconformities observed in the Laramie Basin, one 
between the base of the coarse-grained Hanna Formation and 
the underlying Medicine Bow Formation and one within the 
sequence of conglomeratic sandstone, shale, conglomerate, 
arkose, and coal of the Medicine Bow Formation. Thus, at 
least two episodes of deformation are preserved in the sedi- 
mentary record. Pollen collected from near the base of the 
unit and leaf fossils from a shale located 3 1 m above the base 
of the package yield Paleocene to Eocene (?) (Wasatch) ages 
[Houston et al., 19681. 

The Eocene Wind River Formation is earliest Wasatch in age, 
based on fossil evidence [Princhinello, 19711, and is domi- 
nantly composed of variegated claystones. The unit becomes 
somewhat coarser grained along the flanks of the Laramie 
Basin [Blackstone, 19751. The Wind River Formation uncon- 
formably overlies the Hanna Formation and laps across the 
trace of the Arlington thrust fault in the northern Medicine 
Bow Mountains [Blackstone, 19751. Based on these strati- 
graphic relationships, the Medicine Bow uplift was denuded 
primarily during Paleocene time. 

The Sand Wash Basin to the northwest of the Park Range 
contains a record of the denudation of the Park Range and 
the Sierra Madre [Tweto, 19751. The youngest marine unit of 
Cretaceous age is the Fox Hills Sandstone, which grades 
upward into the marginal marine, late Cretaceous Lance For- 
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mation, a unit equivalent to the Medicine Bow Formation in 
the Laramie Basin. The Lance Formation may contain 
reworked Cretaceous material derived from the Park Range 
[Tweto, 19751. The Lance Formation is unconformably over- 
lain by the Paleocene Fort Union Formation, which includes 
arkose and conglomerate with sources in the Park and Sierra 
Madre uplifts. The Eocene Wasatch Formation unconformably 
overlies the Fort Union Formation on the east side of the basin. 
Again, two episodes of Laramide deformation are found in 
the synorogenic sedimentary record. The fluvial Wasatch For- 
mation derived from the Park and Sierra Madre ranges inter- 
tounges with the lacustrine Green River Formation. The middle 
to upper Eocene Bridger Formation rests conformably on the 
Green River Formation. 

The Laramide-aged intermontane basins of south-central 
Wyoming (Saratoga Valley) and in north-central Colorado 
(North Park) have had complex histories compared to other 
Laramide basins. In the Saratoga Valley (Figure I ) ,  the Pale- 
ozoic to Mesozoic sections were completely removed by ero- 
sion in the central part of the basin prior to deposition of the 
Paleocene Hanna Formation [Montagne, 19911. Here the 
Hanna Formation sits on Proterozoic to Archean basement. 
Thus, in the earliest phases of Laramide deformation in this 
area, it appears that the Medicine Bow Mountains and the 
Sierra Madre were connected by an NE-trending arch that 
has since collapsed into the basin. According to Montagne 
[1991], the Hanna Formation occupied a syncline between 
the two mountain ranges and was subsequently mostly removed 
from what is now the Saratoga Valley prior to deposition of the 
Miocene Browns Park Formation. 

Like the Saratoga Valley, North Park was uplifted in the 
earliest stages of Laramide deformation prior to subsiding to 
become a Laramide basin, although the amount of intrabasi- 
nal sediment removal was not as dramatic. The Pierre Shale 
in the North Park Basin is deformed and truncated by ero- 
sion prior to deposition of the Paleocene Coalmont Formation 
[Hail, 19651. Equivalents to the Medicine Bow Formation 
(Laramie Formation in the southern Denver Basin, Lance For- 
mation in the Sand Wash Basin), Fox Hills Sandstone, and 
the uppermost Pierre Shale down to the Baculites eliasi 
ammonite horizon [Izett et al., 197 I ]  are missing from North 
Park. Only -1 525 m of Pierre Shale is present in North Park, 
implying that - 920 to 1220 m was removed by erosion dur- 
ing Laramide time [Izett et al., 19711. Hail [I9651 notes that 
the sandy nature of the Pierre Shale in North Park does not her- 
ald the beginning of the Laramide orogeny, but instead reflects 
the position of shorelines during a transgressive-regressive 
cycle in late Cretaceous time. Early Laramide folds in North 
Park were truncated by erosion before deposition of Coal- 
mont Formation. The basal Coalmont Formation contains Pre- 
cambrian detritus, indicating that the Paleozoic to Mesozoic 

cover in the Park Range had already been stripped off prior to 
deposition of the Paleocene unit. The sedimentary material 
was either never deposited in the western part of North Park 
or it was stripped off before the Coalmont Formation was 
deposited. In places in the narrow tlirust belt along the east side 
of the Park Range in northwestern North Park (Figure 5) ,  the 
Coalmont Formation lies on highly faulted and deformed Cre- 
taceous units. The Coalmont Formation in turn has been off- 
set by the Independence thrust fault. 

Significant late Eocene paleovalleys, including the Downey 
Park and Toltec valleys in the Laramie Range and Kings 
Canyon in the Medicine Bow Mountains, are filled with thick 
sequences of latest Eocene to Oligocene White River For- 
mation. This unit (Figure 6) is a tuffaceous sequence derived 
from distal volcanism in the Basin and Range province to the 
west that includes Colorado Mineral belt volcanic clasts 
[EvanojA 19901. The AFT results are generally insensitive to 
potential thermal effects White River deposition. 

3.3. Previous Thermochronologic Analyses 

Cerveny [I 9901 did a reconnaissance study of the denuda- 
tion history of the mountains of southeastern Wyoming and 
northern Colorado using apatite fission track analysis. Cerveny 
[I9901 analyzed six samples from vertical traverses in the 
Laramie Range, five samples from a road traverse across the 
Medicine Bow Mountains, one sample in the Sierra Madre, and 
five samples from a road traverse across the Park Range. The 
results of Cerveny 5 [1990] work are in general agreement, 
and in places supplement, the results of this study. The loca- 
tions of his samples are noted on Figure 2 and his data are 
discussed in each appropriate section. Kelley and Chapin 
(20041 and Cerveny [1990] report AFT data for the northern 
Front Range. Naeser et al. [2003] recently presented AFT 
results from the Gore Range, which is located south of the 
Park Range. The results of these studies are incorporated into 
the interpretation of the data presented here later in the 
discussion. 

4. METHODS 

A total of 54 samples were collected in the Medicine Bow 
Mountains and in the Sierra Madre across the Cheyenne belt, 
and in the Park Range across the Soda Creek- Fish Creek 
(SC-FC) shear zone. In addition, Kevin Chamberlain of the 
University of Wyoming provided 24 apatite separates from 
the Sierra Madre, and the Medicine Bow and Laramie Moun- 
tains. The fission-track analysis methods used in this study are 
fully described in Kelley et al. [I9921 and are briefly sum- 
marized here. Apatite was separated from the samples using 
standard heavy-liquid and magnetic separation techniques. 
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Apatite grains were mounted in epoxy, polished to expose the 
grains, and etched for 25 seconds in a 5 M solution of nitric 
acid to reveal the fission tracks. The grain mounts were then 
covered with muscovite detectors and sent to the Texas A&M 
Nuclear Science Center for irradiation. The neutron fluence 
was calibrated with age standards and Corning Glass. An 
apatite zeta value of 5516 * 300 was determined using the 
CN-6 glass and the accepted age of 31.4 * 0.5 for Durango 
apatite. Individual grain ages were calculated using the meth- 
ods of Hurford and Green [I9831 and the Chi-squared statis- 
tic [Galbraith, 19811 is applied to determine whether the 
individual ages belong to a single population. No chemistry 
was determined for the apatite, but unusually large etch pits, 
which indicate elevated levels of chlorine in apatite [Donelick, 
19881, were not observed. 

Confined track-length distributions in the apatite-grain 
mounts were determined using a microscope fitted with a 
100-x dry lens, a drawing tube, and a digitizing tablet. Hori- 
zontal, well-etched, confined tracks (tracks completely 
enclosed within the crystal) in grains resting on their pris- 
matic faces were measured. The orientation of the tracks with 
respect to the c-axis was also determined. 

5. RESULTS AND INTERPRETATION 

5.1. Laramie Mountains 

The new AFT data from the Laramie Mountains were 
derived from apatite separates provided by Kevin Chamber- 
lain at the University of Wyoming. These samples were gath- 
ered for U-Pb analysis and thus were not collected along 
age-elevation traverses that are preferred for AFT studies. 
Cerveny [I9901 did collect samples along elevation traverses 
on Laramie Peak at the north end of the range, in Sybille 
Canyon just north of the Cheyenne belt, and from Interstate 80 
near the south end of the range. The new AFT data, as well as 
the data of Cerveny [I9901 are plotted on Figures 3 and 7. 
Two general populations of ages are depicted on Figure 7, 
those in the 65-82 Ma range with long mean track lengths of 
13.5 to 14.0 pm (Table 1; see CDROM in back cover sleeve) 
associated with cooling during Laramide deformation, and 
those >I00 Ma with short mean track lengths (Table 1; see 
CDROM in back cover sleeve) from within the PAZ. The data 
of Ceweny [I9901 brackets the base of the fossil PAZ to be at 
a modern elevation of 2700 to 3 100 m (-2900 m) on Laramie 
Peak and at -1 950 m in Sybille Canyon. The base of the PAZ 
is at or just below 2600 m in the southern Laramie Moun- 
tains along Interstate 80 [Ceweny, 19901. The new data pro- 
vide additional information on the geometry of the base of 
the PAZ in the Laramie Mountains. The two samples just 
south of the Cheyenne belt (Figure 3) yield ages that suggest 

that the base of the PAZ might be at an elevation -250 m 
higher than it is north of the Cheyenne belt in Sybille Canyon 
(Figure 7). In the northern Laramie Mountains, the base of 
the PAZ has been flexed down about 1.1 km between Laramie 
Peak and the northeast margin of the range. The base of the 
PAZ has also been downwarped approximately 1 km between 
Laramie Peak and Sybille Canyon (Figure 7). The base of the 
PAZ dips north between the 1-80 summit and just south of 
the Cheyenne belt, with a minimum elevation difference of 500 
m between these two points. 

Two samples key in understanding the relationship between 
the geometry of the PAZ and possible Laramide-aged reacti- 
vation of the Proterozoic Laramie Peak Shear zone and the 
Cheyenne shear zone are LR50 and LR32 (Table 1; CDROM 
in back cover sleeve), which are at about the same modern 
elevation. LR50 has an AFT age of 172*9 Ma and LR32 has 
an AFT age of 78*9 Ma (see Figure 3), indicating that the 
base of the PAZ lies between these two points and is dipping 
toward the south; note that no major structure lies between 
these two points. Thus, the base of the PAZ is undulatory from 
south to north, with a high near the Wyoming-Colorado line, 
a low near the Cheyenne belt, and a high-amplitude dome in 
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Figure 7. Age-elevation plot for the Laramie Mountains, including 
the data of Cerveny [I 9901, shown as open diamonds. Samples from 
this study are depicted as solid circles. 
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the Laramie Peak area. The cooling history in the Laramie 
Range during Laramide deformation does not appear to be 
strongly controlled by the Proterozoic structures, but instead 
reflects the formation of two doubly plunging anticlines, as 
envisioned by Blackstone [1996] (see Figure 3). 

5.2. Medicine Bow Mountains 

Sampling in the Medicine Bow Mountains was concen- 
trated along a west to east traverse on Forest Road 500 between 
the North Platte River on the west and Albany, Wyoming on 
the east (Figure 4). Other samples were collected along High- 
way 130 and along forest roads to the north this traverse. 
Kevin Chamberlain provided the samples from the north end 
of the range. No attempt was made to do an age-elevation tra- 
verse in the Snowy Range because the Medicine Bow Quartzite 
that comprises the spine of the range does not contain signif- 
icant quantities of apatite. 

Ceweny [1990] reports five AFT ages from the Medicine 
Bow Mountains ranging from 100 to 140 Ma (triangles on 
Figure 4),  with mean track lengths of 12.6 to 14.1 pn Based 
on his general descriptions of the locales, there is overlap 
between the data sets on Centennial Ridge, near Albany, and 
at the Snowy Range Ski area (Figure 4); however, his data, in 
particular near the ski area, do not match the results presented 
here, which is surprising because the two data sets overlap 
elsewhere. The source of this discrepancy is unknown. 

As was the case in the Laramie Mountains, the AFT ages 
from the Medicine Bow Mountains fall into two general age 
populations, the first group reflecting cooling during Laramide 
deformation and the second group associated with preserved 
pieces of the Late Cretaceous PAZ (Figures 4 and 8). Samples 
from the central part of the range recording Laramide cooling 
are located northwest of the Rambler shear zone (Figure 4). 
These samples have AFT ages of 60 to 79 Ma and mean track 
lengths of 13.5 to 14.4 pm (Table 1 ; see CDROM in back 
cover sleeve). The relatively long mean track lengths, in addi- 
tion to the observation that the ages are similar over a -1.2 km 
elevation range (Figure 8), indicate rapid cooling during 
Laramide deformation. In the southeastern Medicine Bow 
Mountains, southeast of the Rambler shear zone, the AFT 
ages are 109 to 365 Ma, with mean track lengths of 10.6 to 12.1 
pm, characteristic of samples within the PAZ. Note that the 
AFT ages from the Albany area do not correlate well with 
elevation (Figure 8); instead the map pattern (Figure 4 )  sug- 
gests that the PAZ might be tilted toward the east. The PAZ is 
also present on Centennial Ridge just southwest of the vil- 
lage of Centennial (Figure 4).  Thus the block to the north of 
the Arlington splay of the Rambler shear zone appears to have 
been more strongly uplifted during Laramide deformation 
than the block to the south. At least 4 km of vertical motion 

across the Arlington fault in the central Medicine Bow Moun- 
tains is required to explain the AFT data and the 7 km of over- 
hang near Centennial noted by Blackstone [1983; 19871, 
assuming that the fault dips about 30". Furthermore, the preser- 
vation of the PAZ at the north end of the Medicine Bow Moun- 
tains is consistent with offset across the Arlington fault 
decreasing to the north [Blackstone, 1983; 19871. 

5.3. Sierra Madre 

Samples in the Sierra Madre were collected along two age- 
elevation traverses, one along Forest Road 409 in Archean 
rocks north of the Cheyenne belt, and a second on Blackhall 
Mountain in Proterozoic rocks south of the belt (Figure 4).  
A traverse on Willow Peak south of the Cheyenne belt was 
unsuccessful because the Proterozoic Sierra Madre granite 
does not contain apatite. Ceweny [I9901 presents AFT results 
from an outcrop about 2 km southwest of Encampment (Fig- 
ure 4); the AFT age at this point is 70.6*7.5 Ma with a mean 
track length of 13.7*2.1 pm, in general agreement with the 
results reported here. 

The age-elevation plots for the profiles north and south of 
the belt indicate rocks on both sides of the Cheyenne belt 
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cooled during Laramide deformation (Figure 9). The Late 
Cretaceous PAZ is not preserved in the Sierra Madre. Although 
the AFT ages south of the belt are slightly younger than the 
ages to the north, the difference is not statistically signifi- 
cant. The mean track lengths for the Forest Road 409 and 
from 00SM07 in the western part of the range are 13.4 - 13.9 
pm, consistent with the moderate cooling rate suggested by the 
slope of the profile in Figure 9. The mean track lengths of 
13.8 to 14.2 to the south suggest somewhat more rapid cool- 
ing in this area. The limited data south of the projection of 
the Rambler shear zone into the Sierra Madre (Figure 4) indi- 
cate that this structure is not as profound a thermochrono- 
logic boundary as it is in the Medicine Bow Mountains. 

5.4. Park Range 

Samples were collected along four traverses in the Park 
Range. Three of the traverses, one along Highway 40 through 
Rabbit Ears Pass, one along the road through Buffalo Pass 
and one on a trail along Mad Creek, were sampled as a func- 
tion of elevation (Figure 5). The fourth traverse was sampled 
at a nearly constant elevation through two fault blocks in the 
northern part of the range (Figure 5). Ceweny [I9901 deter- 
mined AFT ages of 61 to 65 Ma with mean track lengths of 
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Figure 9. Age-elevation traverses from the Sierra Madre, Wyoming, 
showing profiles north and south of the Cheyenne belt. 

13.4 to 14.4 p from five samples at Buffalo Pass, comparable 
to the 55 to 71 Ma and 13.9 to 14.1 pm measurements from 
the current work in the same general area. 

The AFT ages from Rabbit Ears Pass south of the SC-FC 
shear zone range from 64 to 74 Ma and the mean track lengths 
are quite long at 14.1 to 14.9 pm, indicative of rapid cooling 
during Laramide deformation. The Miocene volcanism at 
Rabbit Ears Pass (Figure 5) did not affect the thermal history 
recorded by the AFT data. As mentioned previously, the AFT 
ages at Buffalo Pass within the SC-FC shear zone are 55 to 
7 1 Ma. Samples from the Mt. Ethel batholith contained abun- 
dant fluorite, but also contained enough apatite for AFT analy- 
sis. The ages from Buffalo Pass show more scatter as a function 
of elevation compared to the Rabbit Ears Pass profile, but the 
data sets do overlap (Figure 10). Laramide cooling was rapid 
at Buffalo Pass, based on the track length data. The high ele- 
vation data collected so far in the Park Range suggest that 
the Late Cretaceous PAZ is not preserved here. 

The AFT data from Mad Creek reveal a somewhat more 
complex picture of Laramide cooling north of the shear zone 
along the western margin of the range. Here the AFT ages 
are younger (4-0 Ma) and the mean track lengths are shorter 
(12.1 to 13.8 pm) than they are to the south. The AFT ages do 
not correlate well with elevation and the shortest mean track 
lengths are found in the middle of the profile (Figure 11). 
The geologic cross section constructed by Snyder [1980b] 
just to the north of this traverse provides some insight into 
the nature of the deformation of this block (Figure 5 and 12a). 
The basement has been folded, preserving outcrops of Meso- 
zoic sedimentary rocks within the range. The younger AFT 
ages with short mean track lengths correspond to areas on 
line with the projection of the sedimentary remnants onto the 
Mad Creek profile. The areas beneath the downwarped sed- 
iments remained at elevated temperatures compared to the 
upwarped basement to the southwest and northeast during 
Laramide deformation. The area then completely cooled either 
during later stages of Laramide deformation or perhaps dur- 
ing post-Miocene time (note the presence of Browns Park 
Formation on this block; Figure 12a). 

AFT data from Proterozoic rocks from two thrust-fault 
blocks south of Lester Mountain (Figures 5 and 12b) demon- 
strate that the eastern block cooled earlier (68-76 Ma) than the 
block to the west (51-54 Ma). The 67 * 5 Ma on the west 
side of the western block is from the stratigraphically higher 
Triassic Chugwater Formation. This date is important because 
these data show that the 1 10°C isotherm (corresponding to a 
depth of -4 km) was in the Mesozoic section -200 m above 
the Great Unconformity prior to Laramide deformation. 

One sample from the Mt. Ethel pluton on the east side of the 
range has an age of 55 Ma, similar to ages elsewhere in the 
range, but it has a short mean track length of 10.8 pm. This 
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Figure 10. Age-elevation traverses from the southern (Highway 4& 
Rabbit Ears Pass) and central (Buffalo Pass) parts of the Park Range. 

sample is near the high angle reverse fault that forms the east- 
ern boundary of the range and it is close to a fluorite and ura- 
nium mine near Red Canyon. The significance of this age is 
uncertain. 

Although the AFT ages north of the SC-FC shear zone are 
slightly younger than those to the south, the difference is not 
statistically significant. Thus, the shear zone apparently was 
not strongly reactivated during Laramide deformation, which 
is consistent with the minor amount of brittle deformation in 
the zone. The relatively undeformed 1.4 Ga Mount Ethel plu- 
ton seems to have been more important in controlling the 
location of Laramide thrust faults in the Park Range. 

5.5. Amount of Denudation Across the Region 

The amount of denudation, which is the result of both 
Laramide and post-Laramide processes, appears to increase 
toward the west between the Laramie Mountains and the Park 
Range. The base of the PAZ in the Laramie Mountains is pre- 
served at modern elevations ranging from -1900 to -3000 
m. The actual base of the PAZ is not exposed in the Medi- 
cine Bow Mountains, but the lowest sample within the PAZ is 
at a current elevation of -2700 m in the southern part of the 
range and at 2500 m in the north. In contrast, Laramide cool- 

ing ages prevail at elevations of -3300 m in the Sierra Madre 
and the Park Range; the PAZ has been removed by denudation. 

Maximum estimates for the amount of section between 
the base of the Pennsylvanian section, which rests on Pre- 
cambrian rocks, to the top of the Fox Hills Sandstone in the 
area ranges from 4152 m adjacent to the Medicine Bow 
Mountains [Houston et  al . ,  19681, 2883 m next to the 
Laramie Mountains in the northern Denver Basin [Lowry 
and Crist, 19671, and 2 125-241 5 m in North Park near the 
Park Range [Hail, 1965; 1968; Snyder et al., 19871. The 
North Park sections are truncated by late Cretaceous ero- 
sion [Izett et al., 197 1 1. Using this information and the posi- 
tion of the base of the PAZ in the Laramie Range, and by 
making assumptions about the heat flow at the end of Cre- 
taceous time, estimates of rock uplift, surface uplift, and 
denudation can be determined. 

The temperatures in the Laramie Range at the end of Cre- 
taceous time prior to Laramide deformation are estimated 
using the preserved sediment thickness, average thermal 
conductivity values [e.g., Carter et al., 19981, and estimated 
heat flow values of 50 to 60 mW/m2, which lie in the range 
of measured heat flow of 25 to 74 mW/m2 for the Laramie 
Mountains [Decker et  ul., 1980; 19881. The estimated 
temperature-depth curve shown in Figure 13 shows that the 
110°C isotherm, corresponding to the base of the PAZ, was 
at a depth of about 3800 m below sea level at the end of 
Cretaceous time, if a heat flow of 50 mW/m2 is assumed. 
This heat flow value is consistent with the measurements 
closest to the northern Laramie Mountains [Decker et al., 
19881. The model predicts that the base of the PAZ is within 
the Archean basement, as recorded in the AFT data of Cer- 
veny [1990]. A higher heat flow of 60 mW/m2 places the 
base of the PAZ in the Jurassic section (Figure 13), which is 
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Figure 11. Age-elevation and track length data from the Mad Creek 
area, Park Range. 
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Figure 12. (a) Geologic cross section from Snyder [1980b] showing 
the relationship of folding to AFT age distribution along Mad Creek. 
(b) Schematic geologic cross section based on maps of Snyder 
[1980b,c] showing the difference in cooling history in two thrust 
sheets in the northern Park Range. 

not compatible with observations. At this point, we can cal- 
culate the amount of rock uplift, surface uplift, and denuda- 
tion following the methods of Fitzgerald et al. [1995]. Surface 
uplift and rock uplift are both tied to the same frame of ref- 
erence, mean sea level. Surface uplift is the vertical motion 
of the Earth's surface with respect to mean sea level, while 
rock uplift is the displacement of the rock from the subsur- 
face toward the surface with respect to mean sea level. In con- 
trast, denudation is tied to a different frame of reference, 
the Earth's surface, and it is a measure of displacement of 
rock with respect to the surface. The three modes of motion 
are related through the following equation: 

surface uplift = rock uplift - denudation 

As illustrated in Figure 14, the modern elevation of the 
base of the PAZ on Laramie Peak is about 3000 m above 
sea level, thus the rock uplift is 6800 m. The modern aver- 
age surface elevation in the northern Laramie Mountains is 
-2400 m. Adjusting for the fact that sea level was about 200 
m higher in late Cretaceous time than it is now, the amount 
of surface uplift is 2200 m. Consequently, the amount of 

denudation is -3800 m. In Sybille Canyon, the rock uplift is 
only 5700 m, the surface uplift is 1850 m and the amount of 
denudation is 3850 m, similar to the value for the northern 
Laramie Mountains. 

In the Medicine Bow Mountains, the base of the PAZ is pre- 
served, even though the preserved Phanerozoic cover is much 
thicker here than in the Laramie Mountains and the thickness 
of the Cretaceous section increases toward the west [Weich- 
man, 19611. The modern heat flow in this area is similar to that 
in the Laramie Mountains, ranging from 4148  mW/m2. The dif- 
ference in thermal regime is most likely due to the fact that an 
important facies change occurs in the late Cretaceous section 
between the Laramie and Medicine Bow Mountains [ Weimer, 
196 1 ; Steidtmann, 19931. The low-thermal conductivity Pierre 
Shale, which has a geothermal gradient on the order of 4 0 ° C h  
through this section, thins to the west and contains a tongue of 
high thermal conductivity sandstone in the Mesa Verde Group, 
which is associated with a lower gradient on the order of 
25"CIkm. As a consequence, a thicker sand-rich section is 
required to reset the AFT ages, compared to a mud-rich section. 
Precise amounts of rock uplift are difficult to determine because 
the base of the PAZ is not preserved, but assuming that the pre- 
served thickness of sediments nearly coincides with the base of 
the PAZ, and that the lowest elevation sample in the southern 
Medicine Bow Mountains is near the break-in-slope, then the 
amount of rock uplift is -6800 m. 

The lack of a PAZ at elevations of 3300 m in the Sierra 
Madre Range may imply greater rock uplift here than in the 
southern Medicine Bow Mountains. The modern heat flow 
values are quite low north of the Cheyenne belt in the Sierra 
Madre, on the order of 3 3 4 0  mW/m2 [Decker et al., 19881. 
In contrast, the lack of a PAZ in the Park Range may be related 
to higher heat flow south of the Cheyenne belt. Figure 13 
illustrates quite clearly that a slight increase in heat flow can 
dramatically influence the position of the 110°C isotherm. 
We have some evidence that the base of the PAZ was up in the 
Phanerozoic section in the Park Range (97Park30). The heat 
flow increases abruptly from 3 3 4 0  in the Sierra Madre to 
80 to 103 mW/m2 south of the Wyoming-Colorado state line 
[Decker et al., 19881. Decker et al. [I9881 explained this step 
in heat flow as a difference in crustal heat production between 
the Archean and Proterozoic basement, with the Proterozoic 
basement being more radiogenic. This step in heat flow is 
likely related to Proterozoic lithospheric assembly processes 
rather than the modern difference in the thermal state of the 
mantle beneath Wyoming and Colorado [Dueker et al., 20011. 
Decker a t  al. [I9881 argue that given the short half-width 
(-35 km) of the anomaly, the source of this step was has to be 
quite shallow, in the upper 5 to 10 km of the crust. Given 
these complications and the lack of PAZ preservation, no 
attempt is made to determine rock uplift in the Park Range. 
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Figure 13. Calculated temperature-depth curve using the thermal 
resistance equation of Bullard (1939) assuming the sediment thick- 
ness of Lowty and Crist [I9671 and the thermal conductivity estimates 
for certain lithologies of Carter et al. [1998]. The position of the 
110°C isotherm (dashed line) and the base of the PAZ (diamond) 
are shown for heat flow values of 50 mWlm2 (light line) and 60 
mW/m2 (heavy line). 

5.6. Comparison to Other Thermochronologic Studies in the 
Region 

The AFT data from the Laramie and Medicine Bow moun- 
tains, the Sierra Madre, and Park Range add to our under- 
standing of Laramide cooling and deformation in the Southern 
Rocky Mountains and can be tied to results in the Front Range 
and the Gore Range. Kelley and Chapin [2004] have mapped 
the position of the base of the late Cretaceous AFT PAZ in the 
Front Range in Colorado. The base of the PAZ is missing 
from the northeastern part of the Front Range; all AFT ages 
north of Golden Gate Canyon on the eastern margin of the 
Front Range are Laramide cooling ages (45 to 70 Ma), simi- 
lar to the ages in the Park Range and Sierra Madre. Kelley 
and Chapin [2004] have been able to document that, at a dis- 

tance of -30 km south of the Colorado Mineral belt, the base 
of the PAZ warps upward about 1 km in elevation. Kelley and 
Chapin [2004] suggest that the base of the PAZ south of the 
Mineral belt was warped up due to the thermal effects of 
Laramide plutonism. However, the base of the PAZ does not 
show symmetry across the Mineral belt. The base of the PAZ 
does not reappear along the eastern margin of the range until 
just south of the Cheyenne belt in the Laramie Range, more 
than 150 km north of the axis of the Mineral belt. This distance 
is much further north than expected for simple thermal effects 
related to the Laramide plutons in the Colorado Mineral belt 
(Figure 1). Similarly, Cerveny [I9901 collected about five 
samples on Clark Peak, which lies on the southern end of the 
extension of the Medicine Bow Range into Colorado (Figure 
1). Ceweny [I9901 found an 8 1 Ma AFT age at the summit of 
Mt. Clark and AFT ages >I00 Ma with short mean track 
lengths on the west side of Mt. Clark at low elevation. A west- 
dipping PAZ is present on the west side of the range; this area 
is -100 km north of the axis of the Mineral belt. The thickness 
of the Pierre Shale approximately doubles across the Mineral 
belt and then thins northward across the Laramie Range [Scott 
and Cobban, 19651. Consequently, variations in the thickness 
of the Pierre Shale may in part explain the distribution of the 
base of the PAZ in northern Colorado and southern Wyoming. 

Naeser et al. [2003] recently completed an AFT analysis 
of the Gore Range 25 km south of Rabbit Ears Pass in the 
Park Range. In contrast to the 50-76 Ma Laramide cooling 
ages in the Park Range, the AFT ages in the Gore Range are 
16 to 37 Ma on the west side of the range and are 5 to 19 Ma 
on the east side of the range. The AFT ages from the Gore 
Range reflect middle to late Tertiary cooling, which Naeser et 
al. [2003] associate with middle Tertiary heating and subse- 
quent rift flank denudation related to the Rio Grande rift. The 
exact location of the transition between these two areas of 
contrasting thermal history is not known, but marked change 
in topography located near the Colorado River between the 
rugged Gore Range to the south and the flat-topped Park 
Range to the north is a likely candidate. 

6. SUMMARY 

The AFT data in the Laramie Range do not record Laramide 
reactivation of the Cheyenne belt. The emplacement of the 
1.4 Ga Laramie Anorthosite complex and Sherman Granite 
along the suture effectively healed this zone of weakness, at 
least in the Laramie Range proper. Geologic evidence [Black- 
stone, 19961 indicates that this structure was reactivated to 
the northeast of the range during Laramide and post-Laramide 
deformation. Farther north, the cooling history across the 
Laramie Peak shear zone is similar on either side of this fea- 
ture. Thus, in the Laramie Range, the AFT data do not reveal 
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Figure 14. Plot of the estimated depth of the base of the PAZ at the 
end of Cretaceous time using the temperature curve for 50 mW/m2 
in Figure 13. The black circle show the position of the base of the PAZ 
in late Cretaceous time and today; the difference in elevation between 
these points is a measure of rock uplift. The modern elevation of the 
northern Laramie Mountains is derived from topographic profiles. 

a significant difference in cooling history across the Protero- 
zoic boundaries preserved in this mountain chain. Instead 
the data are consistent with long-wavelength folding of the 
basement, with highs in the vicinity of Interstate 80 in the 
south and Laramie Peak in the north, with an intervening low 
along the Cheyenne belt, mirroring the topographic profile 
of the range. This interpretation is consistent with the obser- 
vation of Blackstone [I9961 concerning the dispersal of Pale- 
ocene sediments. The AFT ages can be used to infer that 
unroofing occurred 82 to 65 Ma. The AFT ages related to 
Laramide deformation here are generally older than they are 
to the west. 

In the Medicine Bow Mountains, where the northeast- 
trending Cheyenne belt is perhaps best defined, the suture 
was definitely reactivated during Laramide deformation. The 
Rambler shear zone and the Arlington splay of the Rambler 
shear separate AFT ages of 60 to 79 Ma to the northwest from 
>I00 Ma AFT ages to the southeast. The AFT ages suggest that 
the Medicine Bow Mountains began unroofing in latest Cre- 
taceous time, perhaps contributing sedimentary clasts to the 
Medicine Bow Formation in the Laramie Basin. The base- 

ment was likely not exposed at this time. The main phase of 
cooling occurred during Paleocene time, consistent with the 
observation that most deposition in the synorogenic Hanna 
Formation the Laramie Basin occurred during Paleocene time. 
The lapping of the Eocene Wind River Formation across the 
Arlington fault implies that deformation was largely over by 
Eocene time. 

The northeast trending Cheyenne belt is truncated by a 
north-vergent, east-trending thrust fault in the Sierra Madre. 
Structures associated with the Cheyenne belt likely were reac- 
tivated during Laramide deformation [Houston and Gruff, 
19951, but the AFT evidence is equivocal. Based on strati- 
graphic evidence [Montagne, 19911, the Sierra Madre was 
likely part of the Medicine Bow Laramide uplift; however, 
slightly younger AFT ages and shorter mean track lengths 
suggest that the northeastern part of the Sierra Madre, north 
of the Cheyenne belt, cooled more slowly than the Medicine 
Bow Mountains or southern Sierra Madre. This northeastern 
area appears to have been downwarped during deformation, 
consistent with slow cooling and the preservation of the Hanna 
Formation adjacent to this block. 

In the Park Range, the SC-FC shear zone does not appear 
to have been strongly reactivated during Laramide deforma- 
tion. AFT ages at the highest elevations on the Rabbit Ears Pass 
profile are consistent with the timing of removal of the Upper 
Cretaceous section in North Park in latest Cretaceous time. The 
main phase of cooling was during the Paleocene at the time of 
deposition of the Coalmont Formation. AFT and geologic evi- 
dence can be used to demonstrate that the basement was folded 
above thrust faults on the western margin of the range, and that 
the timing of thrusting appears to become younger toward 
the west. The undeformed 1.4 Ga Mt. Ethel pluton does seem 
to influence the style of Laramide deformation in the range. 
The Park Range is essentially a anticline to the south of the plu- 
ton and consists of a series of west-vergent thrust blocks north 
of the pluton. 

Certainly, the idea of Lararnide re-activation of Proterozoic 
structures related to lithospheric assembly in southern 
Wyoming and northern Colorado is not new, but this work 
serves to document more precisely which structures were 
important in controlling Laramide-aged denudation. The 
data also serve to emphasize the importance of basement 
folding during Laramide deformation. Finally, the AFT data 
from this project provide further documentation of a trend 
observed elsewhere in the Southern Rocky Mountains region. 
The AFT data from this study, for the most part, record only 
one phase of Laramide deformation in the area studied and 
do not indicate significant late Laramide or post-Laramide 
cooling events. In contrast, AFT data from the Front Range 
and Wet Mountains of Colorado record a mild middle 
Oligocene to early Miocene thermal event that is superim- 
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posed on a predominantly Laramide cooling history [Kel- 
ley and Chupin, 2004; Nuesev et ul., 20031. The middle 
Oligocene to early Miocene thermal event and subsequent 
cooling are the dominant events recorded by AFT data in 
the Gore Range [Nueser et al., 20031, Rio Grande rift in 
southern Colorado and New Mexico [Kelley et al., 19921 
and the High Plains of northeastern New Mexico [Kelley 
and Chupin, 19951. 
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The Proterozoic Ancestry of the Colorado Mineral Belt: 
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A northeast-striking system of subvertical mylonites and ultramylonites, which 
formed in the Mesoproterozoic, provided a zone of weakness and conduit for the Pale- 
ocene to Oligocene magmatism and mineralization that are the Phanerozoic expres- 
sions of the Colorado Mineral Belt. The mylonites overprinted higher temperature 
Paleoproterozoic high-strain domains of similar orientation. Here, we distinguish the 
Phanerozoic Colorado Mineral Belt from a Proterozoic 'Colorado Mineral Belt 
shear zone system.' In each segment of the shear zone system, Mesoproterozoic 
mylonite strands, which are meters to tens of meters wide, overprint higher- 
temperature Paleoproterozoic high-strain domains, which are several kilometers 
wide. In situ electron microprobe monazite dating of the mylonites and higher tem- 
perature high-strain domains, and field studies of relative timing of shearing and plu- 
ton emplacement, show two main periods of shearing that each involve -100 Ma of 
deformation. Higher temperature high-strain domains record pulses of deforma- 
tion that occurred at 1.7 1 - 1.69 Ga, 1.67 Ga, 1.65 Ga, and 1.62 Ga. Mylonites record 
movement at 1.45 Ga synchronous with emplacement of the Mt. Evans pluton, at 1.42 
Ga synchronous with emplacement of the Silver Plume pluton, and at 1.38 Ga syn- 
chronous with emplacement of the St. Kevin pluton. Post-1.38 Ga movements cre- 
ated ultramylonites. This shear zone system may be analogous to modern-day 
intracontinental zones of weakness like the Tien Shan of central Asia, which record 
both original assembly of tectonic blocks and recurrent reactivation during later 
plate convergence at a distant margin. 

Presently at John Shomaker &Associates, Inc., Albuquerque, New 1. INTRODUCTION 

Mexico 
Presently at Department of Geology, University of Wisconsin, Eau The Colorado Mineral Belt shear zone system is defined 

Claire, Wisconsin here as a series of northeast-striking mylonitic and ultramy- 
lonitic shear zone segments that acted as a coherent shear 

The Rocky Mountain Region: An Evolving Lithosphere zone system between 1.45 and 1.38 Ga. Each mylonitic shear 

Geophysical Monograph Series 154 zone segment overprints older Paleoproterozoic structures of 
Copyright 2005 by the American Geophysical Union. similar orientation, and although these older structures are 
10.10291154GM06 present throughout Colorado and are not unique to the Col- 
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orado Mineral Belt region, their presence suggests a common 
Paleoproterozoic ancestry to the shear zone system. Along 
the shear zone system, there is evidence for multiple episodes 
of reactivation throughout the Proterozoic and the Phanerozoic. 

This paper presents a study of the structures, kinematic his- 
tory, and timing of movement along each shear zone segment, 
and defines a 'tectonic fingerprint' for the shear zone system 
as a whole. The focus of this paper is to document the Pro- 
terozoic Colorado Mineral Belt shear zone system, and to 
illuminate the initiation and early evolution of this long-lived 
zone of weakness in the lithosphere. 

2. AN INTRACONTINENTAL ZONE OF 
DEFORMATION FROM THE PROTEROZOIC TO THE 

PHANEROZOIC 

The Colorado Mineral Belt is generally defined as a -200 
kilometer (km) long, northeast-striking zone in central Col- 
orado marked by a concentration of Paleocene to Oligocene 
intrusions and related mineral deposits emplaced during and 
after the Laramide orogeny [Figure 1 ; Tweto and Sims, 1963; 

Mutschler et al., 19871. Mining along the Colorado Mineral 
Belt is famous for having produced billions of dollars worth 
of gold, silver, lead, zinc, molybdenum, tungsten, and fluorspar 
[Tweto and Sims, 19631. The Colorado Mineral Belt is also 
defined by a pair of negative Bouguer gravity anomalies that 
are among the most negative in the United States [Figure 1; 
Isaacson and Smithson, 19761. Modeling results by McCoy 
et al. [this volume] and Isaacson and Smithson [I9761 sug- 
gest that the Colorado Mineral Belt anomaly may be 
explained in part by large, relatively low-density bodies in 
the crust, such as granitic batholiths, centered beneath the 
Colorado Mineral Belt. 

The more southerly anomaly is centered on the San Juan 
Mountains, located along the southwestern extension of the 
Colorado Mineral Belt. The San Juan Mountains contain mid- 
dle and late Tertiary (mainly Oligocene) magmatic centers, 
and its negative Bouguer gravity anomaly is similar to the 
more northerly anomaly of the Colorado Mineral Belt. Like 
the Colorado Mineral Belt, the San Juan Mountains show evi- 
dence for Proterozoic deformation along steeply-dipping struc- 
tures [Tweto and Sims, 1963; Baars et al., 19841. In light of 

Figure 1. Map of Bouguer gravity data after Oshetski and Kucks (2001) and McCoy et al. (2001) with Colorado Mineral 
Belt shear zones, including Homestake, Gore Range, St. Louis Lake, and Idaho Springs-Ralston shear zones. Also shown 
is Black Canyon shear zone (Jessup et al., 2002) and Laramide magmatism and mining centers. 
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these similarities, we widen the boundaries of the Colorado 
Mineral Belt to include the San Juan Mountains [Figure 11. 

The irregular geometry of Tweto and Sims' Colorado Min- 
eral Belt boundaries [1963] does not appear to correspond 
with mapped structures. In this paper, we use smoother, more 
general Colorado Mineral Belt boundaries that include the 
negative gravity anomalies and major mining districts, and 
lie parallel to the northeast-striking Proterozoic structures 
[Figure I]. 

A number of pieces of evidence suggest that magmatism and 
deformation of the Phanerozoic Colorado Mineral Belt were 
localized by the Proterozoic Colorado Mineral Belt shear zone 
system. First, apatite fission-track studies of Kelley et al. 
[2001] show that the Colorado Mineral Belt shear zone sys- 
tem coincides with a transition in Laramide-age structural 
style and timing of uplift in the Front Range. To the south of 
the shear zone system, Laramide structures are dominated by 
east-vergent thrusts and Proterozoic rocks have >I00 Ma 
apatite fission-track ages. To the north of the shear zone sys- 
tem, Laramide structures are dominated by southwest-vergent 
back thrusts and Proterozoic rocks have 7 6 4 5  Ma apatite 
fission-track ages [Kelley et al., 20011. The discrepancy in 
ages and structural style across the shear zone suggest that 
movement along the zone juxtaposed deeper rocks to the north 
against shallower rocks to the south. Thus, the Colorado Min- 
eral Belt shear system appears to have been reactivated during 
a protracted period of time in the Laramide, accommodating 
south-side down differential uplift and exhumation. 

Second stratigraphic studies by Allen [I9941 documented 
multiple Paleozoic movements that directly reactivated at least 
one of the shear zone segments along the Colorado Mineral 
Belt shear zone system. The basal conglomerate unit of the 
Upper Cambrian Sawatch Quartzite thins across strands of 
the Homestake shear zone from north to south, suggesting 
that southeast-side up movement occurred along the zone dur- 
ing early stages of Sawatch Quartzite deposition [Allen, 19921. 
The Homestake shear zone also coincides with the northern 
pinch-out of the Lower Ordovician Manitou Dolomite, sug- 
gesting southeast-side down reactivation of the Homestake 
shear zone and erosion prior to deposition of Middle Ordovi- 
cian Harding Sandstone [Allen, 19931. Subtle thickness and 
facies variations in the Upper Devonian Chaffee Group sug- 
gest further southeast-side up reactivations [Allen, 19931. In 
all, variations in facies and thickness of Paleozoic strata indi- 
cate that the Homestake shear zone was reactivated at least four 
times between Cambrian and late Devonian time, and at least 
once after Early Mississippian time [Allen, 19941. 

Third, tomographic images of Dueker et al. [2001] show a 
zone of anomalously low-velocity mantle imaged at depths 
exceeding 120 km that projects upward into the Colorado 
Mineral Belt, suggesting that this geologic feature is lithos- 

pheric in scale and coincides with a modern zone of anom- 
alously low-velocity Proterozoic lithosphere [Dueker et al., 
20011. This suggests continued reactivation of Proterozoic 
lithosphere compositional domains andlor interfaces during 
Cenozoic mantle reorganization in the western U.S. [Karl- 
strom and Humphreys, 19981. 

3. THE COLORADO MINERAL BELT SHEAR ZONE 
SYSTEM 

3.1. Previous Work 

It has long been argued that the magmatism and mineral- 
ization of the Colorado Mineral Belt were localized along 
pre-existing weaknesses, as indicated by the presence of Pro- 
terozoic shear zones and plutons [Tweto and Sims, 1963; 
Warner, 19781. We now know that this Precambrian ancestry 
involved focused deformation and magmatism at -1.4 Ga and 
-1.7 Ga [Shaw et al., 20011, and molybdenite mineralization 
at -1.4 Ga [Sims and Stein, 19991. Although Tweto and Sims 
[I9631 recognized Proterozoic shear zones in the Colorado 
Mineral Belt, they did not describe the variety of different 
fault rocks, or 'tectonites,' present in the shear zones, nor did 
they highlight the kinematics of the multiple Proterozoic 
movements in the shear zones. Tectonites such as cataclasite, 
ultramylonite, mylonite, and high-temperature striped gneisses, 
were grouped under the term 'cataclastic rock.' Moench [I9641 
defined two different tectonites along the Idaho Springs- 
Ralston shear zone, distinguishing the high-temperature 
gneisses from younger tectonites that resulted from cataclas- 
tic deformation of the previously foliated and deformed rocks. 
Re-examination and re-mapping of the Idaho Springs-Ralston 
shear zone, as well as other segments of the Colorado Min- 
eral Belt shear zone system, according to a newer under- 
standing of microstructures and kinematic indicators, is 
presented in this paper. 

A recent detailed study by Shaw et al. [2001], which focused 
on the tectonites, kinematics, and timing of movement in the 
Homestake shear zone, a segment of the Colorado Mineral 
Belt shear zone system, sets the stage for this paper. Along the 
Homestake shear zone, Shaw et al. [200 11 showed that trans- 
position of a Paleoproterozoic low-angle S1 fabric was syn- 
chronous with granite intrusion and migmatization. This 
transposed S1 fabric was steepened during the formation of 
northeast-striking, subvertical S2 high-temperature high strain 
zones, which were reactivated during the formation of -1.4 Ga 
mylonites and ultramylonites. Shaw et al. [2001] used in situ 
electron microprobe monazite dating to constrain the devel- 
opment or reactivation of S 1 at 1700 +I- 7 Ma, movement 
along S2 at 1658 +I- 5 Ma and 1637 +I- 13 Ma, southeast-side 
down mylonitization at 1376 +I- 11 Ma, and southeast-side up 
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ultramylonitization after 1376 Ma. Many features of the Home- 
stake shear zone, as defined by Shaw et al. [2001], are com- 
mon to cach shear zone segment of the Colorado Mineral Belt 
shear zone system. Therefore, we use the Homestake study of 
Shaw et al. [2001] as a guide for comparison of the major 
segments of the Colorado Mineral Belt shear zone system. 

3.2. Map Patterns and Ovewiew qf'Shear Zone Geometry 

The mylonite and ultramylonite shear zone segments of the 
Colorado Mineral Belt shear zone system lie along the north- 
ern edge of the Colorado Mineral Belt between Leadville and 
Golden, Colorado, and include the Homestake shear zone 
[Figure 1 ; Shaw et al., 200 1 ; Allen, 1994; Tweto and Sims, 
19631, Gore Range shear zonc [Figure 1  ; Bergendahl, 1969; 
T ~ ) e t o  and Sims, 19631, St. Louis Lalte shear zone [Figure 1 ;  
Taylor, 197 1 ; Bryant e f  al., 198 1 ; Tweto and Sims, 19631, and 
Idaho Springs-Ralston shear zone [Figure 1 ; Grauhard and 
Mattinson, 1990; Wells e f  al., 1964; Tweto and Sims, 1963; 
Moench, 1964; Sheridan, 19581. The segments appear to rep- 
resent en echelon sl.lears, branches of a shear zone system, or 
even one continuous shear zone (if it was offset by post- 
Mesoproterozoic dextral fault motions) that extends at least 100 
km in Icngth. 

At thc northeastern extent of its exposure, the Homestake 
shear zone [Figure 1, Figure 2a] disappears under Phanerozoic 
cover east of the Eagle Rivcr in the northern Sawatch Range. 
Where Proterozoic rocks surface again, just cast of Vail Pass, 
the Gore Range shear zone [Figure 1, Figure 2b] is directly 
along strike of the 044", 79s Homestake shear zone. About 10 
km north, and parallel to the Gore Rangc shear zone, several 
northeast-striking ultramylonite strands arc present at Booth 
Lake. These strands are considered part of the Colorado Min- 
eral Belt shear zone system, but arc not discussed in detail in 
this paper. 

The northeast extent of the Gore Range shear zonc seg- 
ment bends northward to an orientation of 030°, 76W just 
before it disappears beneath the Phanerozoic cover of the Blue 
River Valley. If projected across the Blue River Valley and 
Williams Fork Range at this orientation, the Gore Range shear 
zone connects with the St. Louis Lake shear zone segment 
[Figure 1, Figure 2c]. About 10 km cast of thc St. Louis Lake 
shear zone, several mylonite strands deform the Silver Plume 
granite at Berthoud Pass. In this paper, these strands are con- 
sidered to be part of the St. Louis Lake shcar zone because of 
similar orientations, shear sense, and timing of movement. 

Thc Idaho Springs-Ralston shear zone segment [Figure 1, 
Figure 2d] does not occur along the strike of the St. Louis 
Lake shear zone, but is roughly aligned with the trend of the 
Homestalte shear zonc. Ancestral Rockies andlor Laramide 
movements along the north-strilting Loveland Pass-Berthoud 

Pass fault system may have caused dextral strike-slip offset of 
tens of kilometers between the St. Louis Lake and Idaho 
Springs-Ralston shear zones. 

As part of the current study, we also conducted reconnai- 
sance mapping along the Montezuma shear zone described 
by Tweto and Sims [1963]. However, the Montezuma shear 
zone appears to contain only steeply dipping, high-temperature 
striped gneisses, which are common throughout central Col- 
orado. The zone does not contaih composite fabrics including 
mylonites or ultramylonites, nor does it show any evidence 
for simple shear, and therefore is not r~ghtly defined as a 
'shear zone' and is not addressed further in this paper. 

3.3. General Characteristics cfShear Zone Segments 

In each mylonitic segment of the Colorado Mineral Belt 
shear zone system, kilometer-wide mylonite zones contain 
multiple parallel mylonite strands that are one to tens of meters 
wide. The shear zones also contain ultramylonite strands that 
are typically narrower than the mylonite strands they over- 
print. Each mylonitic shear zone segment is northeast- to east- 
striking, with strikes ranging from 028" to 090°, although the 
northeast strikes dominate. The shear zone segments are sub- 
vertical and dip steeply to the northwest or southeast, with 
dips ranging from 74"NW to 66" SE. They contain steeply- 
plunging mineral stretching lineations. 

Mylonites and ultramylonites of the Colorado Mineral Belt 
shear zone system overprint northeast-striking Paleoprotero- 
zoic high-strain domains that occur in biotite gneiss and 
migmatite along the Homestake and Gore Range shear zones 
[Figs. 2a and 2b]. Along the St. Louis Lalte shear zone, the 
Paleoproterozoic high-strain domains occur in a tectonic 
melange composed primarily of amphibolite and granodior- 
ite [Figure 2c]. Along Idaho Springs-Ralston shear zone, the 
high-strain domains occur in quartz monzonitc along the 
southern limb of the Coal Creek synform [Figure 2d]. 

Although most of the shear zone segments do not appear to 
separate regions with distinctly different structures or meta- 
morphic histories, they all show juxtaposition of different 
rock types that hint at the long tectonic evolution of the shear 
zone system. The shear zones locally follow Paleoprotero- 
zoic pluton margins [Figure 21, and show evidence for high 
temperature deformation synchronous with Paleoproterozoic 
pluton emplacement [Shaw et al., 20011. In the Homestake and 
Gore Range shear zones, relatively high-temperature high 
strain domains follow the southern margin of the Cross Creek 
batholith [-1675 [Rb-Sr], Tweto and Lovering, 19771. In the 
St. Louis Lake and Idaho-Springs Ralston shear zones, 
mylonites follow thc southern margin of the Boulder Creek 
batholith [I72 1 +I- 15 Ma [U-Pb SHRIMP], Premo and Fan- 
ning, 20001. In these high-strain domains, biotite schist is 
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Figure 2. Maps of a. part of Homestake shear zone near the confluence of Homestake Creek and Eagle River, b. part of 
Gore Range shear zone south of Buffalo Mountain, c. part of St. Louis Lake shear zone at St. Louis Lake, and d. part of 
Idaho Springs-Ralston shear zone north of Ralston Creek in Golden Gate State Park. 

interlayered and transposed with granite stringers and dikes. 
Late granite and pegmatite dikes that cut across the foliation 
suggest that granite intrusion outlasted deformation. Along 
the Homestake and Gore Range shear zones, there is wide- 
spread evidence for migmatization. 

The St. Louis Lake shear zone overprints a tectonic melange 
containing boudinaged rocks of oceanic affinity. The melange 
contains marble, calc-silicates, possible metamorphosed chert, 
biotite schist, and amphibolite (including metamorphosed pil- 

low basalts), with boudins of gabbro and ultramafic rocks, 
all interlayered on the mesoscopic to map scales [Figure 2c]. 
We interpret these rocks to be parts of a dismembered ophi- 
olite complex tectonically emplaced along the Paleoprotero- 
zoic high-strain domains. 

The Idaho Springs-Ralston shear zone deforms the Coal 
Creek Quartziteipelitic schist sequence, which is one of sev- 
eral isolated Proterozoic meta-quartz arenites in central Col- 
orado [Figure 2d; Finiol, 19921. These quartzites are 
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characterized as 'mature' from a petrographic standpoint, con- 
taining few oxidc minerals or micas, and typically deposited 
on rhyolites or granites. 

The mylonite zones also locally follow Mesoproterozoic 
pluton margins, and show evidence for deformation syn- 
chronous with emplacement of these plutons. These inylonitc 
zones also extend tens of kilometers beyond thc pluton mar- 
gins, suggesting that shear zone movement was not isolated 
along the individual plutons, but was part of a more regional 
system. In the Homestake shear zone, mylonites follow the 
northern margin of the Mesoproterozoic St. Kevin batholith 
[I 396 +I- 40 Ma [U-Pb], Doe and Peat-son, 19691 and show 
evidence for syn-plutonic mylonitization [Shaw el al., 20011. 
Southeast-side down mylonites deform granite of the St. Kevin 
batholith, but are also cut by undeformed dikes of St. Kevin 
granite [Shuw et ul., 19991. Southeast-side up mylonites in 
the St. Louis Lake and Tdaho Springs-Ralston shear zones 
follow the margins of the Mesoproterozoic Silver Plume plu- 
ton [I422 +I- 3 Ma [U-Pb], Hedge, 19691. 

At St. Louis Lake, within several meters of the Silvcr Plume 
pluton margin, the granite is undefor~ncd yet the gabbroic 
country rock has narrow mylonite strands giving soutl~east-side 
up shear sense. This field relationship suggests that myloni- 
tization took place before the emplacement of the granitc, 
because the highly competent gabbro is inylonitized whereas 
the less competent granite is not. At a nearby location, some 
Silver Plume granite dikes are mylonitized with southcast- 
side up shear sense, whereas other dikes are undcformed and 
cross-cut these mylonites, indicating syn-plutonic myloniti- 
zation [Figure 2c]. 

The Idaho Springs-Ralston shear zone follows the margin 
of the Mt. Evans pluton [I442 +I- 2 Ma [U-Pb], Aleinikofet 
ul., 19931, and there is field evidence for mylonitization syn- 
chronous with pluton emplacement. One strand of the Idaho 
Springs-Ralston shear zone ends in a series of synmagmatic 
to late-magmatic subparallel shears in the Mt. Evans pluton and 
late pegmatites cut mylonitized Mt. Evans granodiorite [Nvtnan 
et ul., 1994; Gr.clubar-d and Muttinson, 19901. 

3.4. Puleopr-otei*ozoic Sfi*~lctur-es Along the Color-an%, 
Miner-a1 Belt Sheur Zone System 

The shear zone segments are interpreted to have a Paleo- 
proterozoic ancestry because map patterns show close spa- 
tial relationships between the Mesoproterozoic mylonite shear 
zone segments and Paleoproterozoic higher-temperature high- 
strain domains, Paleoproterozoic plutons, and tectonic 
melanges. Here, we describe a progression of Pa1eoprc)terozoic 
fabrics and structures observed along each shear zone seg- 
ment, further supporting the hypothesis of a common Paleo- 
proterozoic ancestry. 

Within tens of kilometers of each shear zone segment, shal- 
low to moderately-dipping foliations, typically in migrnatized 
biotite schist, may bc observed in kilometer-wide domains. 
Within a kilometer of each shear zone segment, these 
shallowly-dipping S 1 fabrics are folded into open to isoclinal 
northeast-striking F2 folds and steepened into northeast- 
striking, subvertical S2 high-strain domains of intensified 
foliation. In contrast to the 'swirling' foliation patterns 
described in central Colorado by Reed et al. [1987], our inter- 
pretation is that fold interference patterns, created by the fold- 
ing of S1 by F2 and transposition of S1 into S2 higher 
temperature high-strain domains, have produced the observed 
complex map patterns in the Paleoproterozoic rocks along 
the Colorado Mineral Belt shear zone system. 

3.4.1. Regionul D l  initiulljl shullovt~ly-di~~ping,fi,lialion 
and suhr-c>cunzhent,fi)l~ls. The earliest recognizable fabrics are 
now represented as composites of pre-D2 transposed folia- 
tions, defined as SlalSl blSlc in the Homestake and Gore 
Range shear zones [Shaw et al., 20011, and SlalSlb in the 
St. Louis Lake and Idaho Springs-Ralston shear zones. S la, 
an early foliation, is defined by aligned silli~nanite needles, 
elongate biotite, and attenuated quartz and granite stringers. 
It has been transposed into isoclinal, recumbent F lb  folds. 
In the Homestake and Gore Range shear zones, S l b has becn 
refolded into asymiiletric folds with axial plane Slc.  These 
asymmetric folds are of varying tightness, but are always z- 
shaped in map view, with consistent vergence wit11 respect to 
the older Sl db.  Granite stringers and migmatitic leucosomes 
are parallel to Slalb and also follow the axial plane of S IC  
[Shaw et al., 200 I]. The terminology Sl alSl bISlc implies 
that the development of S I foliation and the transposition of 
that foliation may have occurred during progressive defor- 
mation that created an SI composite foliation. The sequence 
of fabrics may record a longer history, but one that has becn 
obscured by the intensity of the latest syn-migmatite 
deformation. 

Adjacent to each shear zone, there is evidence that S1 dcvcl- 
oped at least in part during granite and granodioritc intrusion 
associated with emplacement of the Cross Creek [-I 675 [Rb- 
Sr], %to and Lovering, 19771 and Boulder Creek [I 72 1 +/- 
15 Ma [U-Pb SHRIMP], P~*enzo and Fanning, 20001 batholiths. 
Magma mingling and cross-cutting relationships also suggest 
that granodiorite and dioritc intruded during Cross Creek 
granite emplacement, possibly providing a heat source for the 
observed widespread migmatization. Unfoliated to weakly 
foliated post-Dl granite dikes cross-cut S 1 a/S 1 blS l c in a 
range of orientations along the Homestake and Gore Range 
shear zones, indicating that granite intrusion outlasted D l .  

Along the Idaho Springs-Ralston shear zone, the Coal Creek 
Quartzitelschist sequence contains bedding within quartzite 
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that provides a better understanding of the Paleoproterozoic 
folds and foliation generations. Unlike the migmatites, metavol- 
canic rocks, and biotite schists along the other shear zone 
segments, the Coal Creek Quartzite also contains cross bed- 
ding that allows determination of stratigraphic younging direc- 
tion. The Coal Creek Quartzitelschist sequence and granitic 
rocks of the Boulder Creek batholith both contain an S 1 fab- 
ric that is parallel to both the metasedimenugranite contact and 
the bedding planes in the quartzite. The metasedimentary 
rocks show Sla foliation folded into mesoscopic scale Flb 
isoclinal folds with fold axes that plunge 10 to 35 degrees to 
the northeast [Figure 3a]. Younging directions in Coal Creek 
Quartzite, defined by cross beds, alternate from one quartzite 
layer to the next, suggesting the presence of map-scale folds 
that, when F2 upright folds are 'unfolded,' were probably 
nearly recumbent [Figure 31. 

Along all of the shear zone segments, migmatites with S1 
foliation have deformational textures and mineral assemblages 
that are dstinct from the Mesoproterozoic mylonites and ultra- 
mylonites that overprint them. Migmatites contain small, 
recrystallized grains of quartz that are interlocked in polygo- 
nal patterns, suggesting that grain boundary area reduction 
was an important mechanism during the late stages of defor- 
mation [Passchier and Trouw, 19961. Also present are small, 
recrystallized grains of feldspar. Mineral stretching lineations 
are typically defined by hornblende needles or sillimanite 
needles. The observed microstructures and mineral assem- 
blages indicate deformation temperatures that exceeded 500°C 
[Tullis and Yund, 1992; Spear, 19931. 

Along the Homestake and Gore Range shear zones, meta- 
morphic assemblages in migmatites with a strong S l foliation 
help define metamorphic conditions during Dl .  Peak tem- 
perature conditions are recorded by the assemblage qtz + biot 
+ garnet + K-feldspar + plag + sill, with prismatic silliman- 
ite oriented within S 1. The presence of sillimanite and K- 
feldspar and the absence of prograde muscovite indicates 
temperatures above the second sillimanite isograd. The pres- 
ence of biotite selvages, in which quartz and feldspars are 
absent and biotite grains have cuspate edges, suggests the 
melting reaction albite + K-feldspar + qtz + H,O -> liquid 
[Spear, 19931. 

3.4.2. 0 2  high-angle fold and high-strain domain 
development. Along the Colorado Mineral Belt shear zone 
system, the S1 composite fabric is folded into F2 folds with 
northeast-striking axial planes. The enveloping surfaces of 
F2 folds are subhorizontal, such that unfolding F2 results in 
the inferred initial low-angle S1 orientations [Moench, 19641. 
Open to isoclinal F2 folds with shallowly-plunging fold axes 
occupy 10- to 100-meter wide macrolithons spaced between 
subvertical high-strain domains that are tens of meters wide 

lavers 
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Figure 3. a. Outcrop sketch of Dl  and D2 structures in Coal Creek 
Quartzitelpelitic schist sequence adjacent to Idaho Springs-Ralston 
shear zone. b. Cross-section of Idaho Springs-Ralston shear zone 
(see Figure 2d. for line of cross-section). 

and oriented subparallel to S2 axial plane cleavage. Near these 
S2 high-strain domains, F2 folds tighten, F2 axial planes 
steepen, and F2 fold axes become sub-parallel to the steeply- 
plunging mineral stretching lineations of the high-strain 
domains. Thus, D2 appears to have resulted in the development 
of folds as well as high-strain domains. 

Along the Idaho Springs-Ralston shear zone, the Coal Creek 
Quartzitelschist sequence and granite are refolded into the 
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map-scale F2 Coal Creek synform wlth a northeast-str~k~ng, 
subvertlcal axial plane and fold axls that plunges shallowly to 
the northeast [Frgure 3b] At the contact between the Coal 
Creek Quartzite/schist sequence and Boulder Creek granite, 
the south l ~ m b  of the F2 synform sweeps into a northeast- 
s t r ~ k ~ n g ,  subvertical S2 high-strain domaln wlth steeply- 
plunging mlneral stretching hneations. 

We Interpret subvertical S2 h~gh-stra~n domains to have 
developed durlng D2, parallel to the axial planes of F2 folds 
See F~gure 6a for a schematic lllustrat~on of D2 fold and hlgh- 
stra~n domain development. This 1s m contrast to the modcl of 
Moench [1964], who proposed that high-stra~n domalns along 
the Idaho Springs-Ralston shear zone reactivated the limb 
reglons of earher F2 folds 

Along the Gore Range shear zone, some S2 high-strain 
domains contaln asymmetric feldspar augen and melt-filled 
shear bands that typ~cally indicate southeast-s~de up shear 
sense However, most of the S2 high-strain domains along 
the Colorado Mineral Belt shear zone system do not glve 
unequivocal shear sense and are marnly distinguished from 
the migmatites and gneisses of S1 domalns by intensified 
foliations, evidence for grain-slze reduction, and stronger 
mlneral stretching lineations. Metamorphic mlnerals in the 
Coal Creek pelitic sch~sts, all having overgrown S 1, provide 
~nformat~on on P-T cond~t~ons post-Dl and during or post-D2. 
In many samples, andalusite forms rlms around and replaces 
staurol~te, and both minerals overgrew S1 defined by elon- 
gate ox~de  and quartz ~nclus~ons. In several samples, stauro- 
lite is intergrown w ~ t h  Fe-rrch chlor~te  and r ~ m m e d  by 
andalus~te and biotite, suggesting the react~on staur + chlor + 
musc -> and + blot + H,O with chlor~te as thc hm~tlng reac- 
tant [F~gure 4cl. T h ~ s  prograde rcactlon takes place between 
500 and 600°C and records dehydrat~on and an increase In 
temperature at pressures below 3 kbar [F~gure 4a, Spear, 
19931 

Andalusite overgrew F2 crcnulat~ons, but also appears to 
have deflected fol~ation d u r ~ n g  D2 In several locat~ons, 
andalus~tc porphyroblasts are also bent and folded by meso- 
scopic F2 folds [Fznzol, 19921. These observat~ons suggest 
that andalus~te grew after Dl and durlng or after D2 Like 
staurohte and andalus~te, garnet overgrew S 1, but also appears 
to have grown before F2 crenulat~on development, as fabr~c 
1s deflected around garnet In the hlnges of F2 crenulat~ons 

Cord~erlte porphyroblasts are abundant in the Coal Creek 
synforin hinge reglon and many overgrew S1 and F2 crenu- 
lat~ons [Fruser, 19491 In Mg-r~ch sch~sts,  Finlol [I 9921 
observed staurohte wlth cord~erlte rims The assemblage of 
cord~er~te + staurolite + aluminos~hcate + biot~te + muscovlte 
1s a relat~vely rare assemblage for pelitic schists, but has been 
reported for a number of low-pressure (andalusite-s~lhmanite) 
regional metamorph~c terranes [Puttlson et a1 , 19991. 

Kyanlte, andalusite, and slllimanlte are present together in 
several thm sectlons of southeast-side down mylon~t~zed Coal 
Creek Quartzite, but the growth of all three aluminosilicates 
occurred pnor to Mesoproterozoic mylonitizat~on Andalus~te 
and kyanite appear to have been brlttley boudinaged d u n g  
mylon~t~zat~on, and muscovlte is present in the boudin necks 
and forms rims on all of the aluminosilicate mlnerals [Fig- 
ure 4d]. In some samples, prismatic andalusite and silliman- 
lte cluster together In 'knots' that are wrapped in muscovlte. 
Andalusite and sillimanlte appear to be intergrown when pres- 
cnt in the same sample, and there IS no clear core and rim 
relatronship. Kyan~te 1s always rlmmed by andaluslte [Figure 
4d]. These relationsh~ps suggest early kyanlte growth fol- 
lowed by a trans~tion from the kyan~te stab~lity field to the 
andalusite or s~lliman~te stabll~ty field (or to the andalusite 
and then the sill~man~te stabil~ty field). These rocks, which 
contaln three alum~nosil~cates, are interpreted to record a 
looplng path near the tr~ple pomt m P-T space [Figure 4a] 

3.5. Timing of Puleoproterozoic Defirmation 

In situ electron microprobe monazite dating of Paleopro- 
terozoic tectonites in S 1 and S2 domains, mylonites, and ultra- 
mylonites, allowed constraints to be placed on the timing of 
deformation along tlie Colorado Mineral Belt shear zone sys- 
tem. Monazite crystals were located in thin section by con- 
ducting full thin section x-ray maps of Ce on the Cameca 
SX50 electron microprobe at University of Massachusetts, 
and conducting automated full thin section BSE scans and 
EDS point analyses on the JEOL scanning electron micro- 
scope at the University of New Mexico. X-ray maps of U, Th, 
Pb, and Y, and spot analyses of U, Th, Pb, and Y, were con- 
ducted for selected monazite grains on the Cameca SX50 
electron microprobe at the University of Massachusetts and the 
Cameca SXlOO electron microprobe at New Mexico Insti- 
tute of Mining and Technology. 

The in situ electron microprobe monazite dating technique 
used here is still in the early stages of refinement. The tech- 
nique is dependent on the fundamental assumptions that mon- 
azite incorporates negligible common lead during growth and 
that elemental concentrations have not been significantly mod- 
ified by subsequent mass transfer [Montel et al., 19961. How- 
ever, it appears that monazite may dissolve and reprecipitate 
during low-temperature fluid flux events in some mylonite 
and ultramylonite zones of this study. Despite the problematic 
aspects of the technique, analyses of the same grains at the Uni- 
versity of Massachusetts and the New Mexico Institute of 
Mining and Technology labs produced statistically similar 
values, and Williams et al. [I 9991 show that the electron micro- 
probe monazite dates typically compare closely with mass 
spectrometric U-Th-Pb dates. For more details on the analyt- 
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ical methods and fundamental assumptions of the monazite 
technique, see Williams and Jercinovic [2002]. Once U, Th, and 
Pb concentrations are obtained the age equation of Monte1 et 
al. [I9961 is solved by iteration of the three terms. When at 
least four spot analyses within a compositional domain pro- 
vide similar dates, the domain is referred to as an 'age domain,' 
the dates are averaged, and the standard deviation for the 
domain is calculated. 

Because monazite can grow as a primary igneous mineral, 
as a hydrothermal mineral during fluid flux, or as a meta- 
morphic mineral during deformational/thermal events, we 
used several parameters to recognize a monazite grain, or an 
age domain within a monazite grain, as syn-deformational. 
When monazite grains were oriented parallel to foliation, we 
interpreted these grains to be pre- or syn-deformational. Com- 
positional zoning patterns within an age domain are com- 
monly elongate [Plate la, Plate le]. Although the form of a 
monazite grain may become elongate through strain-influenced 
dissolution and reprecipitation during a subsequent defor- 
mational event, the compositional zoning is interpreted to be 
growth zoning within the crystal. The geometry of this com- 
positional zoning is interpreted to reflect the strain field at 
the time of growth. A monazite grain may rotate during a sub- 
sequent deformation, so the elongate grain may come to be 
aligned within a subsequent foliation. New monazite com- 
monly grows as a rim on an older core [Plate lb  through Plate 
lg; Williams et al., 1999; Williams and Jercinovic, 20021. 
These rims or caps typically grow in the direction of infini- 
tesinlal elongation during strain. Matrix minerals may pull 
away from a monazite grain during strain, and infill of new 
monazite may occur [H4lliams and Jercinovic, 20021. Thus, we 
interpret elongate chemical zoning within an age domain in a 
monazite grain, or a rim age domain that grew in the elonga- 
tion direction during strain, to be strong evidence that the age 
domain is syn-deformational. 

Based on in situ electron microprobe dating of syn- 
deformational monazites, parallel to S1 and S2 high-strain 
domains along the Homestake shear zone, Shaw et al. [2001] 
defined a period of Paleoproterozoic orogenesis that spanned 
1.71 to 1.63 Ga, with deformation pulses at 1700 +I- 7 Ma, 
1658 +I- 5 Ma, and 1637 +I- 13 Ma. This pattern is found along 
the entire length of the Colorado Mineral Belt shear zone system. 

In this study, we find that migmatites with S1 foliation 
folded by an F2 fold along the Gore Range shear zone also 
record a Paleoproterozoic period of orogenesis, with defor- 
mational pulses that coincide with those documented along the 
Homestake shear zone by Shaw et al. [2001] [Plate la]. One 
monazite grain from a migmatite has an oldest core date of 
-1731 Ma, based on several spot analyses, and a rim date of 
16 1 9 +/- 24 Ma [Plate 1 b]. The - 1 73 1 Ma core is elongate par- 
allel to S 1 and appears to have overgrown S 1, suggesting that 

S 1 was already developing at about 1.73 Ga. The 16 19 Ma rim 
overgrew oxide and quartz inclusions that are elongate and 
parallel to S 1, and has compositional domains parallel to S 1, 
suggesting that S1 planes were reactivated during deformation 
(possibly F2 folding) at 1.62 Ga. The cores of several other 
grains from a migmatite give an average date of 1674 +I- 13 
Ma [Plate lc, Plate I dl. The rims on these same grains yield 
1647 +I- 15 Ma. The -1.67 Ga cores are elongate parallel to 
S 1, but the relationship of - 1.65 Ga rim geometries to exter- 
nal structures is unclear. 

The Idaho Springs-Ralston shear zone also records a Pale- 
oproterozoic orogenic episode that includes at least three 
deformational pulses. Monazite grains from an S2 domain in 
biotite schist, adjacent to a mylonite zone along the south- 
western section of the Idaho Springs-Ralston shear zone at 
Chicago Creek, records Paleoproterozoic deformational pulses 
at 1692 +I- 13 Ma, 1653 +I- 13 Ma, and 1623 +/- 12 Ma [Plate 
le, Plate If]. The oldest monazite dates documented along 
the Idaho Springs-Ralston shear zone are spot analyses of 
-1739 Ma, -1735 Ma, and - 17 19 Ma from two small, elon- 
gate grains in biotite schist. 

Our mapping of the Coal Creek synform did not reveal any 
cross-cutting relationships or xenoliths of quartzite in the sur- 
rounding Boulder Creek batholith [I721 +I- 15 Ma [U-Pb 
SHRIMP], Premo and Fanning, 20001. We did not observe any 
interlayering relationships between metasedimentary rocks 
and granite, as we observed along the Homestake, Gore Range, 
and St. Louis Lake shear zones. In contrast to the heavily 
migmatized metasedimentary rocks intruded by the Cross 
Creek and Boulder Creek batholiths elsewhere along the Col- 
orado Mineral Belt shear zone system, the Coal Creek 
Quartzitelschist sequence does not appear to be migmatitic. In 
several outcrops, the contact between the Coal Creek Quartzite 
and granite is marked by a probable paleoregolith that grades 
from quartz monzonite to arkosic quartzite over >15 meters. 
Thus, we interpret the quartzite to have been deposited on 
granite, in contrast to the conclusions of Gable [I9801 and 
Wells et al. [1964], who described an intrusive contact with 
granite intruding the quartzite before or during Dl .  There 
may well be more than one age of granite, but the interpreta- 
tion of huartzite deposited on granite, after the granite was 
emplaced at about 1.72 Ga, provides further constraints on 
the timing of Dl  and D2 deformation. 

In the Coal Creek Quartzite, the youngest detrital zircon 
grains with PbIPb ages of about 1.66 Ga [JN Aleinikog writ- 
ten communication, 20011 suggest that the S1 foliation in the 
quartzite and underlying granite developed after 1.66 Ga. The 
1.66 Ga detrital zircon ages come from three grains out of a 
set of 50, so the associated error is large. But if the youngest 
detrital zircons are 1.66 Ga, then deformation along S 1 in the 
Colorado Mineral Belt shear zone system may have lasted 
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from at least 1.73 Ga (based on monazite core dates from 
migmatites along the Gore Range shear zone) to 1.66 Ga. 

3.6. Mesoproterozoic Structures of the Colorado Mineral 
Belt Shear Zone System 

One of the major findings of this study is that the mylonites 
and ultramylonites within the Colorado Mineral Belt shear 
zone system are distinct from the Paleoproterozoic high- 
temperature high strain domains that they overprint. They 
contain microstructures and minerals that record lower tem- 
peratures of deformation, they show unequivocal shear sense, 
and monazites have Mesoproterozoic dates. 

Microstructures are one important way to distinguish tem- 
peratures and strain rates associated with different types of 
tectonites in the Colorado Mineral Belt shear zone system. 
On the microscopic scale, mylonites are dominated by core and 
mantle structures in quartz. These microstructures indicate 
that subgrain rotation recrystallization was an important recov- 
ery mechanism, and suggest deformation temperatures between 
350" and 450°C [Figure 5a; Regime 2 for quartz, Hirth and 
Tullis, 19941. Feldspar grains are brittley deformed and only 
locally show undulose extinction, inhcating deformation tem- 
peratures below 500°C [Figure 5b]. Aluminosilicate miner- 
als, such as sillimanite, are absent or interpreted to be 
metastable in the mylonites, and retrograde chlorite and 
muscovite are abundant. 

Ultramylonites in each shear zone segment contain large 
ribbon-like quartz grains that have necklaces of tiny recrys- 
tallized quartz grains, indicating that grain boundary migra- 
tion was active and that the ultramylonites deformed at 
temperatures of approximately 250" to 350°C [Figure 5d; 
Regime 1-2 for quartz, Hirth and Tullis, 19941. Feldspars are 
broken into small pieces that have become rounded during 
shearing. In ultramylonites, as in mylonites, alurninosilicate 
minerals are absent or metastable, and retrograde chlorite and 
muscovite are abundant. 

3.7. Shear Sense in Mylonites and Ultramylonites 

Mylonites and ultramylonites have strong asymmetric fab- 
rics (S-C and C-C') and quartz porphyroclasts (sigma and 

Figure 4. a- Schematic P-T paths for Gore Range (gray) and Idaho delta), indicating a simple shear component during the devel- 
(black) assemblages. Reaction curves from 'pear opment of these tectonites [Figure Figure 5e]. Because 

(1993) and Pattinson et al. (1999). b. Reaction texture from each shear zone segment contains steeply-plunging mineral 
migmatite adjacent to Gore Range shear zone shows evidence for 
garnet and cordierite partially replaced by aluminosilicates and stretching lineations, movements within the zones are inter- 

biotite, c. Reaction texture from pelitic schist in Idaho Springs- preted to be primarily d i ~ - s l i ~ .  The very strike-sli~ com- 

Ralston shear zone shows andalusite rimming Fe-rich chlorite and ponents, b~ lineations with rakes 700 
staurolite. d. Reaction texture from Coal Creek Quartzite in Idaho to 80°, do not show consistent sense from one shear zone seg- 
Springs-Ralston shear zone shows andalusite rimming kyanite with ment to the next, suggesting that strike-slip components may 
muscovite filling boudin necks. be only locally important. For example, southeast-side down 
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inylonitcs in the Homestake and Idaho Springs-Ralston shear 
zones have small dextral components to movement, but 
southeast-side down mylonites in the Gore Range shear zone 
have a small sinistral component. 

In each shear zone, ultramylonites appear to overprint 
mylonites, and show different shear sense than the mylonites 
they overprint. In the Homestakc and ldaho Springs-Ralston 
shear zoncs, southeast-side down, subvertical mylonites with 
strong S-C fabrics and sigma-porphyroclasts are overprinted 
by southeast-side up, sub-vertical ultramylonites with C-C' fab- 
rics, Reidel shears, sigma-porphyroclasts, and pseuodotachylite 
veins [Shaw* et al., 20011. In the Gore Range shear zone, 
southeast-side down mylonites arc drag-folded with southeast- 
side up shear sensc and overprinted by ultramylonites with 
quartz ribbons that agree with southeast-side up ~novemcnt 
[Figure 5fl. At St. Louis Lake, thin southeast-side down ultra- 
mylonitc bands overprint southeast-side up mylonites with 
well-developed S-C fabric [Figure 5gl. Because mylonites 
and ultramylonitcs along these shcar zone segments have dis- 
tinctly different mineral stretching lineation orientation~, dif- 
ferent shear sense, and different deformation microstructures, 
the two fabrics appear to have formed during separate defor- 
mation events. In contrast, some mylonites within the shear 
zoncs simply grade into ultramylonites in more mica-rich 
domains, and the two fabrics have similar mineral stretching 
lineation orientations and shear sensc. In these cases, mylonites 
and ultramylonites could have formed in the same event but 
at different strain rates. 

3.8. Timing of Me,soj~~-otet~ozoic Defornzation 

Monazite dating and field relationships bear on the timing 
of multiple Mesoproterozoic episodes of mylonitization and 
ultrainylonitization in the Colorado Mineral Belt shear zone 
system. Monazites from the mylonite segments yield only 
Mesoproterozoic dates. 

1.45 Ga movements are documented in the Idaho Springs- 
Ralston shear zone and in the Honiestakc shcar zone. Prcvi- 
ous studies have presented field evidence for southeast-side 
down and slightly sinistral movement along the ldaho Springs- 
Ralston shear zonc during emplacement of tlic Mt. Evans plu- 
ton [Nvmun et al., 1994; Grauburd and Matfirzson, 19901 at 
1442 +I- 2 Ma [[U-Pb] Aleinikc?ff'et al., 19931. Shaw et al. 
[200 I] also reported several monazite dates of - 1452 Ma 
from Homestakc mylonites [Plate la]. 

Motion at about 1.42 Ga is recorded in southeast-side up 
mylonites in the St. Louis Lake and ldaho Springs-Ralston 
shear zones [Plate Ig]. Field relations in the St. Louis Lake 
shear zone indicate southeast-side up mylonitization synchro- 
nous with emplacement ofthe Silver Plume pluton [I422 +I- 3 
Ma [U-Pb], Heclge, 19691. In the Tdalio Springs-Ralston shear 

zone, monazites in a southeast-side up mylonite also indi- 
cate movement at 1422 Ma. In an S2 domain adjacent to a 
mylonite zone, several monazite grains with Paleoprotero- 
zoic core dates have - 1422 Ma rim dates, based on several 
spot analyses per rim [Plate l e, Plate If]. A monazite grain 
from the mylonite zone itself has a 14 18 +I- 8 Ma core that 
has an asymmetry concordant with southeast-side up shear 
sense observed in sigma porphyroclasts and mesoscopic S- 
C fabrics [Plate I g]. 

One monazite grain in the Coal Creek pelitic schist, adja- 
cent to the ldaho Springs-Ralston shear zone, Iias a date of 
141 8 +I- 30 Ma and appears to be enclosed in a poikiloblas- 
tic andalusite porphyroblast. This association, suggesting that 
andalusite grew during or after 1.42 Ga deformation, has not 
been observed elsewhere in the Colorado Mineral Belt shcar 
zone system. However, farther north in the Front Range, 
andalusite, staurolite, cordierite, and garnet porphyroblasts 
overprint earlier assemblages, and andalusite grew across 
Paleoproterozoic fabrics. Based on hornblende 4"Ar/3"Ar dates 
[Selverstone et al., 1997; Shawl et al., 19991, these minerals are 
interpreted to have grown during a relatively low-pressure 
episode of metamorphism at -1.4 Ga. 

1.38-1.4 Ga movements are recorded in southeast-side down 
mylonites in the Homestake and Idaho Springs-Ralston shcar 
zones. In the Homestake shear zone, a population of mon- 
azite ti-om the >30-meter wide southeast-side down and slightly 
dextral main mylonite strand gives an average date of 1376 +/- 
1 1  Ma [Sha~ l  et ul., 20011. Along the southern extent of the 
Homestake, southeast-side down mylonites moved during St. 
Kevin batholith emplacement at 1396 Ma [[U-Pb], Doe and 
Peurson, 19691. 

The Idaho Springs-Ralston shear zone includes a >30- 
meter wide, southeast-side down and slightly dextral mylonitc 
strand that deforms the contact between the Coal Creek 
Quartzite and quartz monzonite of the Boulder Creek 
batholith. A population of small (-15 iiiicron diameter) mon- 
azite grains, elongate parallel to fabric and enclosed in recrys- 
tallized quartz grains in mylonitized Coal Creek Quartzite, 
yield an average date of 1384 +I- 14 Ma. One elongate mon- 
azite crystal from the Coal Creek pelitic schist adjacent to the 
mylonite zone yields a date of 1373 +I- 19 Ma, and is boud- 
inaged due to subsequent deformation. Other elongate mon- 
azites from the Coal Creek pelitic schist give an average 
date of 1396 +I- 18 Ma. 

Post-1.38 Ga movements are recorded in southeast-side up 
ultra~nylonites that overprint southeast-side down mylonites in 
the Homestake and ldaho Springs-Ralston shear zones. In the 
Ho~nestakc shear zonc, monazite within a >30-meter wide 
southeast-side LIP i~ltrainylonite strand, which partly over- 
prints a >30-meter wide southeast-side down nlylonite strand, 
do not seem to constrain the timing of ultramylonitization. 
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Figure 5. a. Quartz porphyroclast in mylonite shows evidence for subgrain rotation recrystallization and has symmetry con- 
sistent with southeast-side down shear sense. b. Antithetic bookshelf fault in feldspar in mylonite agrees with southeast- 
side down shear sense. c. Southeast-side down porphyroclasts in mylonite. d. Attenuated quartz ribbons with necklaces of 
tiny recrystallized quartz grains and small, rounded feldspar grains in ultramylonite. e. Southeast-side up shear band in ultra- 
mylonite. f. In Gore Range shear zone, southeast-side down mylonite with strong S-C fabric is overprinted by southeast- 
side up drag folds and extremely fine-grained, laminated zones with quartz ribbons that show southeast-side up shear 
sense. g. In St. Louis Lake shear zone, southeast-side up mylonite with strong S-C fabric is overprinted by thin strands of 
southeast-side down mylonite. 

Many of the monazite grains yield dates that are similar to 
those in the overprinted mylonite, and it is possible that no new 
monazite grew during ultramylonitization [Shaw et al., 20011. 
However, the Homestake ultramylonite contains a 1375 +/- 
14 Ma monazite grain that is offset along an antithetic book- 
shelf fault consistent with the southeast-side up shear sense of 
the ultramylonite strand [Shaw et al., 20011. This would sug- 
gest that ultramylonitization in the Homestake shear zone 
occurred after 1375 Ma. 

In summary, mylonites and ultramylonites of the Colorado 
Mineral Belt shear zone system appear to record at least four 
Mesoproterozoic movements spanning from -1.45 Ga until 

after 1.38 Ga. 1.45 Ga movements, associated with emplace- 
ment of the Mt. Evans pluton, are documented in southeast- 
side down and slightly sinistral mylonites of the Idaho 
Springs-Ralston shear zone. Motion at about 1.42 Ga is 
recorded in southeast-side up mylonites in the St. Louis Lake 
and Idaho Springs-Ralston shear zones. 1.38-1.4 Ga move- 
ments are recorded in southeast-side down mylonites in the 
Homestake and Idaho Springs-Ralston shear zones. Post- 
1.38 Ga movements are indicated by southeast-side up ultra- 
mylonites that overprint -1.38 Ga southeast-side down 
mylonites in the Homestake and Idaho Springs-Ralston 
shear zones. 
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recumbent folds 

iintetvening oceanic lithosphere 

Figure 6. a. Dl continental assembly and early intracontinental deformation created low-angle fabrics between 1.73 and 
1.66 Ga. Fragments of oceanic lithosphere were transported along thrust structures and imbricated in accretionary prism. 
D2 folding and shearing along broad, steeply-dipping intracontinental tectonic zone facilitated shortening of the litho- 
sphere between 1.65 and 1.63 Ga. D3 shearing along discrete, steeply-dipping mylonites and ultramylonites, which reac- 
tivate D2 tectonic zones, facilitated further shortening of the lithosphere in response to far-field stresses transmitted from 
a distant convergent margin between 1.42 and 1.3 Ga. b. Summary of movements of mylonites and ultramylonites of Col- 
orado Mineral Belt shear zone system between 1.42 and 1.3 Ga. 

4. DISCUSSION 

4.1. Tectonic Fingerprint for Deformation Along the 
Colorado Mineral Belt Shear Zone System 

The record of Mesoproterozoic movements documented in 
mylonites and ultramylonites of the Colorado Mineral Belt 
shear zone system, and Paleoproterozoic deformation docu- 
mented in the higher temperature S 1 and S2 domains along the 
shear zone system, provides a 'tectonic fingerprint' for the 
deformational history of the Colorado Mineral Belt shear 

zone system. This tectonic fingerprint is summarized in Table 
1 and Plate 1 and includes a >lo0 Ma long Mesoproterozoic 
period of orogenesis that includes deformational pulses at 
1378 +I- 17 Ma associated with SE-side down movement and 
14 19 +I- 18 Ma associated with SE-side up movement, and a 
>70 Ma long Paleoproterozoic period of orogenesis that 
includes deformational pulses at 1620 +I- 20 Ma, 1652 +/- 
1 1 Ma, 1674 +I- 13 Ma, and 1692 +I- 13 Ma. These defor- 
mational pulses are identified based on distinct date popula- 
tions within monazite grains of each shear zone. Because a 
number of monazite dates determined in the present study 
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are supported by Rb-Sr and U-Th-Pb ages for adjacent syn- 
deformational plutons, and there is a regional correspondence 
between conventional and microprobe U-Pb monazite dates 
[Williams et al., 20021, we interpret monazite age determi- 
nations to be accurate representations of the timing of defor- 
mation. We believe there is a sufficiently large dataset to 
prefer the interpretation of discrete pulses over the alterna- 
tive interpretation that the monazite data document near con- 
tinuum~ of deformation and monazite growth from 1.38-1.45 
Ga and 1.62-1.7 Ga. 

4.2. A Regional Context for Timing of Deformation Along 
the Colorado Mineral Belt Shear Zone System 

The multiple periods of Proterozoic deformation along the 
Colorado Mineral Belt shear zone system correspond to mag- 
matic and orogenic events documented throughout Colorado 
and the southwestern U.S., suggesting that movement along the 
shear zones reflects responses to large-scale thermal and tec- 
tonic events instead of local events, such as the emplacement 
of individual plutons. 

The few 1.73-1.72 Ga dates obtained in the Gore Range 
and Idaho Springs-Ralston shear zones may correspond 
with emplacement of the Boulder Creek and Rawah 
batholiths at 1721 +I- 15 Ma [[U-Pb SHRIMP], Premo and 
Fanning, 20001 and 1720 +I- 8 Ma [[U-Pb], Premo and Van 
Schmus, 19891, respectively, and an important stage of 
regional metamorphism in the northern Front Range 
[Barovich, 19861. 1.73 Ga dates also come from the arc- 
like volcanic supracrustal rocks in the Salida-Gunnison 
block south of the Colorado Mineral Belt shear zone system 
[Bickford and Boardman, 19841, suggesting that deforma- 
tion was associated with subduction and arc development at 
the Salida-Gunnison arc [Reed et al., 19871. 

1.70 Ga deformation dates in S1 domains of the Colorado 
Mineral Belt shear zone system probably correspond to 
1.72-1.70 Ga deformation and movement on initially 
shallowly-dipping foliations and subrecumbent folds in cen- 
tral Arizona, where the Yavapai orogeny involved partitioned 
crustal shortening during amalgamation of lithospheric frag- 
ments to North America [Karlstrom and Bowring, 199 11. 
Monazite growth at -1.67 Ga in the Gore Range shear zone 

Table 1: Summary of Age of Deformation and Magmatism, Temperature Constraints, and Shear Sense For 
Each Shear Zone Segment, Colorado Mineral Belt Shear Zone System 

Colorado Mineral Belt 
shear zone segment Paleoproterozoic 
(from southwest to 

northeast) S1 S2 

Mesoproterozoic Laramide 

Mylonite Ultramylonite 

Homestake 1.70 Ga" 1.66 Ga" 1.38 GaYSE-side downa) <1.38 Ga" (SE-side upa) 
>500"ch 1.64 Ga" 1.40 Gag 250-350"ch 

350-450"ch 

Gore Range 1.73 Ga' 1.62 Ga' SE-side down' SE-side up' 
>600"ch 1.65 Ga" 350-450°C 

1.67 Gab" (SE- 
side up?') 

550-650°C 
St. Louis Lake 1.72 ~a~ 1.42 GaC(SE-side up') 1.34 GaC (SE-side down') 

>500°ch 350-4500~~  

Idaho Springs 1.69 Gac 1.62 GaC 1.44 Gag (SE-side down') 1.36 Gac (SE-side up') 76-45 Ma 
1.72 Ga"d 1.65 Gac 1.42 G~""(sE-side up') (N-side up') 
1.73 Gac 1.66 Ga' 1.38 GaC (SE-side down') 

'Monazite ages, shear sense, and cross-cutting relationships reported in this study. 
d ~ - ~ b  SHRIMP age of the Boulder Creek batholith reported in Premo and Fanning, 2000. 
'U-Pb age of the St. Kevin batholith reported in Doe and Pearson, 1969. 
' u - ~ b  age of the Silver Plume pluton reported in Hedge, 1969. 
'U-Pb age of the Mt. Evans pluton reported in Aleinikoff et al., 1993. 
'~eformation temperatures based on quartz and feldspar microstructure and mineral assemblages reported in this study. 
'Apatite fission-track ages reported in Kelley et al., 2001. 
'Youngest m ~ b y ~ b  detrital zircon age from Coal Creek Quartzite reported by Aleinikoff, written communication, 2001 
'shear sense reported in Nyman et al., 1994. 
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Plate 1. In a., each curve represents frequency distribution for a microprobe monazite date domain based on 4-17 spot analy- 
ses. Short bars represent 1-3 spot analyses. Multiple peaks on same baseline represent different date domains in a single 
crystal. Peaks with same pattern represent grains within the same sample. Long gray bars represent weighted means for 
date populations that fall within a 95 percent confidence interval in a pooled t-test, and correspond to pulses of monazite 
growth. In b. through g., electron microprobe elemental concentration maps showing uranium and yttrium zoning and 
average microprobe U-Pb-Th date for monazites from migmatite adjacent to Gore Range shear zone (b., c., and d.), mon- 
azites from biotite schist adjacent to Idaho Springs-Ralston shear zone (e. and f.), and a monazite from mylonite of Idaho 
Springs-Ralston shear zone (g.) 
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may have been associated with the Yavapai orogeny or may 
have been a more local event coinciding with intrusion of the 
adjacent Cross Creek batholith. 

1.65 to 1.62 Ga deformation dates coincide with the 
Mazatzal orogeny in southeastern Arizona [Karlstrom and 
Bowring, 199 11, where subvertical, northeast-striking fabrics 
developed during formation of a continental margin batholith 
above a northwest- or north-dipping subduction system [Selver- 
stone et al., 19991 that has been projected from Arizona across 
southern Colorado [Shaw and Karlstrom, 19991. 1.62 Ga 
deformation dates also correspond to U-Pb zircon dates of 
16 18 +I- 22 Ma for the Big Creek gneiss of the northern Front 
Range, 1627 +I- 4 Ma age for a quartz monzonite pluton in the 
Sierra Madre of northern Colorado, and emplacement ages 
for plutons in the Mount Tyndall area of the Wet Mountains, 
southern Colorado [Premo and Van Schmus, 1989; Bicybrd et 
al., 19841. 

Mesoproterozoic movements in the Colorado Mineral Belt 
shear zone system correspond in time with intrusions emplaced 
between 1.3 and 1.45 Ga along a belt that spans the southern 
margins of Laurentia-Baltica [Nyrnan et al., 19941. Although 
the plutons have been described as anorogenic, recent studies 
have shown evidence for substantial -1.4 Ga deformation and 
metamorphism in the vicinity of many plutons [Nyman et al., 
19941. In Colorado and New Mexico, - 1.4 Ga shear zones are 
moderately- to steeply-dipping and show evidence for syn- 
magmatic deformation [Nyman et al., 1994; Ki1.h~ et al., 19951. 

In the northern Front Range of Colorado, the northeast- 
striking, steeply-dipping Moose Mountain shear zone shows 
evidence for reverse-sense reactivation synchronous with 
intrusion of the -1.4 Ga St. Vrain pluton [Selverstone et al., 
20001. This shear zone is located 50 km north of, and is roughly 
parallel to, the Idaho Springs-Ralston shear zone. The rela- 
tionship between the Moose Mountain shear zone, several other 
northern Colorado shear zones suspected to have been active 
at -1.4 Ga, and the Colorado Mineral Belt shear zone system, 
is not fully understood. The northern Front Range shear zones 
have not been documented to extend southwest across Colorado, 
as the Colorado Mineral Belt shear zone system does. 

4.3. Tectonic Signif~cance qf the Colorado Mineral Belt 
Shear Zone System 

Metamorphic data indicate that Proterozoic rocks exposed 
in the Colorado Mineral Belt shear zone system were in the 
middle crust during tectonism, and deformation studies reveal 
a pattern of progressive overprinting of increasingly narrower, 
higher strain-ratellower-temperature tectonites. This suggests 
that, at any given time, discrete structures at shallower crustal 
levels may grade into wider, more diffuse zones at deeper 
crustal levels. Greenschist-grade ultramylonites overprint 

wider zones of greenschist-grade mylonites, which overprint 
even wider, amphibolite-grade high strain domains. Each gen- 
eration of tectonite appears to have caused grain size reduc- 
tion and weakening along the shear zone system, leaving it 
prone to further reactivations. 

4.3.1. Tectonic signijicunce of Paleoproterozoic 
dejbrrnation along the Colorado Mineral Belt 
Shear Zone System. Major structural and metamorphic dis- 
continuities have not been identified across the mylonite zones, 
S2 high-strain domains, or S1 domains. The Homestake, Gore 
Range, and Idaho Springs-Ralston shear zones separate plu- 
tons from metasedimentary rocks. The Homestake and Gore 
Range shear zones may have facilitated Paleoproterozoic plu- 
ton emplacement, while the Idaho Springs-Ralston shear zone 
appears to have developed aRer Paleoproterozoic plutonism and 
quartzite deposition. 

Along the St. Louis Lake shear zone, the rock types within 
the melange are similar to the rock types in melanges identi- 
fied within continent-arc collision zones [Chang et al., 2000; 
Polat and Kerrich, 19991. The presence of this possible frag- 
ment of oceanic melange, surrounded by granites and mica 
schists, suggests that the shear zone might have an ancestry as 
a lithospheric-scale structure that facilitated transport and tec- 
tonic juxtaposition of far-travelled rocks. The St. Louis Lake 
melange is similar to that described along the Moose Moun- 
tain shear zone in the northern Front Range [Selverstone et al., 
20001. Both shear zones appear to have juxtaposed rocks from 
different structural levels during D2 and D3 (1.4 Ga) intra- 
continental steepening of the initially low-angle, continental 
assembly-related S1 fabrics. 

The Paleoproterozoic structures, with inferred deforma- 
tion dates from 1.7 to 1.62 Ga, developed during a time of 
regional tectonism that was likely associated with the col- 
lision of island arcs, and the welding of packages of arcs to 
the Archean Wyoming craton [Figure 6a]. Syn-tectonic plu- 
tons and batholiths of this period, such as the Cross Creek 
and Boulder Creek batholiths, do not appear to represent 
components of the initial magmatic arcs because they do 
not have isotopic signatures characteristic of arc plutons, 
and there is no evidence of andesites or adjacent suture 
zones [Shaw and Karlstrom, 1999; Aleinikqffet al., 1993; 
Reed et al., 19871. 

4.3.2. Tectonic signzficance o f  Mesoproterozoic 
intracontinental deformation along the Colorado 
Mineral Belt Shear Zone System. In contrast to the D 1 and 
D2 crustal assembly-related deformation that affccted broad 
regions of Colorado, the Mesoproterozoic Colorado Mineral 
Belt shear zone system formed as a relatively narrow zone at 
a time when plate convergence was probably occurring some 
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1,000 km to the south, based on the proposed boundary 
between the Mazatzal Province and the Grenville Province 
near the present-day New MexicolTexas border [Karlstrom 
and Humphreys, 19981. At a great distance from this margin, 
the Mesoproterozoic mylonite system seems to have reactivated 
a zone of weakness related to Paleoproterozoic assembly. 
However, Mesoproterozoic mylonitization led to the devel- 
opment of a more focused belt of weakness and defined the 
trend that has influenced Phanerozoic deformation and mag- 
matism along the Colorado Mineral Belt. 

Intracontinental zones of deformation, located well away 
from plate margins, may be the loci of deformation that accom- 
modate an important part of the observed plate convergence 
at the margin [Tien Shan of central Asia, Atlas Mountains of 
northern Africa; Burov and Molnar, 1998, Yin et ul., 19981, and 
may also record lithospherelasthenospliere interactions. Intra- 
continental shortening in the Atlas Mountains has accommo- 
dated 17-45 percent of the total African-Eurasian plate 
convergence since the early Miocene [Gomez et al., 2000; 
Brede et al., 19921. Late Cenozoic intracontinental shortening 
in the Tien Shan appears to have resulted in 20 to 40 km of 
shortening [Yin et al., 19981. 

The behavior of intracontinental zones of deformation at 
depth and over significant time intervals, and the processes 
controlling these zones, remain poorly understood. Intracon- 
tinental zones of deformation may have become weak due to 
anomalous heat, due to a pre-history that imparted composi- 
tional differences between the weak zone and the surrounding 
lithosphere, due to unusually thick crust, andlor due to the 
presence of major pre-existing mechanical weaknesses or 
domains of grain size reduction and strain-softening [Burov and 
Molnar, 1998; Kurlstrom and Humphreys, 19981. Karlstrom 
and Humphreys [I 9981 proposed that inheritance of Protero- 
zoic structural grains throughout the southwest U.S. involves 
combinations of 'volumetric' inheritance (related to the den- 
sity and fertility of compositionally different lithospheric 
blocks that influences isostatic and magmatic responses to 
tectonism) and 'interface' inheritance (related to mechanical 
boundaries that are zones of weakness and mass transport). 

The Mesoproterozoic mylonites of the Colorado Mineral 
Belt shear zone system, as well as the Paleoproterozoic S2 
high-strain domains they overprint, record primarily dip-slip 
movements on subvertical fault planes. The zones appear to 
have become subvertical during D2, with discrete mylonites 
reactivating broader S2 domains at middle crustal levels. 
Given these geometries, the shear zones appear to have caused 
large-scale 'jostling' of blocks [Figure 621, Figure 6b]. These 
types of movements could occur along a flower structure or as 
part of a transpressive system, but we do not find extensive evi- 
dence for either horizontal stretching lineations or horizontal 
shear sense indicators of strike-slip movement. 

Comparison of the Colorado Mineral shear zone system 
with younger analogues can shed light on the importance of 
intracontinental zoncs of deformation and the similarities 
among these zones, and can link the surface and shallow 
crustal level expression of such zones to their middle crustal 
analogues. One Cenozoic analogue is the Tien Shan of central 
Asia, where reactivation has taken place primarily along mod- 
erately- to steeply-dipping reverse structures [Avouuc et al., 
1993; Brooyield, 20001. Like the Colorado Mineral Belt shcar 
zone system, the Tien Shan region records a complex tectonic 
history of continental assembly that occurred within a broad 
diffuse zone containing slices of many different rock packages 
[Allen and Vincent, 19971. In both areas, broad zoncs of 
assembly-related foliations were reactivated as narrower, more 
discrete zones of intracontinental deformation thousands of 
kilometers from the plate margin. Structures within the Tien 
Shan and the Colorado Mineral Belt shear zone system are 
adjacent to plutons, and there is evidence for early syn-plutonic 
deformation [Figure 7a, Figure 7b; Brookfield, 20001. Although 
the magnitude of Precambrian offset across the Colorado 
Mineral Belt shear zone segments is difficult to determine, 
the Tien Shan faults have experienced several kilometers 
of offset during Cenozoic intracontinental reactivation [Yin 
et al., 19981. Most earthquakes on the Tien Shan faults have 
thrust solutions, indicating that this intracontinental zonc of 
deformation is facilitating crustal shortening [Yin et al., 
19981. 

The North Tien Shan fault is interpreted to have origi- 
nated as a steeply-dipping 'back-stop' to a zone of lithos- 
pheric fragments assembled in the late Paleozoic [Allen and 
Vincent, 19971. The fault was reactivated in the Cenozoic as 
a steeply dipping, north-directed thrust following the Pale- 
ozoic structural grain, but there is some evidence for dex- 
tral strike-slip movement [Allen and Vincent, 19971. 

5. CONCLUSIONS 

The Colorado Mineral Belt shear zone system is here 
defined as a Mesoproterozoic system of mylonites and ultra- 
mylonites that moved during a protracted period of orogene- 
sis between 1.45 and 1.3 Ga. Although the shear zone system 
is Mesoproterozoic, the system overprints a broader, higher 
temperature, high-strain domain that records a >70 Ma Pale- 
oproterozoic orogenic episode. Thus, the Colorado Mineral 
Belt shear zone system may have reactivated a more diffuse 
zone of weakness associated with continental assembly, and 
in doing so, it established the trend that controlled Phanero- 
zoic deformation and localization of magmatic systems along 
the Colorado Mineral Belt. 

The long history of deformation along the Colorado Min- 
eral Belt shear zone system indicates that lithospheric zones 
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A Homestake shear zone 
NNW 

North Tien Shan fault 

Figure 7. Comparison of maps and cross-sections of two intracontinental zones of deformation: Homestake shear zone (a.: 
after Shaw et al., 2001), and the North Tien Shan fault of the Tien Shan (b., after Allen and Vincent, 1997). 

of weakness, first established as diffuse zones of weakness 
during continental assembly and later reactivated as narrow 
intracontinental zones, may remain as loci of geologic 
processes for hundreds of millions of years. This study of the 
Colorado Mineral Belt shear zone system documents many 
characteristics of intracontinental tectonic zones including: 
1. Origination of such zones in broad, subvertical domains 
of high strain and foliation intensification that have steip- 
ened what are inferred to be initially low angle sheet-like 
structures; 2. Reactivation of such zones as progressively 
narrower domains of increasingly higher strain-ratellower- 
temperature grain size reduction at progressively shallower 
depths and lower temperatures, 3. Repeated emplacement of 
plutons and mineralization along the zones, and 4. Devel- 
opment of lithospheric-scale inhomogeneities such as neg- 
ative gravity anomalies and slow mantle anomalies 
associated with the zone. 

The Colorado Mineral Belt shear zone system is dominated 
by steeply-dipping structures with steeply-plunging mineral 
stretching lineations, indicating primarily dip-slip movements 
along subvertical zones. A kinematic model that accounts for 
these movements involves the 'jostling' of blocks, up and then 
down along the same zone of weakness, possibly facilitating 
pluton emplacement or an interplay between crustal shorten- 

ing and crustal collapse. Such movements are observed in 
other intracontinental zones of deformation, such as the Tien 
Shan of central Asia, the Atlas Mountains of northern Africa, 
and the Laramide Rocky Mountains. Therefore, dip-slip move- 
ment along subvertical zones may be an important charac- 
teristic of long-lived intracontinental zones of deformation 
that have remained as weak zones in the lithosphere, experi- 
encing multiple episodes of reactivation. 
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Structure of the North Park and South Park Basins, 
Colorado: An Integrated Geophysical Study 

Leandro Trevifio and G. Randy Keller 

Depuutment o f  Geological Sciences, University of Texas at El Paso 

The CD-ROM geophysical transect passes through the intermontane valleys of cen- 
tral Colorado called parks. However, relatively little is known about their structure. 
Geophysical exploration of the North and South Park basins is mostly of a propri- 
etary nature and few of these investigations are ever published. In this study, we 
integrate gravity, geologic, seismic, and digital elevation data to determine the sub- 
surface structure of the North Park and South Park basins of central Colorado and 
their structural setting. Digital elevation and gravity images and computer model- 
ing of the gravity data show that the subsurface structure of these basins is not as sim- 
ple as suggested by their surface expression. Modeling of gravity profiles constrained 
by drilling and geologic data shows that North Park and South Park are underlain 
by complex, fault-bounded, asymmetric basins. The gravity low over North Park is 
the result of basin fill of both Cenozoic and Mesozoic age that reaches a thickness 
of -6 km. Very low gravity values found in the northern portion of the South Park 
are associated with the Colorado mineral belt. Modeling of two profiles south of this 
area indicates that a series of faults divide the basin. Particularly in the south, the basin 
is divided into sub-basins by a structural high. This study also provided constraints 
for the seismic refraction modeling that was part of the CD-ROM project. 

1.  INTRODUCTION 

The intermontane basins of North Park and South Park are 
defined by the surrounding Laramide uplifts that expose Pre- 
cambrian rocks. The physiographic expression of these features 
is very clear on the topographic map shown on Plate 1 (see 
CDROM in back cover sleeve) that was produced from digi- 
tal elevation data obtained from the U. S. Geological Survey. 
The Park Range to the west, the Medicine Bow Mountains 
to the east, and the Rabbit Ears Range to the south define 
North Park. The Mosquito and Sawatch Ranges bound South 
Park to the west and the Front Range bounds it to the east. 
The topographic map shows that both of these basins are rel- 
atively flat compared to the surrounding region. 

The Rocky Mountain Region: An Evolving Lithosphere 
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The North Park and South Park basins (Figure 1) are, at 
least in part, the result of horizontal compression that uplifted 
the southern Rocky Mountains during the Late Cretaceous- 
Early Tertiary (70-35 Ma) Laramide orogeny. However, their 
deep structure is poorly known and their tectonic origin and 
evolution are enigmatic. Summaries of the regional geology 
and tectonic evolution are found elsewhere in this monograph, 
but several structural events have affected the area containing 
these basins such as the Late Carboniferous (280-240Ma) 
Ancestral Rocky Mountains orogeny and the Neogene exten- 
sion associated Rio Grande rift (-30Ma). In this study, we 
integrated gravity, drilling, seismic, elevation and geologic 
data to produce a variety of maps and models to elucidate the 
structural setting of the North and South Park basins. Our 
goal was to determine their deep structure and to facilitate 
the interpretation of the CD-ROM seismic refraction profile 
that passes through them [Rumpel et a/., this volume; Snelson 
et al., this volume; Levander et al., this volume]. 
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2. BACKGROUND 

The Rocky Mountains have been of great interest since 
the early exploration of the area. For example, King [1876, 
18781 carried out the earliest geologic investigations in North 
Park. Tweto [I980 a, b] described the Precambrian geology 
and wrote tectonic descriptions of central Colorado. Hail 
[I9651 described structural relationships in northwestern 
North Park. In the Delaney Butte-Sheep Mountain area (Fig- 
ure l), he mapped a series of imbricate, east-dipping thrust 
faults that form a resistant hogback composed of Mesozoic 

Figure 1. Tectonic map of the North and South Park region com- 
piled from a variety of geologic studies that are referenced in the 
text. Stars indicate the location of wells that were used as geologic 
constraints in the geophysical interpretations. 

and Precambrian rocks. Hail [I9651 also described the 
Walden and North Park synclines and a fault that is parallel 
to the North Park syncline known as the Spring Creek fault 
(Figure 1). Behrendt et al. [I9691 combined gravity, magnetic, 
and a short (-30 krn) seismic refraction profile in an inte- 
grated study of the North Park basin. One of the results of 
this study indicates that the steepest gravity gradients are 
associated with the Spring Creek fault (Figure 1). Lange 
and Wellborn [I9851 carried out a seismic reflection survey 
in the North Park basin, and their results agreed with 
Behrendt et al. [I9691 in showing that the North Park basin 
is an asymmetrical syncline, faulted on the northern end of 
the line. The sedimentary strata in the basin were described 
by Lange and Wellborn [1985]. A major unconformity sep- 
arates the Precambrian basement from the overlying sedi- 
mentary sequence, and the Triassic Chugwater Formation, 
consisting of red shales, lies directly on this unconformity. 
Cretaceous units of marine and near shore sandstone and 
shale (Dakota Group, Morrison, Entrada, Niobrara, and the 
upper Cretaceous Pierre Formations, respectively) overlie 
the basal Chugwater Formation. The Tertiary Coalmont For- 
mation consisting of alluvial and fluvial sandstones and 
shale caps the sequence. 

Investigations into South Park geology and geophysics 
are abundant but are mostly in the form of unpublished Mas- 
ter's theses or Ph.D. dissertations [e.g., Durrani, 19801. How- 
land [I9351 described the bedrock geology of southern South 
Park while Behre et al. [I9351 wrote on the bedrock geology 
of northern South Park. Stark et al. [I9491 not only wrote 
about the structural geology of South Park but also its his- 
tory. They recognized the complexity of the Laramide 
orogeny starting with the uplift and erosion of Cretaceous 
sediments, followed by outpourings of felsic volcanic rocks, 
and subsequent folding and thrust faulting. Block faulting and 
fkrther erosion by the South Platte River, in the late Pliocene 
and later, defined South Park [Stark et al., 19491. Sawatzky 
[I9641 in his description of southeastern South Park pointed 
to the Elkhorn fault as the main structural element present 
(Figure 1). The Elkhorn fault has displaced the Precambrian 
basement westward over Cretaceous and Tertiary sedimen- 
tary rocks [Sawatzky, 19641. Beggs [1977], in a seismic 
reflection study, recognized that two basement controlled 
fault systems dominated the structure of central South Park. 
The subsurface of central South Park is an asymmetric, 
faulted, north-south trending syncline bounded by large base- 
ment uplifts associated with the Elkhorn thrust. Reinecker 
Ridge, a structural high, is located near the axis of the north- 
ern part of the South Park basin. Andesitic flows and brec- 
cias, conglomerates and immature sandstones and shales 
form Reinecker Ridge [Sawatzky, 19641. Other minor struc- 
tures are also present in this region [Beggs, 19771. 
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3. METHODOLOGY 

The University of Texas at El Paso (UTEP) maintains an 
extensive gravity database, whose sources include govern- 
mental (U. S. Geological Survey, NOAA, NIMA, etc.), aca- 
demic (University of Texas at Dallas, Purdue University, etc.), 
and commercial entities. Data for the study area were extracted 
from this database. A plot of the gravity data points shows 
that they are relatively well distributed in the study area (Fig- 
ure 2). After removal of a small number of anomalous read- 
ings, the data were then gridded and a smoothing filter (10 km, 
low-pass, cosine-arch) was applied to produce Figure 3. By 
smoothing filter, we mean that a spatial domain low-pass 
operator (10 km) was employed to smooth the contours for dis- 
play in this paper. In order to remove regional anomalies, a 

Figure 2. Plot of points in the area of the North and South Park 
basins where gravity measurements have been made. 

20-100 km band-pass (cosine-arch) filter was applied using 
an algorithm in the Generic Mapping Tools (GMT) software 
[Wessel and Smith, 19981. We tried several filters but found that 
the 20-100 km band-pass best enhanced the major features in 
the upper crust. 

Computer models (2.5D) of the gravity data were produced 
using the approach of Cady [I9801 along specific profiles of 
interest (Figure 3). The data used in the modeling are the 
Bouguer anomaly values not the band-passed values since 

Figure 3. Bouguer anomaly gravity map, which as been smoothed 
for display purposes to remove wavelengths less than 10 km. Note 
the 50 mGal gradient between the South Park basin and the Front 
Range. Areas shaded in gray are outcrops of Precambrian rocks. The 
contour interval is 5 mGal. CMB - Colorado Mineral Belt. Lines 
crossing the map from southwest to northeast (NP, SP, SSP) are the 
profiles along gravity data were extracted and modeled. 
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this would imply interpolation of the data. These profiles were 
chosen so that they were perpendicular to the regional struc- 
tural grain and features of geologic interest while tying to 
constraints such as wells. Modeling of these profiles was a 
trial and error process with geologic outcrops, drilling results, 
and seismic data as constraints. Thus, the models produced 
should be considered to be integrated geologic cross-sections 
of the upper crust. 

Figure 4. Filtered Bandpass (20-100 km) filtered map. The con- 
tour interval is 5 mGal. CMB - Colorado Mineral Belt. The regional 
effect has been removed from the data to produce map in order to 
emphasize upper crustal features. Areas shaded in gray are outcrops 
of Precambrian rocks. 

4. RESULTS 

4.1. Gravity Maps 

A tectonic map (Figure 1) displays the main structural fea- 
tures related to the North and South Park basins. These struc- 
tural components trend, for the most part, in a northwesterly 
direction. The Spring Creek fault parallels the Owl Ridge 
syncline in the North Park basin that is bordered by several 
faults. 

The smoothed Bouguer gravity map (Figure 3) displays the 
integrated distribution of gravity anomalies from both upper 
crustal and deeper sources in the region. The gravity lows are 
associated with either basin fill or materials of lower density 
such as granitic bodies intruded into the regional metamorphic 
basement. Gravity highs are associated with structural highs 
and high-density bodies such as mafic intrusions. In the 
Bouguer gravity map, the gravity highs are mostly linked with 
the mountainous topography that consists of Precambrian 
granites and metamorphic rocks. 

The bandpass (20-100 km) filtered map (Figure 4) is sim- 
ilar to the smoothed gravity map, and low gravity values are 
still present in both basins. In the case of North Park, the 
gravity low on Figure 4 is more extensive, and based on drill 
hole data better shows the extent of the region with significant 
amounts of sedimentary fill. The gravity low over the Col- 
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Figure 5. Integrated model of upper crustal structure for the North 
Park (NP-Figure 3). The numbers are densities that were assigned to 
each geologic unit. 
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orado mineral belt has a distinct linear northeasterly trend 
that is somewhat subdued in the Bouguer gravity map. 

Two prominent gravity lows are present in the maps (Fig- 
ures 3 and 4). In the case of North Park, a gravity low trends in 
a northwesterly direction parallel to the axis of the Owl Ridge 
Syncline (Figwre 3). Behrendt et a/. [I 9691 interpreted the steep 
gravity gradient in the North Park basin that strikes in a west- 
northwest direction, north of the axis of the syncline, as the 
Spring Creek fault (Figure 1). We attribute the gravity low in 
North Park to basin fill that Behrendt et al. [1969] described as 
Late Permian to Quaternary sediments but Lunge and Well- 
born [I 9851 showed were probably no older than Triassic. Older 
sedimentary rocks were either eroded by the Ancestral Rocky 
Mountains orogeny or they were never deposited [Hail, 19651. 

A distinct northeasterly trending gravity low obscures the 
gravity signature of northern South Park. The lowest values in 
the basin are found on the northern fringe where the basin 
signature coincides with this linear feature. The Colorado 
mineral belt (CMB) strikes in a northeasterly direction, and a 
deep-seated feature associated with it appears to be the cause 
of this gravity low [Brinkworth et ul., 1968; Case, 1965; Isaac- 
son and Smithson, 1976; McCoy et ul., this volume]. Case 
119651, Brinkworth et al. [1968], and Behrendt [unpublished 
manuscript] have noted that the most negative gravity values 
on the continental United States are in the CMB. Further- 
more, Isaacson and Smithson [1976], Behrendt [unpublished 
manuscript], and McCoy et al. [this volume] have modeled 
the Colorado mineral belt as being due to a steep sided 
batholith of granitic composition. 

The gravity low associated with South Park is clearer to 
the south and has the form of two prongs and a sharp gravity 
gradient that defines the eastern structural boundary of the 
basin along the Front Range (Figure 4). The steep gravity gra- 
dient along the Front Range is coincident with the Elkhorn 
thrust fault but may also be influenced by changes in com- 
position within the Precambrian basement between South 
Park and the Front Range. The gravity low in the middle of the 
South Park basin (Figure 3) is likely associated with the South 
Park fault that is located about the middle of the basin along 
the eastern boundary of Reinecker Ridge (Figure 1). 

4.2. Gravity Models of'the Basins 

A series of 2.5D models was created to determine the struc- 
ture beneath both basins. Surface features were constrained 
using the geologic map of Colorado [Tweto, 19791. For initial 
constraints on depths of basins and strata present, the geo- 
logic cross sections constructed by Tweto [I9891 and the avail- 
able literature were consulted. 

The North Park profile (NP, Figwre 3) crosses several impor- 
tant structures in the basin such as the Owl Ridge syncline, the 

Spring Creek fault, and other minor faults. The 2.5D model for 
this profile (Figure 5) shows that the basin is an asymmetric 
syncline with a fault displacing the basin fill at the northern 
end of the line. The depth of the basin is approximately 6 km, 
and the sedimentary fill consists of both Mesozoic and Ceno- 
zoic strata overlying the Precambrian basement. 

The northern South Park (SP, Figure 3) profile cuts across 
from the Mosquito Range on the southwest through South 
Park to the Front Range. Bodies of granitic composition bound 
the basin at either end of the line and the northeast end is cut 
by a series of faults (Figure 6). In the vicinity of Reinecker 
Ridge, Tertiary strata lie atop a Cretaceous unit cut by a nor- 
mal fault. Another section of the Tertiary strata lies to the east 
of Reinecker Ridge along a thrust fault separating a bounding 
granitic body. Precambrian granitic rocks have been thrust 
westward, along the Elkhorn fault, over Tertiary and Cretaceous 
units. The granitic body at the east end of the profile masks 
the true width of the basin on the plot of observedlcalculated 
gravity points. The basin appears much wider on the plot than 
it actually is. 

The southern South Park profile (SSP, Figure 3) extends 
approximately from the Mt. Princeton batholith on the south- 
west to the Front Range on the northeast. This model shows 
that the basin is composed of two sub-basins separated by a 
structural high. The Upper Arkansas graben, a rift structure, 
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Figure 7. Integrated model of upper crustal structure for the south- 
ern portion of South Park (SSP-Figure 3). The numbers are densities 
that were assigned to each geologic unit. 

is shown on the west of the basin, and appears to be - 2 km 
deep (Figure 7). 

This study and the analysis of the upper crustal CD-ROM 
refraction along the profile (Rumpel et al., this volume) were 
coordinated and the gravity and seismic models show similar 
relationships. The gravity and seismic models indicate both the 
North and South Park basins shallow in a southerly direction. 

5 .  SUMMARY 

Our integrated analysis has shown that the basinal struc- 
ture beneath both North and South Park basins is complex. 
Gravity modeling of North Park shows that the deepest por- 
tion of the basin is an asymmetric syncline approximately 6 
km in depth. Gravity modeling of the South Park profiles 
suggests that a series of faults divide the basin and that the east- 
ern portion was thrust westward over younger units. Further 
south, the basin is divided by a structural high with thin sed- 
imentary cover over the entire basin. A comparison of the 
basins demonstrates that North Park is a deeper basin than 
South Park; this is also seen in the new upper crustal veloc- 
ity models [Rumpel et al., this volume]. 
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The Colorado Mineral Belt (CMB) is delineated as a belt of mostly Laramide min- 
eralization within a broader zone of Laramide and older magmatism in central Col- 
orado. This paper focuses on the profound negative Bouguer gravity anomaly that 
coincides with this broader zone of protracted magmatic activity, and is among the 
largest gravity anomalies in North America. Seismic studies suggest that parts of the 
CMB region are underlain by anomalously low-density crust and that the CMB lies 
within a broad zone of low seismic velocities in the uppermost mantle. This study 
explores simple distributions of subsurface mass deficits that can explain the CMB neg- 
ative Bouguer gravity anomaly, and are constrained by geologic estimates of the extent 
of crustal plutonic bodies and by seismically-inferred crustal and upper mantle veloc- 
ity anomalies. Specifically, we consider forward models that include (1)  a low-density 
batholithic body in a 20-km thick upper crust with a density contrast of 150 kg/m3, (2) 
a 25-krn thick lower crust with a potential low-density body with a density contrast of 
150 kg/m3, and (3) an upper mantle with a low-density body with variable density 
contrast placed at variable depth. We discuss the viability of our first-order forward mod- 
els and their consistency with seismic observations, and suggest refinements that can 
improve our understanding of the structure of the CMB. 

1. INTRODUCTION 

The Colorado Mineral Belt (CMB) is a northeast-trending 
belt of mainly Laramide mineralization in central Colorado 
within a broad zone that also includes older Proterozoic and 
younger Cenozoic magmatism [Mutschler et al., 19871. This 
zone extends more than 200 kilometers (km) across central 
Colorado and coincides with one of the most negative Bouguer 
gravity anomalies in the United States [Case, 1965; Isaac- 
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son and Smithson, 19761. The Laramide (Late Cretaceous to 
earliest Oligocene) magmatism is typically expressed at the sur- 
face as relatively small, shallow intrusive bodies associated 
with major gold, silver, lead, and molybdenum deposits [Tweto 
and Sims, 19631. Proterozoic rocks show evidence for mag- 
matic episodes and shear zone movements around 1.7 billion 
years ago (Ga), 1.4 Ga, and 1.1 Ga focused along the CMB 
[McCoy et al., this volume; Shaw et al., 200 1 ; Nyman et al., 
1994; Barker et al., 19751. 

A Bouguer gravity map of Colorado constructed using data 
of Oshetski and Kucks [2000] shows two major negative 
anomalies that are among the most prominent features in 
North America gravity [Plate 1; see CD ROM in back cover 
sleeve]. The northern negative anomaly is centered on the 
CMB and the southern anomaly is centered on the middle to 
late Tertiary (mainly early Oligocene) magmatic centers of 
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the San Juan Volcanic Field [Plate 11. Negative Bouguer grav- 
ity anomalies reach values of -340 milliGals (mGals) in the 
CMB and -337 mGals in the San Juan Volcanic Field. 

Crustal thickness estimates based on teleseismic receiver 
hnctions indicate little crustal thickening from the Colorado 
Great Plains (49.9 km average thickness) to the Colorado 
Rocky Mountains (50.1 km average thickness), suggesting 
that the high topography of the Colorado Rocky Mountains is 
probably not simply compensated by an Airy-type crustal root 
[Sheehan et al., 19951. Rayleigh wave dispersion suggests 
greater variation in crustal thickness (40 to 45 km in the Col- 
orado Great Plains and 48 to 55 km in the Southern Rocky 
Mountains; Li et al., 20021, but is still consistent with the 
idea that the high topography of the Colorado Rocky Moun- 
tains must be supported by some combination of Airy and 
Pratt isostasy [Li et al., 2002; Snelson et al., this volume]. 

In this study, we explore Pratt and Airy-type forward mod- 
els along northwest-trending profiles across the CMB in order 
to explain the observed negative Bouguer gravity anomaly 
[Plate 11. Medium to short-wavelength (100 km) negative 
gravity anomalies can be adequately matched with inferred 
low-density structures in the crust, consistent with geologic 
mapping of crustal intrusions in the CMB. The longer wave- 
length (400 to 500 km) gravity low across the CMB is ade- 
quately explained by a low-density structure in the uppermost 
mantle or a regionally extensive low-density body in the lower 
crust. In our modeling we explore both possibilities and dis- 
cuss the non-uniqueness of our results, which are somewhat 
constrained by geologic mapping and seismic studies. 

We recognize that lower crustal features that explain the 
long-wavelength gravity low across the CMB are consistent 
with a study of Rayleigh wave dispersion from the Rocky 
Mountain Front experiment, which suggests low crustal den- 
sities below the Sawatch Mountains in the central CMB [Li et 
al., 20021. From the crustal structure in Li et al. [2002], we 
infer that the region of low crustal densities is roughly centered 
on the middle of our profiles and extends laterally about 
100-200 km in the upper crust and 200-300 km in the lower 
crust [Plate 11. However, to explain the 500 km scale gravity 
low surrounding the CMB, we find that a low-density body in 
the lower crust would need to be regionally extensive (>SO0 
km), extending well beyond the CMB to the northwest and 
southeast. We conclude that current seismic interpretations 
of crustal structure in this region preclude such a low-density 
structure in the lower crust [see also Rumpel et al., this vol- 
ume; Snelson et al., this volume]. 

On the other hand low densities in the uppermost mantle are 
consistent with both P and S-wave travel-time tomographic 
results that show low seismic velocities (Vp and Vs) in the 
upper mantle (from 50 to 200 km depth) beneath the CMB 
region [Lee and Grand, 1996; Lerner-Lam et al., 1998; Dueker 

et al., 200 11. These results suggest that a low-velocity upper 
mantle anomaly underlies the Southern Rocky Mountains 
including the CMB, with varying estimates of velocity reduc- 
tion [Plate 11. For example, a 6 to 8 percent reduction in Vs at 
75 to 125 km depth relative to western Kansas is presented in 
Lee and Gmnd [1996; Plate 11, a 4 percent reduction in Vp at 
a depth of 150 km relative to a regional average model is pre- 
sented in Lerner-Lam et al. [1998], and a 2 percent reduction 
in V, at depths of 50 to 250 km relative to a regional average 
is presented in Dueker et al. [2001]. Additionally, Rayleigh- 
wave dispersion also suggests up to 4 percent reduction in Vs 
relative to a regional model at 50 to 100 km depth below the 
Southern Rocky Mountains [Li et al., 20021. The region of 
low upper mantle seismic velocities coincides with large 
regional gradients in relative attenuation [Boyd and Sheehan, 
this volume], complicating the physical interpretation of this 
structure. Using combined models of attenuation and veloc- 
ity structure, Boyd and Sheehan [this volume] interpret the 
western part of this low-velocity upper mantle region (with low 
attenuation) to be associated with moderately high tempera- 
tures, partial melt content, andlor anomalous upper mantle 
composition (e.g. the presence of phlogopite). They attribute 
the eastern part of the low-velocity upper mantle region (with 
high attenuation) to high temperatures associated with the 
Rio Grande Rift and its northward continuation [Boyd and 
Sheehan, this volume]. 

In the current study, we use simple gravity models as an 
added constraint on subsurface density structure, and highlight 
the issue of whether the large negative Bouguer anomaly cen- 
tered over the CMB can be explained by low-density bodies 
in the crust andor upper mantle. We interpret our models in 
combination with geologic data and the seismic results dis- 
cussed above. In this study, we do not incorporate a detailed 
(1 0 to 50 km resolution), geologically-reasonable model of 
upper crustal structure, but we recognize that future refine- 
ments of this work will require such a regional model to ade- 
quately explain the shortest wavelength gravity anomalies. 

2. METHODS 

The observed Bouguer gravity values along northwest- 
trending profiles across the CMB (Profiles 1 ,  2, 3, and 4 in 
Table 1 ; see CDROM in back cover sleeve, Plate 1, and Figure 
1) were extracted from a regional Colorado Bouguer gravity 
dataset [Oshetski and Kuch, 20001. Gravity data within a 4-km 
wide swath were projected orthogonally onto these profiles 
using Generic Mapping Tools [GMT; Wessel and Smith, 199 11. 
The non-uniform coverage gravity data were also gridded using 
bi-cubic interpolation and projected onto the central profile 
line. Data extracted along each profile using both the swath- 
width method and the gridded data are plotted in Figure 1. 
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Figure 1. Observed gravity and elevation along Profiles 1 (in a.), 2 
(in b.), 3 (in c.), and 4 (in d.). See text for details on the gridded 
gravity data and the swath widths used in this and subsequent figures. 

A two-and-a-half dimensional modeling approach was used 
to determine the geometries and densities of subsurface bod- 
ies. We used forward-modeling software based on the Tal- 
wani method of calculating predicted gravity from bodies of 
arbitrary geometry [our code was written by D. Roberts, and 
is a rewrite of tal.25dgrav by S.F. Lai; Talwani et al., 1959; 
Cady, 19801. Matlab pre- and post-processors allowed for 
efficient organization and alteration of input models and 
graphical output. Input parameters included (a) the geometries 
of the modeled bodies defined by vertices with x,y coordi- 
nates in the two-dimensional planes of the profiles, (b) the 
densities of the modeled bodies defined with respect to an 
upper-crustal density of 2,750 kg/m3, and (c) the distances to 
which the bodies are to be projected into and out of the plane 
of the profile (hence the two-and-a-half dimensionality of the 
model, although in the models presented here the in- and out- 
of-plane strike lengths are effectively infinite). In order to 
minimize boundary effects, typical lateral extents of bodies 
used in this study are >10,000 km). 

The observed Bouguer gravity anomalies along the pro- 
files [Figures l a  through Id] are composites of several anom- 
alies with varying wavelengths. First, a regional trend in the 
Bouguer gravity is present, with generally more negative val- 
ues to the northwest [Figures 1 a and lb]. This regional trend 
is likely a reflection of gradually thickening crust from south- 
east to northwest, or a gradual reduction in average subsurface 
densities, or a combination of both. If we attribute this trend 
completely to a thickening of the crust, the amount of thick- 
ening required to explain the regional trend is no more than 4 
or 5 km over a distance exceeding 500 km, which is well 
within errors of seismic Moho determinations. We do not 
attempt to remove this longest-wavelength regional trend in the 
current study; instead, we maintain a crust of constant thick- 
ness and focus on modeling the 500 km or shorter wavelength 
anomalies that are described below. 

The longest wavelength anomaly we model is the 400 to 
500-km wide anomaly with a shape that resembles a shallow 
dish with steep shoulders (shoulders are 20 to 50-km wide) 
centered on the CMB. Additionally, a shorter-wavelength (200 
km) anomaly that coincides with the boundaries of the CMB 
as defined by Tweto and Sims [I9631 appears to represent a 
shallower low-density body in the crust. Finally, the very 
short-wavelength (several km) Bouguer gravity variations 
probably represent density variations associated with litho- 
logic changes in the upper and middle crust; these are not 
included in detail in this study, but should be incorporated 
into future, more detailed analyses of the CMB gravity. 

4. FITTING A MODEL TO THE OBSERVED 
ANOMALIES 

Unlike the Himalayas and the central Andes [Zhao et al., 
1993; Zandt et al., 19941, the negative Bouguer gravity anom- 
aly of the CMB cannot be explained by Airy-type isostasy. 
Profile 3 shows the predicted gravity anomaly if high topog- 
raphy were supported by an Airy-type crustal root [Figure 21. 
The most negative predicted gravity value coincides with the 
most negative observed Bouguer gravity value and the high- 
est topography along the profile. As pointed out by Li et al. 
[2002], the overall coincidence of the most negative Bouguer 
anomalies with the highest elevations in Colorado suggests the 
dominance of local compensation, although we recognize that 
regional compensation mechanisms may also play a role in sup- 
porting high topography [e.g., Bechtel et al., 19901. In this 
paper, we focus our attention on local compensation using a 
combination of Pratt and Airy-type isostasy. The predicted 
gravity anomaly in Airy-type compensation has more negative 
values along the sides of the CMB than observed and less 
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negative values at the center of the CMB. This is consistent 
with seismic studies that find a lack of a thick crustal root 
beneath the Colorado Rocky Mountains [Sheehan et al., 1995; 
Li et al., 20021, but also find anomalously low densities in 
the crust, suggesting the importance of Pratt-type isostasy [Li 
et al., 20021. 

Our gravity models are non-unique solutions with built-in 
assumptions about the densities of the Earth's crust and man- 
tle. The assumptions used in this study include: an upper- 
crustal background density of 2,750 kg/m3; a lower-crustal 
background density of 2,950 kg/m3; an upper-mantle back- 
ground density of 3,280 kg/m3; and a batholithic crustal body 
with a density of 2,600 kg/m3. The upper crust is 20-km thick, 
in accordance with the Conrad discontinuity indicated by seis- 
mic refraction studies [Snelson et al., this volume; Rumpel et 
al., this volume], and the lower crust is 25-km thick, giving a 
total crustal thickness of 45 km consistent with seismic obser- 
vations [Sheehan et al., 1995; Li et al., 20021. The assumed 
upper-crustal density is similar to that determined for Pre- 
cambrian rocks in the Sawatch Range and Elk Mountains of 

mantle 3,280 kg/mi 

central Colorado [2,7 10 kg/m3, Isaacson and Smithson, 1976; 
2,760 kg/m3, Tweto and Case, 19721. The average background 
crustal density is about 2,860 kg/m3, in close agreement with 
the average density of continental crust determined by Chris- 
tensen and Mooney [1995] of 2,830 kg/m3. The assumed den- 
sity of a body in the crust is similar to that determined for 
Tertiary granitic rocks in the Sawatch Range and Elk Moun- 
tains of central Colorado [2,630 kg/m3, Isaacson andsmith- 
son, 1976; 2,620 kg/m< Tweto and Case, 19721. The density 
contrast between the upper crust and the low-density body in 
the upper crust is 150 kglm" which is within the typical range 
of 50 to 180 kg/m3 measured in samples of granites and the 
country rocks in which they are emplaced [Bott and Smithson, 
19671. The increase in background density in the lower crust 
is an attempt to reflect the depth-variation of densities for 
continental rocks, although we recognize that future refine- 
ments of this work will need to incorporate more realistic 
density-depth relationships for crystalline rocks [e.g. Chvis- 
tensen and Mooney, 19951. 

Models with low-density upper mantle bodies can explain 
the relatively long wavelength (400 to 500 km) dish-shaped 
observed Bouguer anomaly across the CMB [Plate 2; see CD 
ROM in back cover sleeve]. We attempt to model this anom- 
aly along Profile 3 with (1) a body in the mantle that is thick 
(200 km) and has a small density contrast of 20 kg/m3 [Plate 
2b] and (2) a thinner body (20 km) with a larger density con- 
trast of 100 kg/m3 [Plate 2c]. The wavelength produced by 
the thinner body with the higher density contrast is a better fit 
to the wavelength defined by the shoulders of the shallow 
dish-shaped observed anomaly. The wavelength form of these 
shoulders also places some constraints on the horizontal width 
of the model body. As the horizontal width is decreased [Plate 
2e], the modeled anomaly develops a shorter wavelength. 

We also vary the depth to the low-density body, equivalent 
to including a high-density (high-velocity) mantle lid, and 
investigate the trade-offs between density contrast, depth, and 
thickness of the low-density body below the mantle lid. The 
fit to the dish-shaped anomaly, particularly the relatively steep 
shoulders, is reasonable for relatively thin mantle lids (e.g., for 
a 100-km thick upper mantle body of density contrast 40 
kg/m3, the allowed mantle lid thickness is about 50 km; Plate 
2f), but degrades for greater mantle lid thicknesses. Based on 
these results, we argue that the shape of the dish-shaped anom- 
aly allows for low-density bodies in the upper mantle, either 
immediately below the Moho or in the 75 to 150 km depth 
range, but probably not deeper. 

Alternatively, we model the shallow dish-shaped anomaly 
with a low-density body in the lower crust [Figure 3b] or a 
Moho with varying depth [Figure 3c]. A body in the lower 
crust with a density of 2,800 kg/m3 and a thickness of about 
10 km provides a good fit of the observed anomaly. Rayleigh- 

100 
0 100 200 300 400 500 600 

di~tance, km 
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wave dispersion [Li et al., 20021 and seismic refraction obser- 
vations [Snelson et a/., this volume; Rumpel et a/., this vol- 
ume] show a range in Moho depth of about 10 km, from 
depths of 40 to 50 km below the CMB, and this Moho topog- 
raphy may explain part of the shallow dish-shaped anomaly. 
Figures 3b and 3c show that both a low-density body in the 
lower crust and Moho topography provide good fits of the 
observed gravity and illustrate the fundamental non- 
uniqueness of gravity modeling, suggesting that further seis- 
mic work is required to determine the relative importance of 
low densities in the lower crust, low densities in the uppermost 
mantle, andlor crustal thickness variations. We note that to 
explain the broad anomaly with a low-density body in the 
lower crust we require a laterally-extensive (> 500 km wide 
on Profile 3; Figure 3) region of low densities, which is incon- 
sistent with the crustal velocity structure from Rayleigh wave 
dispersion [Li et al., 20021. Thus, we confine the rest of our 
work to models that incorporate low densities in the mantle 
together with batholithic structures in the upper crust, con- 
sistent with recent seismic findings [Dueker et al., 2001; Li 
et al., 2002; Lee and Grand, 19961. 

The shoulders of the shallow dish-shaped anomaly represent 
steep gradients in gravity values and are asymmetric; the 
northwestern shoulder has more negative Bouguer gravity 
values (even after removal of the longest wavelength regional 
trend). A model body that is thicker at the northwestern end 
provides a good fit of the anomaly's asymmetric geometry 
(see following section). This geometry may also represent lat- 
eral variations in density contrasts between the body and the 
mantle. Below, we present models that explore the most real- 
istic geometries for subsurface density bodies that explain 
the observed Bouguer gravity along Profiles 1 through 4. 

5. RESULTS OF FORWARD MODELING 

All crustal models that fit the observed 200 km-wide grav- 
ity low centered on the CMB share some common features 
[Figure 41. The low-density body in the crust extends from 
shallow crustal depths (several km below land surface) to 
about 20-km depths in each profile. The crustal batholithic 
body is about 150 to 200-km wide near the surface, but nar- 
rows to 10 to 20-km wide in the middle crust. 

The longer wavelength low (500 km-wide) across the CMB 
is modeled with a low-density body in the upper mantle that is 
asymmetric and is thicker at its northwestern endpoint than in 
its central part. In the southern part of the CMB, along Pro- 
files 3 and 4, the low-density body in the upper mantle is thicker 
at both endpoints than in its central part [Figure 4f and 4h]. 
The body in the mantle is typically 10 to 20-km thick in its 
central part, and is 400 to 500-km wide. Although we recognize 
the trade-off between the depth extent of the low-density body 

-"O t - - predicted gravity for lower crust body .;hewn In (b) . . . predicted gravity for moho topography shown in (c) 1 

I uppr,r crust 2,750 kg/m7 I 

I upper crust 2,750 kg/m3 I 

5 20 

2 
- 4 0 -  

lower c r u ~ t  2,950 k8/nli 

lower crust 2.950 kx/m7 

1 lower crust body 2.800 kg/m' 

Figure 3. Attempts to match observed and predicted gravity along 
Profile 3 (a.) with b. a body in the lower crust that has a density of 
2,800 kg/m3, and c. topography on the Moho. 

in the upper mantle and the density contrast between this body 
and the surrounding mantle [Plate 21, the wavelength and shape 
of the observed anomaly around the CMB leads us to favor a 
shallow upper mantle body with greater density contrast. 

5.1 Profiles 1 Through 3 

Along Profiles 1 through 3 [Profile 1 is the northeastern- 
most profile; Plate 11, the regional dish-shaped anomaly is 
modeled with a mantle body with a density of 3,180 kg/m3, 
which represents a density contrast of 100 kg/m3 (assuming 
crustal and mantle background densities as described in Fit- 
ting a Model to the Observed Anomalies) [Figure 4a through 
4fl. In all cases, this body is more than 400-km wide and 
asymmetric [Table 2; see CDROM in back cover sleeve]. In 
Profile 3 [Figure 4fl, the required body is slightly wider than 
in Profiles 1 and 2 [Figure 4b and 4d]. In all profiles, the 
northwestern end of the body is thicker than the central part 
of the body. In Profiles 3 and 4 [Figure 4f and 4h], in the 
southern part of the CMB, both ends of the body are much 
thicker than the central part of the body [Table 2; see CDROM 
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Figure 4. a. Observed and predicted gravity along Profile 1 based on a density model (b.) that includes a body with a den- 
sity of 2,600 kg/m3 in the upper cmst (2,750 kg/m3) and a body with a density of 3,180 kg/m3 in the mantle (3,280 kg/m3). 
c. Observed and predicted gravity along Profile 2 based on the density model in d. (densities as in b.). e. Observed and 
predicted gravity along Profile 3 based on the density model in f. (densities as in b.). g. Observed and predicted gravity 
along Profile 4 based on the density model in h. (densities as in b.). 

in back cover sleeve]. In contrast, Profile 2 requires an upper 
mantle low-density body that is almost uniformly thick (20 
km) across the entire region [Table 2; see CDROM in back 
cover sleeve]. 

The shorter, 200-km wavelength anomaly was modeled in 
Profiles 1 through 3 with a body in the crust with a density of 
2,600 kg/m3 [Table 2; see CDROM in back cover sleeve; Fig- 
ure 4b, 4 4  and 4fl. In all three cases, the body is 10-20 km 
wide in the middle crust and 165-200 km wide near the sur- 
face. It is about 20-km thick in its central part and has lateral 
'wings' that taper and pinch out at shallow depths. 

5.2 Profile 4 

Along Profile 4 [southwesternmost profile; Plate 1; Figure 
4g and 4h], the results for the upper mantle body are similar 
to Profiles 1 and 3 above, in that the body is 480-km wide 
and asymmetric. The body is 35-km thick at its southeastern 
end and is 45-km thick at its northwestern end. As in Profile 

3, the body's endpoints are more than twice as thick as the 
central part of the body. 

The short-wavelength anomaly was modeled with a body in 
the crust with a density of 2,600 kg/rn3 [Figure 4h]. The body 
is 35-km wide in the middle crust and 142-km wide near the 
surface. It is 17-km thick in its central part, and about 5-km 
thick at its endpoints. This body has the winged geometry 
seen in crustal bodies in Profiles 1,2, and 3, and there is a gen- 
eral thickening of the crustal body in Profiles 3 and 4, in a 
southwestern direction along the CMB. 

A short-wavelength positive anomaly located southeast of 
the CMB was modeled with a relatively high-density body in 
the upper crust. This body is 50-km wide and 7-km thick and 
has a density of 2,950 kg/m3. This high-density upper crustal 
body is one possible interpretation of this gravity feature. The 
gravity feature coincides closely with outcrops of the Early 
Cretaceous-age Dakota Sandstone and Purgatoire Formation 
[Tweto, 19791, sedimentary rocks that are not likely to generate 
positive density contrasts in the upper crust. There are relatively 
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high-density ultramafic rocks exposed at the northern end of 
the Sangre de Cristo Mountains near Poncha Pass [Shuw, C.A., 
written communication], and the positive anomaly may rep- 
resent another occurrence of ultramafic rocks along the trend 
of the Sangre de Cristo Mountains. We suggest that further 
work needs to be done to investigate other (possibly deeper) 
density anomalies that might explain this gravity feature. 

6. DISCUSSION 

The negative Bouguer gravity anomaly of the CMB is sim- 
ilar to that of other parts of the U.S. Cordillera [e.g., the South- 
ern Sierra Nevada, Wernicke et al., 19961, in that it cannot be 
explained by simple Airy-type isostasy. In the Southern Sierra 
Nevada, for example, Werniclce et al. [I9961 explained the 
negative Bouguer gravity anomaly through a combination of 
lateral changes in crustal and mantle densities and proposed 
asthenospheric upwelling beneath the high mountains. Pre- 
vious work on the CMB Bouguer gravity anomaly in the vicin- 
ity of the Sawatch Range and the Elk Mountains attributed 
the anomaly to a granitic batholith [Isaacson and Smithson, 
19761. Isaacson and Smithson [I9761 determined a maximum 
depth to the top of the low-density body to be 12 km and thus 
concluded that the negative anomaly is in the upper crust. 
Tweto and Case [I 9721 showed similar findings for the 
Sawatch Range near Leadville, Colorado. Isaacson and Smith- 
son [I9761 noted the close correlation between the negative 
Bouguer gravity anomaly and outcrops of Cretaceous and 
Tertiary granitic stocks. 

In the current study, our models define two major contri- 
butions to the regional gravity anomaly across the CMB. 
First, a low-density batholithic body in the crust, which is 
wide and sheet-like in the upper crust, with a narrower root 
extending into the middle crust. The depth to the top of this 
body in our models is 1 km. We find that this crustal body 
thickens to the southwest, and is thickest in Profiles 3 and 4 
in the southwestern part of the CMB. Additionally, along 
each profile, we model a regional dish-shaped anomaly (over 
500-km wide) that may be explained by a low-density body 
in the uppermost mantle. This body is over 400-km wide in 
all parts of the CMB, and generally thicker at the endpoints 
than in the central part (although we note that in Profile 2 this 
body may be almost uniformly thick across the entire region). 
In all cases, the best-fit model has an asymmetric body in the 
upper mantle, and is thicker and/or has a higher density con- 
trast at the northwestern edge of our study area. We recog- 
nize that the changes in thickness in the modeled upper 
mantle body may equivalently be represented by lateral 
changes in density rather than thickness. 

Consistent with the trend toward more negative Bouguer 
anomalies from northeast to southwest along strike of the 

CMB, our gravity models require either a thickening of the 
inferred low-density bodies (andlor an increase in density 
contrast) in both the crust and upper mantle. Some of the 
increase in mass deficit could be explained by effects not 
included in our study, such as a thickening of the crust from 
46 km in the northeast (Profile 1) to 52 km in the southwest 
(Profile 3) along the central CMB, inferred from Rayleigh- 
wave dispersion [Li et al., 20021. By comparing the mass 
deficits required for Profiles 1 and 3, we find that thickening 
the crust by 6 km can generate the necessary mass deficit, 
provided the thickening occurs over a 100 km wide region 
surrounding the CMB. Note, however, that the along-strike 
variations in batholithic bodies in our models are consistent 
with surface geologic constraints; the region of surface out- 
crop of crustal intrusive bodies (and associated mineralization) 
broadens from northeast to southwest along the CMB 
[Mutschler et al., 1987; Tweto and Sims, 19631. Thus, we con- 
clude that the crustal density variations represented by the 
batholithic bodies in our gravity models represent a significant 
along-strike variation in the CMB, but recognize that crustal 
thickening may also play a role. Inferred mass deficits in the 
upper mantle also show a similar trend consistent with an up 
to 2 percent reduction in V, from northeast to southwest along 
the CMB at 75 to 125 km depths in the upper mantle [Lee 
and Grand, 19961 and similar along-strike variations in Vp 
e.g., Dueker et al., 20011. Additionally, inferred variations in 
relative attenuation show a trend from high attenuation in the 
northeast to low attenuation (but decreasing V,) in the south- 
west along the CMB [Boyd and Sheehun, this volume]. 

The along-strike variations in subsurface mass deficit noted 
above therefore appear to be robust and constrained by cor- 
responding trends in seismic velocities and surficial geology. 
While this coincidence is encouraging, the geophysical analy- 
sis above places no constraints on the time-development of the 
subsurface density structure and its relation to the protracted 
history of the broad zone of magmatism and deformation that 
includes the CMB. To further refine this work and interpret the 
structure of the zone, we need to incorporate detailed geo- 
logic knowledge of the deformation and magmatism in the 
region and upper-crustal density variations important to resolv- 
ing the short-wavelength gravity features across the area. To 
refine our understanding of the size and shape of a large, 
crustal-scale batholith beneath the CMB and a regional-scale 
upper mantle low-density body, we need further work that 
combines seismic and gravity observations. For example, geo- 
logic maps and upper-crustal seismic velocity models com- 
bined with velocity-density scaling relationships [e.g., 
Christensen and Mooney, 19951 will be useful to determine 
the short-wavelength (I 0 km) variations in density and grav- 
ity. These will in turn highlight the nature of the more regional 
(over 200-km scale) gravity features. Specifically, the veloc- 
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ity data from the CDROM refraction line [Plate 11 will be 
used with empirical velocity-density scaling to constrain den- 
sity structure in the crust along the CMB. In addition, better 
resolution in seismic tomography models might help resolve 
the size and shape of the zone of low densities in the upper- 
most mantle (e.g., resolve whether the body in the uppermost 
mantle does change appreciably in thickness and/or density 
across the region). 
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Paleomagnetic data, combined with high-precision 40Ar/39Ar age determina- 
tions, show that the Cripple Creek Diatreme complex and surrounding rocks of the 
Colorado Front Range, have experienced about 10 degrees of north-side down 
tilting since the early Oligocene. We report data from 69 paleomagnetic sites col- 
lected from all representative rock types in the district. Overall, the demagnetization 
response based on both alternating field and thermal methods, directional data, and 
field tests indicate that most rocks in the Cripple Creek district carry geologi- 
cally stable magnetizations. Group directions are of both normal (D = 1. lo, I = 63.9O, 
N = 24 sites, ag, = 4.2", k =  50.3) and reverse (D = 165.4", I = -67.4", N =28, ag5= 
3.7", k = 55.4) polarity. Eight 4 0 ~ r / 3 9 A r  age determinations were obtained from 
hornblende, K-feldspar, phlogopite, and groundmass concentrates. These new 
data demonstrate that initial igneous events are represented by relatively felsic 
rocks (phonolite), emplaced at 3 1.59 f 0.32 Ma, followed by mafic to ultramafic 
intrusions at about 3 1.12 * 0.04 Ma, tephriphonolite at 3 1.15 i 0.11 Ma, 
phonotephrite; and lamprophyre at 30.41 1: 0.21 Ma. Igneous activity ceased for 
about 2 m.y. and a final episode of ultramafic activity is represented by the 28.38 
+ 0.21 Ma lamprophyre Cresson Pipe. The combination of high precision 
geochronology and paleomagnetic data indicate that magmatism occurred between 
polarity time scale chrons 12R and 1 OR. Such deformation could have been accom- 
modated by motion along faults that were active in part of a northwest-directed 
transtensional setting during mid-Tertiary and younger extension. 

The Rocky Mountain Region: An Evolving Lithosphere 
Geophysical Monograph Series 154 
Copyright 2005 by the American Geophysical Union. 
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INTRODUCTION 

Throughout the Front Range of Colorado, Laramide con- 
traction (about 70 to at least 40 Ma, if not younger) resulted 
in considerable topographic relief, and ultimately exposed a 
complex array of Precambrian crystalline rocks over a broad 
area. Laramide-style structures have been subsequently mod- 
ified by Oligocene to present day extensional tectonism related 
to the Rio Grande rift, which extends from southern New 
Mexico to north-central Colorado. Evaluation of specific com- 
ponents of Laramide and younger deformation within the 
many Precambrian-dominated uplifts in Colorado, as well as 
adjacent areas, is difficult because the Precambrian rocks pre- 
serve complex structural histories, and recognizing the effects 
of Laramide and younger deformation is limited in the absence 
of cover Phanerozoic strata. In parts of the Front Range, for 
example, latest Cretaceous to mid-Tertiary igneous intrusions 
contain structures that clearly show a component of defor- 
mation that post-dates their emplacement. In some areas, 
structural features have been shown to be active following 
Laramide deformation and have been correlated with modest 
magnitudes of local crustal deformation. For example, pale- 
omagnetic results from the UradHenderson intrusive com- 
plex (28.7-27.6 Ma) located in the northeast Colorado mineral 
belt, were interpreted as indicating that the complex has been 
subjected to moderate northeast side-down tilting of 15 to 
25" [Geissman et al., 19921. 

The Cripple Creek Diatreme complex, Cripple Creek, Col- 
orado, provides another example of a mid-Tertiary intrusive 
complex affected by a complex array of post emplacement 
structural features [Lindgren and Ransome, 1906; Loughlin and 
Koschmann, 1935; Koschmann, 19491 and the magnitude of 
post-emplacement deformation in the area is not known. The 
complex consists of volcanic breccias (the primary rock type 
in the district) that are cut by lamprophyre and aphanitic 
phonolite dikes and irregular porphyritic phonolite to 
phonotephrite intrusions. The igneous rocks were emplaced 
within a few kilometers of the paleosurface, between about 
32.5 and 28.2 Ma, based on initial geochronologic work in 
the district [Kelley et al., 19981 and further supported by data 
reported here. Gold exploration in the Cripple Creek district 
began in 189 1 and has produced more than 22 million ounces 
of gold and silver making it the largest of the Rocky Moun- 
tain gold districts. Current mining activity relies on low-grade 
bulk disseminated deposits mined in an open-pit fashion, cre- 
ating excellent, three-dimensional exposures of all represen- 
tative rock types and the structures that affect them. This paper 
uses a combination of paleomagnetic, field structural, and 
geochronologic techniques to contribute to interpretations of 
post diatreme emplacement deformational history and pro- 
vide insight into possible heterogeneity of post-Laramide 

deformation of the Precambrian core of the Front Range of 
Colorado. Specifically, paleomagnetic investigations were 
undertaken to identify components of crustal tilting and/or 
vertical axis block rotation that that may have affected the 
area during the transition from Laramide to Rio Grande rift tec- 
tonism or within the extensional stress regime related to Rio 
Grande rift development. 

GEOLOGIC SETTING 

The Cripple Creek district lies in the southern Rocky Moun- 
tains in central Colorado, about 70 km east of the northern part 
of the Rio Grande rift [Figure 11. The district is bounded to the 
west by 21.7 Ga medium-grade biotite schist, to the south 
and east by 1.7 Ga granodiorite [Wobus et al., 19761, to the 
southwest by 1.43 Ga. Cripple Creek Quartz monzonite 
[Hutchinson and Hedge, 19681, and to the north by the 1.08 
Ga. Pikes Peak Granite [Unruh et al., 19951 [Figure 21. 

In the Cripple Creek area, the youngest recognized Pre- 
cambrian event is intrusion of the ca. 1.08 Ga Pikes Peak 

rocks 

Figure 1. Distribution of latest Cretaceous to early Miocene intru- 
sive rocks, central Colorado [after Lipman, 198 11. RGR = Rio Grande 
rift, CMB = Colorado Mineral belt, SJVF = San Juan volcanic field, 
TMVF = Thirtynine Mile volcanic field, TPVF = Taos Plateau vol- 
canic field. 
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Figure 2. Simplified geologic map of the Cripple Creek diatreme 
complex and surrounding Proterozoic rocks, showing distribution 
of some of the paleomagnetic and geochronologic sampling sites. 

batholith complex [Unruh et al., 19951. Cambrian to Late 
Devonian marine and non-marine sedimentation was inter- 
rupted by periods of non-deposition and erosion with subtle 
tectonic activity and little igneous activity in most of Col- 
orado [Ross and Tweto, 19801. Shallow marine sehmentation 
persisted into the Mississippian, but was interrupted by local 
and regional uplift [Wallace, 19901. Beginning in the Early 
Pennsylvanian, deformation resulted in considerable local 
topographic relief and non-marine, coarse-grained sediments 
accumulated adjacent to uplifts [De Voto, 19801. Together 
these processes formed the ancestral Front Range highland 
in central Colorado, as part of the north-northwest trending 
mountains and basins of the Ancestral Rocky Mountains 
[Tweto, 1975; 19801. Between Permian and mid-Cretaceous 
time, marine and low-relief nonrnarine depositional environ- 
ments characterized Colorado with little evidence of sub- 
stantial topographic relief [Maughan, 19801. 

From the latest Cretaceous to early Tertiary, deformation 
in this area involved northeast-directed contraction [ f i n  and 
Ingersoll, 1997; Erslev, 2001; Wawrzyniec et al., 20021 that 

formed north to northwest-trending basement-involved 
Laramide uplifts and associated basins within the Cordilleran 
foreland east and northeast of the Colorado Plateau. In the 
Front Range area, deformation began in the latest Cretaceous, 
at about 75 Ma, and continued into the early Tertiary, until at 
least 45 Ma, although recent work suggests that a contrac- 
tional regime may have persisted to 35-30Ma [Erslev, 2001; 
Wawrzyniec et al., 20021. Overall, the locus of maximum 
Laramide shortening in the foreland progressed from north 
to south [Dickinson et al., 19881. 

Contemporaneous igneous activity was almost completely 
confined to the northeast-trending Colorado Mineral Belt, 
where shear zones of Precambrian ancestry intersect Laramide 
uplifts. Numerous small stocks and related volcanic or vol- 
caniclastic rocks were emplaced along preexisting structures 
between 70 and 40 Ma [Epis and Chapin, 19751. In the Crip- 
ple Creek area, Laramide deformation resulted in a structural 
high, with near complete erosion of Paleozoic and Mesozoic 
strata, and broad exposure of Proterozoic rocks [Koschmann, 
19491. Apatite fission-track (AFT) studies of Front Range 
Proterozoic rocks provide dates ranging from about 170 to 
about 45 Ma at low elevations from the south side of Pikes 
Peak and a 27 Ma date about one km south of the Cripple 
Creek diatreme complex [Kelley and Chapin, 20021. Model- 
ing of track lengths along with the age of the samples having 
relatively young AFT dates from south of Pikes Peak indi- 
cates rapid cooling and uplift of the crystalline basement 
between about 20 and 10 Ma [Kelley and Chapin, 20021. The 
27 Ma AFT result obtained near Cripple Creek is attributed to 
thermal effects of diatreme formation and hydrothermal activ- 
ity [Kelley and Chapin, 20021. 

Widespread erosion surfaces developed after the main pulse 
of Laramide deformation throughout south-central Colorado 
and fluvial deposits of the Eocene Echo Park alluvium accu- 
mulated in structurally controlled basins adjacent to erosional 
surfaces [Epis and Chapin, 1975; Chapin and Cather, 19831, 
only small remnants of which remain in the Cripple Creek 
area [Wobus et al., 1976; Epis et al., 19761. In central Col- 
orado, calc-alkaline and alkaline magmatism began in the late 
Eocene (-36 Ma), and continued into the early Miocene (- 19 
Ma) [Epis and Chapin, 19751. 

In the early to late Oligocene, the tectonic regime in the 
southern Rocky Mountains began to transition to west- to 
northwest-directed extension or transtension due to intracon- 
tinental rifting [Lipman, 1981; Chapin and Cather, 1983; 
Wawrzyniec, et al., 20021. Most associated rift structures trend 
north-south and form a series of right stepping en echelon 
horsts and grabens. The most important of these extensional 
features, the Rio Grande rift, began in south-central New 
Mexico at about 27 Ma, and extends into north-central Col- 
orado [Lipman et al., 19781. The timing of initial extension in 
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much of southern and central Colorado remains relatively 
poorly known [Ingersoll, 20011. 

DISTRICT GEOLOGY 

As noted above, the Cripple Creek diatreme complex lies at 
the junction of several different Precambrian rock suites and 
at the intersection of north-northwest-trending dextral and 
northeast-trending sinistral strike-slip fault zones. The Crip- 
ple Creek diatreme outcrops in a roughly elliptical-shaped 
structure with a northwest trending long axis that is exposed 
over about 18 km2 [Figure 21. Several interpretations for the 
development of the complex have been proposed over the past 
century. An initial hypothesis involved diatreme formation 
by explosive volcanic activity [Cross and Penvose, 1895; Lind- 
gren and Ransome, 1906; Loughlin and Koschmann, 19351. 
Koschmann [I 9491, however, concluded that diatreme devel- 
opment and related structures were controlled by northwest- 
trending near vertical faults that were formed by intermittent 
subsidence, rather than as the result of explosive volcanism. 
More recent hypotheses for diatreme formation involve vol- 
canic and brecciation events followed by prolonged subsi- 
dence, with attending lacustrine and fluvial sedimentation, 
interrupted by hrther brecciation, intrusion, K-metasomatism, 
diatrerne development (e.g., the Cresson lamprophyric brec- 
cia pipe), and gold and gold-telluride mineralization [Thomp- 
son et al., 1985; Thompson, 1992; Pontius, 19961. 

The diatreme is divided into three major sub-basins- north, 
east, and south (largest, Figure 3, see CDROM in back cover 
sleeve). These sub-basins are separated by shallowly buried 
Proterozoic schist and granite "highs" that trend east-west 
(dividing north from south basins) and northwest-southeast 
(separating south from east basins) [Koschmann, 19491. Also, 
an isolated high of Proterozoic granodionte is exposed slightly 
northwest of the center of the district. The main complex is sur- 
rounded by a discontinuous ring of phonolite and phonolite 
breccia capping topographic highs [Figure 21. 

The Cripple Creek breccia, the most volumetrically impor- 
tant rock type in the district, consists of poorly sorted vol- 
caniclastic sediments, tuffs, angular to subangular clasts of 
Proterozoic igneous and metamorphic rocks, and associated 
silica-depleted alkaline rocks ranging in size from <1 cm to 
meter scale [Loughlin and Koschmann, 19351. The Cripple 
Creek diatreme basin is filled with over one km of variably 
stratified and poorly- to infrequently well-sorted detritus of vol- 
canic and nonvolcanic origin. Complete stratigraphic sections 
of nonvolcanic sediments include conglomerates, arkose, shale 
(with fossil leaves and bird tracks), and lacustrine limestone 
[Loughlin and Koschmann, 19351. Detrital strata show evi- 
dence of channel deposits. The upper part of the section is 
interbedded with volcanic breccia. Precambrian rocks imme- 

diately to the southwest of the complex are capped by rhyo- 
lite and andesite flows related to central Colorado volcanic 
rocks and sandstone beds of early to mid-Tertiary age 
[Koschmann, 1949; Thompson et at., 19851. 

Previous assessments of diatreme development and the 
sequence of magmatic events in the complex were based on 
field relations and limited geochronologic work (K-Ar and 
40Ar/3%r isotopic age determinations). Cross-cutting rela- 
tions suggest that diatreme formation, magma emplacement, 
and lacustrine and volcaniclastic sedimentation took place 
throughout the development of the complex [Koschmann, 
19491. Alkaline dikes and irregular intrusions, mostly in the 
southern and eastern parts of the district, cut the Cripple Creek 
breccia. Field relations suggest that ultramafic lamprophyre 
intrusions were emplaced in multiple stages. Outside of the 
complex, dikes, plugs, and flows crop out within 12 to 15 km 
of the diatreme and either cut and overlie Precambrian rocks 
or overlie the upper Eocene to lower Oligocene Wall Moun- 
tain Tuff and the lower Oligocene Tallahassee Creek Con- 
glomerate [Epis and Chupin, 19751. Field relations also 
indicate that economically important gold vein and dissemi- 
nated deposits formed after mafic-ultramafic magmatism. 
Early veins contain biotite, K-feldspar, dolomite, fluorite, and 
pyrite and are cut by gold and gold-telluride bearing veins 
throughout the complex, with the greatest concentrations in the 
upper levels of the complex [Loughlin and Koschmann, 19351. 

Previous geochronologic studies suggest that magmatism 
and related thermal activity spanned several million years in 
the early Oligocene. Two phonolite samples have K-Ar dates 
of 28.6 * 0.7 and 30.1 * 0.7 Ma [Wohus et al., 19761; the type 
of sample dated (e.g. groundmass concentrate or mineral sep- 
arates) as well as location were not specified. McDowell 
[I97 11 reported K-Ar dates of 34.3 h 1.0 and 34.7 h 1.3 Ma 
from aegirine-augite separates from tephriphonolite samples 
from the eastern part of the district. K-Ar determinations from 
Wobus et al. [I9761 and McDowell [I9711 have been cor- 
rected according to the conversion factors of Dalrymple [1992]. 
Recently, Kelley et al. [1998] undertook a 40Ar/39Ar 
geochronology study, to more precisely defining the timing and 
sequence of igneous and hydrothermal activity in the com- 
plex. 40Ar/3%r dates were obtained on biotite from teph- 
riphonolite and a biotite-pyrite-quartz vein, adularia from an 
altered phonolite and adularia-quartz vein, and sanidine from 
phonolite. Tephriphonolite, altered phonolite, and whole rock 
determinations from trachyandesite and phonotephrite were 
interpreted by Kelley et al., [1998] to indicate a complex mag- 
matic and hydrothermal history. Phonolite, tephriphonolite, and 
trachyandesite were argued to have been emplaced over a 
span of about 1 Myr from 32.5 to 3 1.5 Ma [Kelley et al., 
19981. They also suggested a younger episode (30.9 * 0.1 
Ma) of phonolite emplacement outside of the complex. Based 
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on dates from tephriphonolite, trachyandesite, and 
phonotephrite, two phases of intermediate to mafic magma- 
tism were inferred to have occurred the first from about 32.5 
to 31.5 Ma and the second at about 28.7 Ma [Kelley et al., 
19981. Step-heating 40Ar/39Ar analysis of hydrothermal biotite 
and K-feldspar from veins or disseminated deposits yield val- 
ues between 3 1.3 * 0.1 and 29.6 * 0.1 Ma for early hydrother- 
mal and 28.8 * 0.1 and 28.2 * 0.1 Ma for late hydrothermal 
episodes [Kelley et al., 19981. The approximate age of incep- 
tion of volcanism and brecciation in the district is based on 
field relations involving breccia overlying Tallahassee Creek 
Conglomerate, which contains clasts of Wall Mountain Tuff (K- 
Ar age determinations of 35 - 36.6 Ma) [Epis and Chupin, 
19751, and phonolite flows overlying Thirtynine Mile Andesite 
(34 Ma K-Ar age determinations) [Epis and Chupin, 19751. 
Therefore, upper ages of about 35 Ma can be placed on the 
Cripple Creek breccia and of about 34 Ma for emplacement 
of phonolite flows and intrusions. 

METHODS 

This report summarizes and interprets results from 69 
paleomagnetic sample sites in the mid-Tertiary Cripple Creek 
diatreme in order to assess the amount of post-Laramide 
tilting andlor rigid block rotation. Methods used for sam- 
pling, measurement of remnant magnetizations, and demag- 
netization follow standard procedures. 40Ar-3%r 
geochronology was performed at the New Mexico 
Geochronology Research Laboratory (see methods section 
in CDROM in back cover sleeve). 

PALEOMAGNETTC DATA 

Paleomagnetic data from within and surrounding the Crip- 
ple Creek district are typically of high quality and suggest 
that most of the materials sampled are capable of carrying 
geologically stable and interpretable magnetizations. Pro- 
gressive demagnetization generally yields an excellent 
response, with well-defined trajectories of magnetization 
decay and typically low dispersion, at the site level, of iso- 
lated magnetization components [Figure 4a,b; see CDROM in 
back cover sleeve]. NRM intensities range over four orders of 
magnitude, from about 0.03 mA/m for aphanitic phonolite to 
2.73 Aim for phonotephrite. In turn, bulk susceptibility val- 
ues range from 9.5 x 1 0-2 to 1 .OO x (SI volume) [Figure 
5a; see CDROM in back cover sleeve]. About 13 percent (9 
sites) of the samples demagnetized yielded uninterpretable 
results and therefore were rejected from further analysis. Of 
these unacceptable sites, eight sites have high dispersion at the 
site level [e.g., site CC71, (Table 1 ; see CDROM in back cover 
sleeve)]. Samples from one site (CC69) in aphanitic phono- 

lite have very low NRM intensities (typically less than 0.1 
mAIm). The low magnetic intensities provided random NRM 
directions and could not be demagnetized to resolvable inten- 
sities. Site CC55 was not included in mean calculations as it 
yielded a southeast declination and moderate positive incli- 
nation (D = 121.5, I = 57.3,  the importance of this result is 
hard to evaluate. 

Results of progressive alternating field (AF) and thermal 
demagnetization techniques, utilized independently and in 
conjunction to isolate and identify all magnetization compo- 
nents in rocks sampled indicate that both magnetite and higher 
coercivity phases are present as principal magnetization car- 
riers [Figure 5b,c; see CDROM in back cover sleeve]. 

Demagnetization treatment for all materials collected ini- 
tially involved progressive AF treatment to peak fields of up 
to 120 mT. Subsequent thermal demagnetization was utilized 
for two purposes. The first was to assess whether similar 
magnetization components were isolated in both AF and ther- 
mal treatments. The second was to complete the specimen 
demagnetization when AF demagnetization only partially 
isolated components of the NRM. Incomplete demagnetiza- 
tion occurred because hematite was the principal remanence 
carrier or because the remanence was dominated by mag- 
netite of higher coercivity, possibly single-domain particles, 
in which case we applied thermal demagnetization followed 
by AF treatment. For the majority of the sites, samples 
responded favorably to AF treatment [Table 1; see CDROM 
in back cover sleeve], with 80 to 90 percent of the NRM ran- 
domized [Figure 4a,b; see CDROM in back cover sleeve]. 
Most specimens responded, at least partially, to alternating 
field demagnetization and exhibited a uniform decay of a 
single magnetization component. For some sites, AF treatment 
had no effect in that there was no appreciable change in inten- 
sity and/or direction [Figure 4; see CDROM in back cover 
sleeve]. Some sites exhibited multiple component behavior 
with both north-seeking and positive inclination (normal 
polarity) and south-seeking and negative inclination (reverse 
polarity) magnetizations that were well defined and isolated 
completely in AF demagnetization (e.g., D = 29.7", I = 72.5", 
N= 10, a,, =9.2", k = 2 8 . 4 a n d D =  173.6",1=-64.1°,N= 
5, a,, = 3.1°, k =  595, in aphanitic phonolite site CC89) [Fig- 
ure 4a, see CD ROM in back cover sleeve.] Thermal demag- 
netization of Cripple Creek breccia or other highly altered 
rocks, especially at temperatures above about 400°C, resulted 
in spurious behavior with respect to both direction and inten- 
sity; continued treatment was abandoned. Samples with spec- 
imens that were demagnetized with both AF and thermal 
methods typically either show internally consistent behav- 
ior [e.g., specimens from sample CC40A, Figure 4b; see 
CDROM in back cover sleeve] or yield significantly differ- 
ent directions depending on the demagnetization approach 
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used [e.g., sample CC33n, Figure 4a; see CDROM in back 
cover sleeve]. 

Field tests to assess paleomagnetic stability allow estimates 
of the timing of magnetization acquisition. Specifically, brec- 
cia and baked contact tests were used to determine if the rocks 
sampled retained magnetizations that existed prior to a specific 
geologic event or were dominated by relatively young vis- 
cous or thermoviscous remanent magnetizations (VRMs or 
TVRMs). A contact test [Everitt and Clegg, 19621 is consid- 
ered positive if the host rock has a unique magnetization to that 
of the cross-cutting intrusion and the host rock's remanence 
is progressively overprinted by that of the intrusion [Figure 6; 
see CDROM in back cover sleeve]. Nine baked contact tests 
were conducted on lamprophyre, aphanitic phonolite, and 
phonotephrite dikes, six of the tests yielded positive results. 
The other three were inconclusive in that the host or cross- 
cutting intrusion have the same polarity and essentially the 
same direction of magnetization. A breccia test [Iwing, 19641 
is positive if the magnetizations of each clast are random rel- 
ative to one another and therefore distinct from that of the 
host material. Two breccia tests were carried out on lampro- 
phyre breccia pipes, both of which provided "positive" results. 
For example at site, CC29, 10 independent phonolite breccia 
clasts within in the Cresson lamprophyre pipe were sampled. 
The population of magnetizations from the individual clasts 
is highly dispersed (a,, = 46.4O, k = 2.0, and R = 5.60). 
According to the test of Watson [1956], the population of 
magnetizations is random to between 90 and 95 percent con- 
fidence. Positive contact or breccia tests in either of these 
cases indicate that the host rock or breccia clasts retained pre- 
existing magnetizations (possibly thermo remanent magne- 
tization (TRMs)) since intrusion of the igneous body and that 
the intrusion retains a primary TRM. 

In s i b  paleomagnetic data from the Cripple Creek diatreme 
complex show concentrated populations of both normal and 
reverse polarity site mean directions [Figure 7a]. Mean nor- 
mal(D=355.6°,1=62.00,N=28,a,5=5.80,k=23.0)and 
reverse(D= 168.3",1=-64.9",N=31, a9,=4.50, k=33.7) 
polarity populations, for all accepted sites, have inclinations 
that are steeper than the expected mid-Tertiary field direc- 
tion for this location. The reference direction we employed, D 
= 352.7O, I = 56.4O, is based on the average of three estimates 
of the mid-Tertiary paleomagnetic poles for North America 
[Van der Voo, 1993; Diehl et al., 1988; Mankinen et al., 19871. 
A paleomagnetic reversal test [McFadden and McElhinny, 
19901 conducted on the total number of accepted normal and 
reverse polarity sites yields a critical angle for the two polar- 
ities of 7.0°, with the observed angle between the mean of 
the normal and reverse polarity sets as 4.4", thereby indicat- 
ing a positive reversal test. The probability of exceeding this 
angle is between 90 and 95 percent. In the second test, we 

Expected late Eocene 
Oligocene direction, 

Grand mean" 

polarity mean directions 

@' I 
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Oligocene direction, 
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Figure 7. Equal area projection showing estimated site mean direc- 
tions of magnetizations from rocks sampled at the Cripple Creek 
diatreme complex. Closed (open) symbols refer to lower (upper) 
hemisphere projections. (a) all acceptable site means (b) calculated 
grand mean directions for both normal and reverse polarities and 
the overall grand mean direction calculated from all accepted sites. 
Expected late Eocene/Oligocene directions derived from paleo- 
magnetic pole positions of Van der Voo [1993], Diehl et al. [I9881 
and Mankinen et al. [1987]. 
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excluded seven sites (CC9,21,25,33,64,76,79 [Table 1; see 
CDROM in back cover sleeve], considered as outliers, from 
the group mean populations based on the observation that 
their site-mean directions lay greater than two angular standard 
deviations from the initially estimated mean, a common prac- 
tice in paleomagnetic data analysis. The revised normal polar- 
i tymeanisD= 1.1",I=63.9"(N=24,a9,=4.2",k=50.3) 
and reverse polarity mean is D = 165.4", I = -67.4" (N = 28, 
a,, = 3.7", k = 61.1) [Figure 7b]. This test gives a critical 
angle for the two populations of 5.6", with the observed angle 
between the mean of the normal and reverse polarity sets as 
7.3", indicating a slightly negative reversal test. 

A grand-mean direction was determined for our accepted 
results from the Cripple Creek complex by inverting all reverse 
polarity data through the origin to yield a common polarity. 
This yielded a north-seeking declination and moderate to 
steep positive inclination result of D = 353. lo, I = 65.8" (N = 

52, a,, = 2.9O, k = 47.6). The virtual geomagnetic pole (VGP) 
angular standard deviations for the two results (N= 59 and N 
= 52 sites) are 15.4O and 1 1.7", respectively. 

To evaluate the potential effects of hydrothermal processes 
related to the diatreme and host rocks with a well-characterized 
magnetization signature we sampled one roadcut exposure of 
ca. 1.08 Ga Pikes Peak Granite, about 0.3 km north-northeast 
of the CC diatreme complex [Site CC 113, Figure 81. On a 
regional scale, the Pikes Peak granite has been demonstrated 
to have a ca. 1.1 1 Ga normal polarity magnetization of west- 
northwest and moderate to shallow positive inclination [Spall, 
19701. Unlike exposures of the Pikes Peak granite farther 
from the complex, granite at this exposure is more heavily 
altered as indicated by biotite and amphibole replaced by clay 
minerals and the pervasive epidote alteration of feldspars. In 
a combination of AF followed by thermal demagnetization, 
many samples reveal the isolation of a magnetization of north- 
northwest declination and shallow to moderate positive incli- 
nation [Figure 81, which we interpret to be a primary TRM. 
Upon fkther thermal demagnetization, many of these samples 
reveal a magnetization of south declination and moderate to 
shallow negative inclination [Figure 81. This result is similar 
to that reported by Geissman and Harlan [2002], who inter- 
preted this magnetization, obtained at scattered localities 
throughout the Pikes Peak Granite, to be secondary and of 
late Paleozoic age. Other samples, confined to the eastern end 
of the outcrop, are more strongly magnetized (NRM intensities 
between 50 and 100 rnAlm) and yield only a north-declination, 
moderate positive inclination magnetization [Figure 81. 

Rock Magnetic Experiments 

Rock magnetic experiments were conducted on specimens 
from sites 28,29, 35,40,47, 57, 65,74, 84, and 89, chosen 

as representative of the most frequently sampled rock types in 
the district. Tests included isothermal remanent magnetiza- 
tion (IRM) acquisition and backfield demagnetization of sat- 
uration isothermal remanent magnetization (SIRM), and a 
comparison of AF demagnetization results on the natural 
remanent magnetization (NRM), anhysteretic remanent mag- 
netization (ARM), and SIRM [Figure 51.2, see CD ROM in 
back cover sleeve]. IRM acquisition and backfield IRM 
demagnetization results suggest that magnetite is the dominant 
primary magnetic phase in most rocks sampled [Figure 5b, see 
CD Rom in back cover sleeve]. AF demagnetization of NRM, 
ARM and SIRM [Lowrie and Fuller, 197 1 ; Johnson et al., 
19751 shows that pseudo-single-domain (CC29, CC35, CC74, 
CC84) and multidomain magnetite (CC40, CC65, CC89), 
and hematite (CC47) are the principal magnetic carriers of 
rocks examined [Figure 5c, see CD ROM in back cover sleeve]. 
The domain states of two of the ten samples analyzed (CC28, 
CC57) could not be resolved and gave intermediate results 
[Figure 5c, see CD Rom in back cover sleeve]. 

GEOCHRONOLOGIC DATA 

Incremental heating age spectrum analyses were performed 
on eight mineral separates and groundmass concentrates from 
the Cripple Creek district [Figure 91. The age spectra reveal a 
wide range in their level of complexity that reflects both a 
difficulty in obtaining pristine mineral separates and in the 
complex hydrothermal history of the district. In some cases the 
age spectra are too complex to assign an unambiguous appar- 
ent age or an age precise enough to contribute to the timing 
of events in the area. Isochron analysis was conducted for 
each sample, but generally did not contribute linear arrays 
that significantly improved the interpretation of the age spec- 
trum. Complex age spectra may result from alteration of the 
primary K-bearing phases, inclusions within grains, nonat- 
mospheric trapped argon components, recoil of 39Ar during 
irradiation, andlor thermal effects since emplacement of the 
igneous body. Refer to Appendix 1 (see CD ROM in back 
cover sleeve) for all 40Ar/39Ar data. 

Sample CC74 K-feldspar from Tphk, has a complex age 
spectrum with the first 5 percent of 39Ar released yielding 
aberrantly old apparent ages followed by a drop to a mini- 
mum of about 3 1 Ma within the initial 10 percent of 39Ar 
release [Figure 9a]. The apparent ages increase to nearly 35 Ma 
before decreasing to about 32.5 Ma during the final heating 
step. This style of decreasing spectrum for the high-temperature 
steps has been documented by Foster et al. [I9901 and has 
been shown to be caused by excess 40Ar in large diffusion 
domains. Isochron analysis reveals a linear array for the final 
four steps that yield an apparent age of 3 1.59 i 0.32 Ma and 
a 40Ar/36Ari value of 308.9 % 1.2 [Figure 101. This isochron age 
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Figure 8. Paleomagnetic data from site CC113, in late Mesoproterozoic Pikes Peak Granite, exposed on Highway 67,0.3 
km north of the diatreme. (a-g) Examples of progressive demagnetization behavior, showing the endpoint of the magne- 
tization vector measured after each demagnetization step projected onto the horizontal plane (solid circles) and the true ver- 
tical plane (open triangles). Peak alternating field (in mT) or thermal (in degrees Celsius) demagnetization steps identified 
for selected projections onto the true vertical plane. For several samples, thermal demagnetization above about 500°C 
resulted in the complete decrepitation of the specimen. (a,b) Isolation of a northwest-declination, moderate positive incli- 
nation magnetization interpreted to be a primary, thermoremanent magnetization characteristic of the Pikes Peak Granite. 
(c) Isolation of a north-declination, moderate positive inclination magnetization in AF and thermal demagnetization; the 
magnetization is inferred to be of Cenozoic age (d) Isolation of a north-declination, steep positive inclination magnetiza- 
tion in AF demagnetization, followed by the partial isolation of a south-declination, negative inclination remanence; both 
magnetizations are inferred to be of Cenozoic age (e) Isolation of a north-declination, steep positive inclination magneti- 
zation, then a west-northwest-declination steep positive inclination magnetization, followed by the partial isolation of a south- 
declination, moderate negative inclination magnetization; the west-nothwest declination magnetization is inferred to be a 
primary remanence, the reverse polarity magnetization remaining is considered to be of Cenozoic age. (f) Isolation of a 
west-northwest declination, steep positive inclination magetization with a remaining, and partially isolated south-declination, 
moderate negative inclination magnetization; the first removed magnetization is interpreted to be a primary remanence, 
the reverse polarity one is considered to be of Cenozoic age. (g) Isolation of a north-northwest declination, moderate pos- 
itive inclination magnetization, then one of north declination and shallower positive inclination, then one of south- 
declination and moderate negative inclination; the first magnetization removed may be a composite of a primary Pikes Peak 
Granite remanence and a younger normal polarity remanence and the reverse polarity remanence is inferred to be of 
Cenozoic age. (h) equal area projection showing directions of magnetizations isolated at site CC113, in altered Pikes Peak 
Granite. Closed (open) symbols refer to lower (upper) hemisphere projections. 
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is our preferred closure age for CC74 K-feldspar. CC58 amphi- 
bole from Tphh provides a well-defined spectrum [Figure 9b] 
and has a plateau (MSWD = 0.34) of 31.12 * 0.04 Ma for 
nearly 95 percent of the total 39Ar released. Three samples 
from phonotephrite (Tpt) were analyzed [Figure 9c, 9 4  9e]. 
K-feldspar and groundmass separates (CC40a, CC40b respec- 
tively) from Bull Cliff and CC73 amphibole from the lsabella 
dike. CC40a K-feldspar [Figure 9c] has a spectrum with the 
initial 10 percent of 39Ar released providing old apparent ages 
followed by a relatively flat segment at about 30 Ma, that 
steps up slightly in apparent age to another flat segment at 
about 3 1 Ma, over the rest of 3"Ar released. The high initial 
apparent ages are common for K-feldspar and suggest excess 
argon contamination. The age gradient is interpreted to reflect 
minor diffusive argon loss with the plateau segment defined 
by steps J-M of 3 1.15 & 0.1 1 Ma recording the preferred age 
of the sample. CC40b groundmass concentrate [Figure 9c] 
yields a somewhat hump-shaped age spectrum with the initial 
and final steps providing younger apparent ages than most of 
the spectrum. The WCa ratio steps up during the initial heat- 
ing steps and decreases slightly during the final heating steps. 
lsochron analysis for several combinations of chosen steps 
yields poor regression statistics and therefore does not support 
a simple excess component to explain the age spectrum. We 
suggest that the complexity is mainly the result of 39Ar recoil 
and calculate an integrated age for steps C-1 of 3 1.17 * 0.1 Ma. 
The initial step B is left out of this calculation, based on the 
interpretation that the sample has experienced some minor 
argon loss, however incorporation would not significantly 
affect the final age assignment. CC73 amphibole [Figure 9e] 
yields a complicated hump shaped age spectrum with an ini- 
tial young apparent age step followed by a relatively flat inter- 
mediate section and finally an abrupt decrease in apparent 
age for the final step. The K/Ca spectrum shows 2.5 orders of 
magnitude variation with initial values much higher than 
expected for pure amphibole. The complexity of this spec- 
trum is probably related to complex mineralogy (confirmed 
by petrographic inspection) of this sample and consequently 
we cannot assign a precise age to this sample. If the age 
spectrum complexity is solely caused by recoil artifacts, the 
integrated age would provide a reasonable age for this sam- 
ple. However, the integrated age of 27.8 * 0.3 Ma is incon- 
sistent with known geologic relations of well-dated samples 
and therefore is not considered a viable age for this sample. 
Isochron analysis also does not aid in the interpretation of this 
sample. CC57 phlogopite from T1 (Pinto Dike) yields an 
overall readily interpretable age spectrum [Figure 9fl. Most 
of the age spectrum is represented by relatively consistent 
apparent ages that yield a weighted mean age of 30.41 * 
0.2 1 Ma. The MSWD value for these steps is 8.98 and indi- 
cates scatter above that predicted by analytical error alone and 

this may be caused by minor recoil related to high Ca 
contaminants. 

The geologically late igneous activity is represented by 
xenolith samples transported by the Cresson lamprophyre 
Pipe. K-feldspar was separated from two of the xenoliths, 
CC70 [Figure 9g] and CC70b [Figure 9h]. Their age spectra 
are similar as both samples reveal age gradients ranging 
between about 25 and 29 Ma. The age gradients can be 
explained in one of two end-member ways. Either the xenolith- 
derived K-feldspars were completely degassed of radiogenic 
argon during pipe emplacement, so that the age gradient 
records post emplacement argon loss, or the xenoliths were par- 
tially degassed so that the younger apparent ages record the 
time of pipe emplacement and the gradient reveals the degree 
of resetting. For reasons discussed in the following section, we 
suggest the older part of the spectra records the best estimate 
for the emplacement age of the Cresson Pipe. Sample CC70 
K-feldspar [Figure 9g] yields an age spectra with increasing 
apparent ages during progressive heating increments. The 
first 10 percent of "Ar released is represented by variations 
in apparent age (steps A-G), followed by a progressive 
increases in apparent age from 25.52 to 28.95 Ma. WCa ratios 
initially increase, level off, and then decrease during the final 
steps. The spectrum climbs to a maximum age of 29.0 Ma 
and is similar to the age assigned to sample CC70b. The final 
25 percent of CC70b age spectrum has a weighted mean age 
of 28.38 * 0.21 Ma [Figure 9h]. 

DISCUSSION 

Paleomagnetism 

Evaluation of post-latest Cretaceous to early Tertiary 
(Laramide) deformation in the Front Range of Colorado has 
been considered in the context of extension during the over- 
all development of the Rio Grande rift and the possibility of 
regional, post-Laramide uplift and attending internal defor- 
mation of much of the foreland east and northeast of the Col- 
orado Plateau [Epis and Chapin 1975; Oppenheimer and 
Geissman 1 988; Steidtmunn and Middleton 199 1 ; Geissman 
et al., 1992; Yin and Ingersoll, 1997; Wawrzyniec et ul., 20021. 
The grand mean magnetization direction, based on the dual 
polarity data set, (D = 354.4", I = 67.3", N = 48, a,, = 2.9", 
k = 52.1) obtained for the Cripple Creek intrusive complex has 
an inclination that is about 10 degrees steeper than an expected 
field direction (D = 352.7O, 1 = 56.4") for mid-Tertiary time and 
a declination that is statistically indistinguishable from that pre- 
dicted. Based on the data available, the discordance in incli- 
nation is applicable to the entire district. The grand-mean 
direction is not biased by one or a select group of intrusions 
that have considerably steeper inclinations than other intrusions 
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or a result of an acquired characteristic magnetization at a 
different period of time. The angular standard deviations 
(ASD) (scatter) of VGP's for the N=59 and N= 52 site mean 
data sets (15.4" and 11.7", respectively) are lower than that 
predicted by McElhinny and McFadden's [I9971 Model G, 
based on paleosecular variation data from lavas younger than 
about 5 myr. We do not find the relatively low ASD values 
surprising, in that it is entirely likely that the overall magne- 
tization acquisition process in the Cripple Creek rocks dif- 
fers from that on intermittently erupted lavas, and that the 
ensemble of data from the Cripple Creek district has smoothed 
paleosecular variation over the time period of magnetization 
acquisition. Given the dual polarity nature of the data set and 
the fact that the geomagnetic field was sampled over several 
million years during the evolution of the Cripple Creek com- 
plex, we feel that the overall ensemble of data adequately 
reflects an Oligocene geomagnetic field for the area. We next 
turn to logical ways in which to explain the observed dis- 
crepancy in inclination, including invoking district-wide 
tilting of about 10" in a north-side-down fashion, involv- 
ing Precambrian host rocks as well, about a horizontal or 
sub-horizontal axis. This hypothesis is explored in greater 
detail below. 

Overall, the paleomagnetic data contribute to our under- 
standing of the emplacement, thermal, and alteration history 
of the Cripple Creek intrusive complex, in particular using 
polarity data and high-precision geochronologic information 
to correlate specific events with the Geomagnetic Polarity 
Time Scale (GPTS) for the mid-Tertiary [e.g., Cande and 
Kent, 19951. Rock types whose magnetizations at specific 
sites are dominated by hematite, and hence required thermal 
demagnetization to fully isolate a well-defined and well- 
grouped magnetization, have both normal and reverse polar- 
ity magnetizations. We interpret this observation as indicating 
that hematite-formation, in conjunction with one or more 
phases of alteration, spanned at least one polarity reversal, 
and that this process is not associated with any specific, short- 
lived geomagnetic event. 

Results from six contact tests, where the host is of one mag- 
netic polarity and the intrusion is of opposite polarity, indicate 
that magnetizations in the host rocks, at distances greater than 
about half the width of the cross-cutting intrusion were not 
reset during or after emplacement of the cross-cutting intru- 
sion. We interpret these results to indicate that, overall, the 
thermal history of the deposit was relatively simple in that 
cooling of specific intrusions was relatively fast, and that sub- 
sequent magmatism only locally modified the thermal struc- 
ture of the complex. These determinations are in line with 
previously reported fluid inclusion data of about 250°C for 
peak hydrothermal condtions [Thompson, et al., 1985; nomp- 
son, 19961. Admittedly, the results of these contact tests do not 

allow us to assess if all pre-existing magnetizations in host 
rocks, many of which are hydrothermally altered, are primary 
thermoremanent magnetizations acquired during the initial 
cooling of the host igneous body or formation of breccia unit, 
(in the case of the Cripple Creek Breccia), or secondary mag- 
netizations acquired as a result of pervasive hydrothermal 
activity before emplacement of younger dikes sampled for 
contact tests. Specific rock types sampled in both altered and 
unaltered states yield consistent magnetization directions, 
which suggests that moderate hydrothermal activity did not 
considerably affect the primary NRM direction in most rocks 
sampled. Breccia tests conducted on the Cresson Pipe show 
that most clasts in the diatreme incorporated into the intrusion 
contain randomly-directed magnetizations. Magnetization 
directions at the clast level, if more than one sample was 
drilled per clast, are uniform. We interpret this result to indi- 
cate that breccia clasts sampled have not been magnetically 
reset. On the other hand, lamprophyric magma of the Cresson 
Pipe was fully capable of resetting crustal xenoliths or enclaves. 
For example, a felsic xenolith or enclave, about 25 cm in 
diameter, site CC70 (N = 9 samples , 4  in xenolith, 5 in Cres- 
son Pipe (and Table 1; see CDROM in back cover sleeve) 
yields a magnetization that is identical to that of the host 
lamprophyre. 

Geochronology 

The new geochronologic data, combined with results of 
previously reported geochronologic investigations, suggest 
two principal episodes of igneous activity for the district. 
40Ar/39Ar analysis of these rocks indicates a progression from 

Figure 10. Inverse isochron diagram for CC74 (Tphk) plotting 
36Ar/40Ar vs 39Ar/40Ar for J-M heating increments (bold type). Age 
is proportional to the x axis intercept and the y axis intercept is the 
initial argon component released. 
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felsic (phonolite) to intermediate and lnafic (tephriphonolite 
and phonotephrite) magmatism to finally relatively low-volume 
ultramafic (lamprophyre) intrusive activity. Most of the age 
data are consistent with known field and cross cutting relations. 
Field observations show that the Pinto dike (CC57, 30.41 5 

0.21 Ma) cuts the Isabella dike (CC73), which cuts the N2 
dike (CC58, 31.12 0.04 Ma), all of which intrude into the 
Phonolite of Altman (CC74,3 1.59 i 0.32 Ma). The Bull Cliff 
phonotephrite (CC40,3 1.15 i 0.1 1 Ma) is considered to have 

intruded synchronously with the phonotephrite Isabella dike 
(CC73). The age determination of CC40 lies between the age 
determinations of CC57 and CC58 and is thus consistent with 
the known geologic relations. The emplacement age of the 
Cresson Pipe (CC70, 70b) remains difficult to establish. We 
suggest that older dates in the spectrum at - 28.5 Ma repre- 
sent the age of the igneous body and that the age gradients 
measured for the K-feldspars [Figure 9g, h] reflect argon loss 
due to post-emplacement alteration. This interpretation is in 

Cripple Creek Geochronology Polarity 
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Upper age limit for the diatreme 11; #:i 
complex, based on field relations 

Mclntosh Cande and Shackleton 
et al., 1992 Kent, 1995 et a!., 2000 

Figure 11. Oligocene geomagnetic polarity time scale, modified from Mclntosh et al. [1992], Cande and Kcnt [1995], and 
Shackleton et al. [1999]. 40Ar/3yAr age data from determinations reported here combined with paleomagnetic polarity 
data. Age in millions of years, filled blocks represent normal polarity and open boxes represent reverse polarity. 
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part based on the late stage hydrothermal alteration events 
(28.8 and 28.2 Ma) [Kelley et al., 19981 that may establish 
the Cresson Pipe to be no younger than this. 

Six of the 40Ar/39Ar age determinations are from specific 
sites sampled for paleomagnetism [Figure 3a and 3b, see CD 
ROM in back cover sleeve]. Of these six sites, five are of 
reverse polarity and only one (CC57) is of normal polarity 
[Table 2, see CD Rom in back cover sleeve]. Based on esti- 
mates of the Oligocene geomagnetic polarity time scale [e.g., 
McIntosh et al., 1992; Cande and Kent, 1995; Shackleton et 
al., 19991 [Figure I I], several magnetic polarity reversals 
occurred during the time period of magmatism and the inferred 
time of magnetization acquisition. If magnetization acquisi- 
tion was essentially synchronous with initial cooling of the 
igneous body and timing of closure of the K-Ar systems in spe- 
cific minerals studied for geochronology, the magnetic polar- 
ity of the sampled rocks should be consistent with the polarity 
chrons of the geomagnetic polarity time scale on the basis of 
the ages assigned by 40Ar/39Ar analysis. All of our 40Ar/39Ar 
age data, within error, fall within the times spanned by chrons 
10R or 12R and are consistent with the paleomagnetic data 
(polarity) of the respective rock unit [Figure 111. In particu- 
lar, we note that the data show a better correspondence with 
the revised polarity time scale of Shackleton et al. [1999]. 

Tectonic Implications 

The ensemble of paleomagnetic data from the Cripple Creek 
diatreme complex can be most readily explained as reflecting 
a slight, north-side down tilting of the complex and at least 
some of the surrounding Precambrian host rocks. The inferred 
deformation affecting the Cripple Creek area is clearly not 
representative of all of the Front Range of Colorado, as lower 
Eocene strata, about 23 km northwest of Cripple Creek near 
Florissant, are flat-lying. To the northeast, however, the well- 
developed late Eocene surface on the Rampart Range north of 
Pikes Peak [Epis et al., 19761 has a gentle north dip. Known 
fault and shear zones in and surrounding the Cripple Creek area 
[Figure 121 include the Oil Creek fault and the Ute Pass fault 
to the northeast and the Four Mile Creek fault to the southwest, 
all of which strike north-northwest. South and southeast of 
the diatreme, the Nipple, Skagway, and Adelaide faults strike 
northeast. About 24 krn south of the Cripple Creek complex 
at the south end of the south plunging Cripple Creek Arch, are 
the northwest-verging Gnat Hollow anticline-syncline and 
associated northwest-verging thrust fault with about 500 m 
of displacement [Chase et al., 19931. Unlike other structures 
in the area, the Gnat Hollow fault displaces Paleozoic rocks. 
Most of the fault zone, however, is localized in the Precambrian 
basement and slickenlines are preserved in the cover rocks 
exposed in the footwall of the syncline. From slickenline ori- 

entations Chase et al. [I9931 inferred a horizontal o, axis 
slightly west of north. This o, orientation is similar to o, axes 
inferred by Erslev [2001] in north central New Mexico on 
the east side of the Rio Grande rift recording faulting after 
25 Ma. Kinematic analysis suggested that o, (and thus inferred 
maximum shortening direction) rotated in a counterclock- 
wise sense from a roughly east-west orientation during the 
early stages of Laramide style deformation to a more north- 
south orientation during the mid-Tertiary [Erslev, 20011. In 
contrast, other workers [e.g., En andlngersoll, 19971 require 
no such rotation of greatest principal stress direction to explain 
Laramide-related features in the foreland on the margin of 
the Colorado Plateau. 

Given the structural setting of the diatreme complex, it is 
possible that the north-side down tilting could have been a 
result of the overall compressional tectonic regime during the 
time of formation. The diatreme is located at the intersection 
of a grid of steeply-dipping northwest trending oblique dex- 
tral and northeast trending oblique sinistral faults and the axis 
of the Cripple Creek arch [Figure 121. The intersection of 
these two fault systems is roughly in the diatreme center. 
Small fault population data from open pit exposures in the 
diatreme indicate that older diatreme rocks were shortened 
(early thrust fault population) along structures trending roughly 
east-west. These, mostly low angle, faults that cut diatreme 
rocks are consistent in orientation with pre-existing structural 
fabrics within the surrounding Proterozoic host rocks and 
may reflect reactivation along a preferred and long lived ori- 
entation of weakness. Steep northwest and northeast stmc- 
tures crosscut the low angle structures and are the dominant 
orientations ofjoints, dikes, faults, and veins that affect rocks 
of the complex. Cross-cutting relations indicate that these 
systems were active during and after diatreme formation and 
that the northeast and northwest systems were active 
simultaneously. 

The structural record of the overall transition from northeast- 
directed Lararnide shortening in the latest Cretaceous to early 
Tertiary to Rio Grande extension since the mid-Tertiary is 
poorly understood in the Front Range of Colorado. Aspects of 
the kinematics and associated tectonic events along the east- 
em margin of the Colorado Plateau during and since Laramide 
deformation have been the subject of some debate [Yin and 
Zngersoll, 1997; Bird, 1998; Erslev, 2001; Wawrzyniec et al., 
20021. Recently, Wawrzyniec et al. [2002] proposed a gen- 
eral model, based on both fault kinematic and paleomagnetic 
data that involved dominantly northeast-directed transpres- 
sion during Laramide deformation and northwest-directed 
transtension associated with Rio Grande rift development. 
This model was proposed to account for, depending on fault 
orientation, both dextral and sinistral shear components of 
deformation observed in New Mexico and south-central Col- 
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orado. Farther west, on the eastern margin of the Basin and 
Range province, Anderson et al. [I9931 proposed a component 
of north-south shortening associated with Miocene and 
younger east-west extension in the Virgin River depression 
area based on brittle fault kinematics. 

On the basis of the geochronologic data for the Cripple 
Creek Complex, any deformation affecting the complex and 
immediately surrounding rocks must be post main-stage 
Laramide deformation and either pre-Rio Grande rifting (dur- 

ing the early stages of diatreme formation) or syn-Rio Grande 
deformation. We note that all mean directions, representing a 
3 m.y. long period of magmatism and alteration, from 3 1.6 
Ma to 28.4 Ma, yield consistent mean inclinations that are 
steeper than expected mid-Tertiary reference values. Fur- 
thermore, many minor structures within the complex deform 
all rock types present in the complex [Koschmann, 1947 and 
present studies] and thus were clearly active after diatreme 
formation, or post 28.4 Ma. There is no correlation between 

Figure 12. Simplified geologic map of the southern Front Range in the Cripple Creek area. Modified from Chase et al. 
[I9931 and Scott et a1.[1978]. Shown are major structures and geologic features in and surrounding the Cripple Creek dia- 
treme complex. 
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the magnitude of inclination of the magnetization character- 
istic of specific intrusions and the relative age of the rocks; 
specifically, older rocks do not have inclinations that are 
steeper than those of younger rocks. We interpret the paleo- 
magnetic data to indicate that deformation, inferred on the 
basis of the inclination discordancy, must have occurred after 
about 28 Ma, following diatreme formation. We suggest that 
the principal component of this deformation was a north-side 
down tilting of about 10 degrees about a roughly east-west 
axis. Structures responsible for this deformation could reflect 
transtensional tectonism related to Rio Grande rift develop- 
ment. Local structural features in the Precambrian rocks in 
the Cripple Creek area, with preexisting weaknesses developed 
during the Proterozoic and younger time, probably were crit- 
ical in controlling the orientation of tilting in this area of the 
Front Range of Colorado. Notably, the strain field in the 
southern Front Range of Colorado during diatreme forma- 
tion must have contained some component of north-south 
shortening. This is based on the early-phase low angle fault 
populations that offset rocks in the diatreme complex. The 
deformation experienced by the Cripple Creek diatreme 
complex and surrounding rocks since the Oligocene may 
not fully reflect the pattern of deformation across the entire 
Front Range of Colorado. Whether the tilting of the dia- 
treme and surrounding rocks is a result of regional shorten- 
ing or younger extension during this time period is, 
admittedly, not clear. Fault populations within the diatreme 
do, however, primarily reflect a compressional stress regime. 
Initial diatreme formation may record a short-lived period of 
north-south shortening during the transition from Laramide 
shortening to subsequent extension in the southern Front 
Range of Colorado. 

Oligocene. The paleomagnetic data are characterized by an 
essentially dual-polarity, well-grouped population of esti- 
mated site means, defined by nearly 60 accepted sites, the 
grand mean of which is some ten degrees steeper in inclina- 
tion than expected mid-Tertiary values. Such an inclination dis- 
crepancy is difficult to reconcile as an artifact of the approach 
taken in paleomagnetic investigations (e.g., incomplete removal 
of secondary, superimposed magnetizations that would con- 
taminate the preexisting signal). We interpret the inclination 
discrepancy to reflect a very modest, north-side down tilting 
of the diatreme complex and at least locally, Proterozoic host 
rocks, after the complete emplacement of the diatreme com- 
plex. Such tilting could have been accommodated in a short 
period of either north-south shortening during the transition 
between Laramide-style deformation or west to northwest- 
directed extension during the development of the Rio Grand 
rift in mid-Oligocene and younger time. 
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The long-term stability of cratonic regions can be used to place first-order con- 
straints on the thermal structure and evolution of continental lithosphere. The lith- 
osphere retains a record of its net isostatic change, because net heating yields uplift 
and erosion, while net cooling yields subsidence and sedimentation. We reconstruct 
initial lithospheric thermal profiles compatible with isostatic stability requirements, 
and use a finite-difference model to compute geotherm evolution from initial con- 
ditions to steady-state. We apply this method to the Proterozoic (1.8-1.0 Ga) oro- 
genic belt of the southwestern United States. The apparent protracted cooling 
histories (- 1°C/m.y.) of the Hualapai (0.3-0.4 GPa) and Big Bug (0.3 GPa) blocks 
contrast with rapid cooling (25-100°C/m.y.) in the Ash Creek block (0.1-0.2 GPa). 
Compilation of heat production data yields values of 3.12-5.20 pW/m3, 1.46-3.46 
pw/rn3 and 0.70-1.27 pW/m3 for the Hualapai, Big Bug and Ash Creek blocks at 
1.7 Ga, respectively. Our thermal analysis indicates that hot steady-state geotherms 
due to high heat production in the Hualapai and Big Bug blocks are consistent with 
cooling at higher temperatures, while lower heat production in the Ash Creek block 
can explain its more rapid cooling. This study highlights the importance of heat 
production for laterally variable thermal regimes in heterogeneous orogenic belts, 
and emphasizes that domainal heat production differences must be considered when 
interpreting regional cooling histories. The integration of thermal records with exhu- 
mation information, heat production and heat flow data can place important constraints 
on feasible, isostatically consistent models for lithospheric thermal evolution. 

INTRODUCTION 

A detailed understanding of the thermal structure and evo- 
lution of continental lithosphere is crucial for understanding 
the lithospheric response to tectonic processes, because of 
the temperature dependency of deformation, metamorphism 
and melting, and a wide range of physical properties. For this 
reason, much attention has focused on the computation of 
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steady-state continental geotherms using measurements of 
surface heat flow and models for heat production and ther- 
mal conductivity [e.g. Chapman and Pollack, 1977; Chap- 
man, 1986; Furlong and Chapman, 1987; Rudnick et al., 
19981. Due to uncertainty in thermal properties with increas- 
ing depth, detailed knowledge of steady-state temperature 
profiles in the lithosphere today is difficult to obtain. Under- 
standing the thermal stabilization of lithosphere during evo- 
lution to the steady-state geotherm following deformation 
and magmatism is even more challenging. 

Recent quantitative thermal models have demonstrated 
the important role of heat-producing elements (HPEs; 
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U,Th,K) for the temperature distribution of both active oro- 
genic belts and stable cratonic lithosphere. Anomalously 
high temperatures within collisional orogens such as the 
Himalayas can be explained by basal accretion and surface 
erosion of HPE-enriched crust [Royden, 1993; Huerta et al., 
1996, 19991. High-temperature, low-pressure metamorphism 
in cratonic crust, as documented in several Australian Pro- 
terozoic orogens, can be the result of elevated crustal heat 
production rather than a transient thermal event [Sandford 
and Hand, 19981. The dependence of thermal profiles and 
lithospheric rheology on the magnitude and distribution of 
crustal heat production indicates that upward HPE mag- 
matic redistribution may be important for the ultimate sta- 
bilization of continental crust [Morgan, 1985; Sandiford et 
al., 2002, Sandford and McLaren, 20021. 

Although these previous studies have recognized the 
important role of heat production for continental thermal 
regimes, there has been limited integration of PTt data for 
specific lithospheric sections with models for the time- 
dependent change of the geotherm from peak orogenesis 
to steady-state. The sensitivity of crustal thermal evolution 
to radiogenic heat production variation indicates that pow- 
erful insight can be gained into lithospheric thermal histo- 
ries and heat production distribution by reconstructing 
cooling records from > 1000°C to < 300°C using modern 
high-precision U/Pb and 40Ar/39Ar therm~chr~n~logic  tech- 
niques. The integration of metamorphic petrology with these 
high-resolution cooling histories can yield critical con- 
straints on the thermal evolution of the entire lithospheric 
column by exploiting the PTt record in exposed upper and 
middle crustal rocks, and lower crustal and lithospheric 
mantle xenoliths. 

The long-term stability of cratons and their insulation from 
plate margin processes has commonly resulted in their preser- 
vation of ancient cooling paths that are undisrupted by recent 
tectonic activity. Thus, cratons are an ideal location to study 
the thermal record of the transformation from a hot, active 
collisional orogen into cold, rheologically strong lithosphere. 
The extreme isostatic stability of cratons also imposes fun- 
damental isostatic constraints on lithospheric evolution that 
have largely been neglected in previous modeling efforts. We 
outline an approach that integrates PTt data, radiogenic heat 
production measurements, heat flow data and erosion or sed- 
imentation observations for a specific lithospheric section to 
better understand the thermal evolution of the entire lithos- 
pheric column. We consider the variable effects of heat pro- 
duction on thermal and isostatic records during lithospheric 
stabilization, apply this method to the Proterozoic (1.8-1.0 
Ga) orogenic belt of the southwestern United States, and pro- 
vide a framework with which to understand the cooling records 
of this region. 

ISOSTATIC CONSTRAINTS ON GEOTHERM 
EVOLUTION FROM CRATONS 

The long-term stability of cratons is attributed to thick con- 
ductive roots of ancient lithospheric mantle that shield the 
crust from convecting asthenosphere and protect it fiom defor- 
mation during craton margin collision [e.g. Jordan, 19781. 
This lithospheric mantle is depleted in basaltic components, 
characterized by high seismic velocities, and buoyant rela- 
tive to asthenosphere even when "cold". A wealth of infor- 
mation from seismic [e.g. Dueker et al., 2001; James et al., 
2001; van der Lee, 20021 and mantle xenolith [e.g. Boyd et al., 
1985; Rudnickand Nyblade, 19991 studies indicates that this 
lithospheric "keel" extends to depths of 200-300 km. Much 
effort has been directed at determining the age of mantle roots, 
initially using Sm-Nd and Rb-Sr isotopes [e.g. Richardson et 
al., 1984; 19931, and more recently using the Re-0s isotope 
system [e.g. Pearson, 1995, 1999; Zrvine et al., 2001; Shirey 
et al., 200 1 ; 20021. Re-0s mantle depletion dates for lithos- 
pheric peridotites from Archean cratons around the globe 
(Kaapvaal, Siberia, Wyoming, Tanzania) coincide with major 
crust-forming events, and generally lack any clear variation of 
age with lithospheric depth. These data suggest that > 150 
km of lithosphere may have formed relatively rapidly and 
remained coupled to the overlying cratonic crust since its for- 
mation. A variety of models including collisional orogene- 
sis, subduction and imbricate stacking of oceanic lithosphere, 
and growth by plumes have been used to explain the growth 
and stabilization of cratonic lithosphere [e.g. Jordan, 1978; 
de Wit et al., 1992; Herzberg, 19931. 

The isostatic stability of cratons during geotherm evolu- 
tion, indicated by their often shallow to moderate levels of 
exposure (0-1 5 km), has important implications for the initial 
temperature and thickness of the lithospheric mantle root. 
The evolution of the lithospheric density structure parallels the 
time-dependent change of the geotherm, because a rock's den- 
sity is largely a function of its temperature. Thus, coupling 
exhumation constraints with cooling histories can yield insight 
into the thermal and isostatic evolution of lithospheric sections. 

THERMAL MODEL 

The thermal lithosphere is defined as the earth's outer layer 
in which heat transfer is dominated by conduction [Morgan, 
19801. The evolution of thermal profiles is controlled by heat 
input from the underlying asthenosphere, the quantity and 
distribution of heat-producing elements within the lithosphere, 
and the lithospheric thermal conductivity structure. Following 
orogenesis, if the lithosphere remains unperturbed by subse- 
quent tectonic events, the thermal profile will decay to steady- 
state. In this study we assume that the dominant control on 
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density change during geotherm evolution is thermal expan- 
sion or contraction. We do not incorporate effects associated 
with phase changes or subsequent tectonic events, and assume 
the primary mechanism of heat transfer is conduction. 
Although advection and melt extraction likely occurred dur- 
ing lithospheric growth, we treat the initial lithospheric ther- 
mal profile as the peak geotherm immediately following 
crustal assembly in order to simplify our assessment of the 
broad controls of lithospheric thermal evolution. 

We model the final steady-state thermal profile with radi- 
ogenic heat production A in a layer of thickness xf in the upper 
crust: 

with lithospheric thickness L, temperature at the base of the 
lithosphere Tm of 1300°C, surface temperature Ts of 10°C, 
and thermal conductivity k of 2.5 W/m°C. The first-order 
observation of decreasing heat production with depth has 
long been known from heat production distributions in 

exposed crustal cross-sections, low concentration of HPEs 
in lower crustal xenoliths relative to that contained in the 
upper crust, and constraints imposed by the inferred contri- 
bution of mantle and upper crustal sources to surface heat 
flow measurements [e.g. Chapman and Pollack, 1977; Rud- 
nick and Fountain, 19951. Consistent with these observa- 
tions, for simplicity the geotherms in this study contain an 
upper crustal layer of constant HPE concentration and a 
lower crust that lacks heat production. Figure 1A shows 
sample final steady-state lithospheric geotherms, calculated 
from equations (1)-(2), for a range of radiogenic heat pro- 
duction values. 

We model the initial lithospheric thermal structure as a 
lithospheric mantle of uniform temperature T, emplaced 
beneath a crust of thickness c (Figure 1B). Although the ini- 
tial lithospheric mantle temperature almost certainly was not 
constant with depth, this value can be thought of as the mean 
temperature of some depth dependent thermal gradient or the 
mean temperature of a lesser thickness of lithospheric man- 
tle averaged with asthenosphere. The initial and final lithos- 
pheric thicknesses are assumed to be the same for the purposes 
of the isostatic calculation, because the thermal evolution of 
the entire final lithospheric thickness will contribute to its 
net isostatic change. The initial crustal temperatures are cal- 
culated as a steady-state thermal profile in equilibrium with 
the initial mean temperature of the lithospheric mantle. The ini- 
tial thickness of the radiogenic layer differs from the final 
thickness by the amount of erosion or sedimentation during 
geotherm evolution. 

400 80U- 1200 
Temperature ( C)  

400 800- 1200 
Tern pemture ( C) 

Figure 1. A) Steady-state geotherms for different radiogenic heat production concentrations (A) (values in pW/m3 asso- 
ciated with curves) in the upper 20 km of crust (xf), a lithospheric thickness of 250 km, and asthenospheric temperature 
of 1300°C. B) Final steady-state geotherm with heat production of 3 pW/m3 in the upper 20 km of crust, with associated 
initial thermal profiles for 8 km of net erosion, no net erosion or sedimentation, and 8 km of net sedimentation. For each 
initial profile, a crustal thickness of 50 km is in equilibrium with a lithospheric mantle of uniform temperature at its base. 
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Knowledge of the final steady-state conductive profile and 
the initial lithospheric thermal structure permits calculation of 
the total temperature change during geotherm evolution. The 
mean temperature of the initial geotherm following assem- 
bly and the mean temperature of the final steady-state geot- 
herm must be the same for no uplift or subsidence to occur. 
A net geotherm temperature difference between the initial 
and final thermal profiles induces a corresponding density 
change that leads to uplift or subsidence. The surface is main- 
tained at sea level through erosion of the uplifted crust or 
addition of sediments to fill in the space opened by subsi- 
dence. Thus, a net heating of the lithosphere causes thermal 
expansion, density decrease, uplift and associated erosion at 
the earth's surface, while a net cooling of the lithosphere 
causes thermal contraction, density increase, subsidence and 
associated sedimentation. These erosional or sedimentation 
processes can further alter the lithospheric thermal structure. 
It is important to note that in this model surface uplift always 
induces erosion and subsidence always induces sedimenta- 
tion, so that we commonly quantify the isostatic response as 
a magnitude of erosion or sedimentation. We recognize that 
such a causal relationship is not always true in reality, but 
consider this a reasonable assumption for this model. 

Solutions for the mean temperature of the initial lithos- 
pheric geotherm <To> and the mean temperature of the final 
lithospheric geotherm <Tt> are computed by integrating equa- 
tions (1) and (2), and the corresponding magnitude of ero- 
sion or sedimentation d required to maintain the surface at 
sea level is estimated by considering the relative densities of 
upper crust and asthenosphere: 

where p is the coefficient of thermal expansion for the litho- 
sphere, p, is the asthenospheric density, and pc is the crustal 
density. We estimate a value of 3.3E-50C-1 for the coefficient 
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Figure 2. Net erosion or sedimentation (d) related to isostatic adjust- 
ment during geotherm evolution vs. initial temperature of emplaced 
lithospheric mantle (TJ. The solid, dashed, and dashed-dot curves are 
computed for different radiogenic heat production concentrations 
and a final 20 km thickness of radiogenic material. The dotted line 
is computed for an HPE concentration of 5 pWlm3 and a final 12 km 
thickness of radiogenic material. For the 1 pWlm3 curve, 8 km of net 
erosion, no net erosion or sedimentation, and 8 km of net sedimen- 
tation correspond to initial lithospheric mantle temperatures of 600°C, 
760°C, and 91S°C, and initial thicknesses of radiogenic material of 
28 krn, 20 km, and 12 km, respectively (solid circles). See text for 
additional explanation. 

of thermal expansion by considering standard values for sub- 
sidence of oceanic crust as a function of distance from mid- 
ocean spreading ridges, and assume this value is constant 
with depth. Because the density change between the initial 
and final thermal profiles is the important factor for the iso- 
static calculation, complex depth-dependent density varia- 
tions could occur in both initial and final thermal profiles 
and can be ignored. Absolute density values are only neces- 
sary for the isostatic effects associated with upper crustal 
material that is removed or deposited. For an asthenospheric 
density of 3300 kg/m3 and a crustal density of 2800 kg/m3, 1 
km of surface uplift due to thermal expansion requires 6.6 
km of erosion to reduce the surface to sea level. Figure 2 illus- 
trates the relationship between the initial temperature of the 
lithospheric mantle, heat production, and net erosion or sed- 
imentation during geotherm evolution, calculated from equa- 
tions (3)-(5). 

Standard finite difference conductive thermal modeling 
was exploited to constrain the time-dependent change of the 
geotherm from initial to steady-state conditions (example in 
Figure 3A). We use 2 krn node spacing, linearly interpolate to 
obtain a smooth variation at the upper boundary position dur- 
ing erosion or sedimentation, and maintain a constant tem- 
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Figure 3. A) Temperature-depth-time profile showing the thermal 
evolution of the geotherm from initial to steady-state conditions. 
The geotherm is plotted in 5 m.y. increments for 150 m.y. This model 
uses a heat production of 3 pWlm3, 20 km initial and final thicknesses 
of radiogenic material, and an initial lithospheric mantle temperature 
of 830°C. There is no net uplift or subsidence during geotherm evo- 
lution. B) Sensitivity test illustrating that random temperature fluc- 
tuations about a mean value decay rapidly, on the order of 10 m.y. The 
geotherm is plotted in 2 m.y. increments for 10 m.y. The initial con- 
ditions are the same as that in A) but the initial thermal profile of the 
lithospheric mantle has a standard deviation of 100°C about a mean 
temperature of 830°C. 

perature of 1300°C at the base of the lithosphere. For sim- 
plicity, the material that is removed or deposited during ero- 
sion or sedimentation has the same HPE concentration as the 
upper crust. The total isostatic change calculated numerically 
agrees well with that determined using the analytical solu- 
tion of equation (5). The numerical model's sensitivity to the 
simplified assumption of a uniform initial lithospheric man- 
tle temperature is tested by examining an initial lithospheric 

mantle thermal structure that randomly varies about a mean 
temperature (Figure 3B). These initial temperature fluctua- 
tions rapidly decay within - 10 m.y., and suggest that a mean 
initial lithospheric mantle temperature is a reasonable initial 
thermal condition. 

CONTROLS ON LITHOSPHERIC THERMAL 
EVOLUTION 

The magnitude and distribution of heat production and the 
initial mean temperature of the lithospheric mantle are the 
primary controls on lithospheric thermal and isostatic evolu- 
tion. The important influence of heat production on crustal 
cooling histories has been previously documented [e.g. Mor- 
gan, 1980; Chapman, 1986; Furlong and Chapman, 1987; 
McLaren et al., 19991, and our discussion of heat production 
magnitude and distribution largely represents a review. How- 
ever, these concepts have less commonly been applied to spe- 
cific geologic examples, and this review is necessary to clarify 
our application in the following section. In addition, our analy- 
sis evaluates the isostatic consequences of heat production 
variation for lithospheric evolution, an aspect that has not 
been fully appreciated in previous studies. 

We demonstrate the role of initial lithospheric tempera- 
tures, HPE concentration and HPE distribution by contrasting 
four final steady-state geotherms in Figure 4. For each steady- 
state thermal profile we evaluate cooling histories for three dif- 
ferent initial thermal structures that undergo 8 km of net 
erosion, no net erosion or sedimentation, and 8 km of net sed- 
imentation during geotherm evolution. (see CDROM in back 
cover sleeve) lists the parameters used in the models. We 
assume a total lithospheric thickness of 250 km, because seis- 
mic constraints indicate that cratonic lithosphere is typically 
200-300 km thick [James et al., 2001; van der Lee, 20021. 
Thicker lithosphere decreases the mean temperature of the 
steady-state geotherm, because of the reduced contribution 
from mantle heat flow, with the reverse true for thinner lith- 
osphere. We use our numerical model to compute the ther- 
mal evolution of rocks beginning at 16 km and 30 km 
lithospheric depths to explore the effects of the critical param- 
eters on crustal cooling histories. These examples are intended 
only to demonstrate the basic controls on geotherm evolu- 
tion, and do not necessarily represent viable geologic scenarios. 

Initial Lithospheric Thermal Profile 

The initial lithospheric mantle temperature exerts significant 
control on lithospheric thermal and isostatic histories, because 
it largely determines the initial mean lithospheric tempera- 
ture. The cooler this initial temperature, the greater the den- 
sity decrease, uplift and associated erosion during geotherm 
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Figure 4. A) The first panel shows the final steady-state geotherm for a radiogenic heat production of 1 pWlm3 and 20 
km final thickness of the radiogenic material. Associated initial lithospheric thermal profiles for 8 km of net erosion, no 
net erosion or sedimentation, and 8 km of net sedimentation are also shown. Temperatures during geotherm evolution for 
rocks that began at 16 and 20 km crustal depths are depicted in the adjacent panels. The line styles are the same as the geot- 
herms. B), C) and D) are similar plots, but for different steady-state geotherms (Table 1 ; see CDROM in back cover sleeve 
for a complete list of parameters used in these models). See text for additional explanation. 
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evolution to a given steady-state thermal profile. Figure 4A 
illustrates initial thermal structures that correspond to differ- 
ent magnitudes of erosion and subsidence during evolution 
to the same final steady-state geotherm with heat production 
of 1 pW/m3 in the upper 20 km of crust. Initial lithospheric 
mantle temperatures are depicted in Figure 2 (solid circles). 
Thus, for the cases of 8 km of net erosion, no net erosion or 
sedimentation, and 8 km of net sedimentation, initial thick- 
nesses of radiogenic material are 28 km, 20 km, and 12 km, 
and initial lithospheric mantle temperatures are 600°C, 760°C, 
and 915"C, respectively (Figure 4A). 

The associated graphs of Figure 4A illustrate the thermal 
evolution of rocks that began at 16 km and 30 km crustal 
depths (different final geotherms are illustrated in Figures 
4B, 4C and 4D but the same long-term patterns described 
below are true for all erosion, subsidence, and constant lithos- 
pheric thickness cases). An initial phase of rapid cooling can 
be attributed to the large temperature difference between the 
initial and final geotherms, such that the greater this temper- 
ature disparity at a given crustal depth, the faster the cool- 
ing. This initial temperature is dependent on our selection of 
initial conditions, but is insignificant for the long-term ther- 
mal history. In the uplift scenario, the crustal rocks will undergo 
extended cooling as they are exhumed 8 km closer to the sur- 
face. Conversely, in the subsidence case, the rocks at all crustal 
depths will experience long-term heating as they are trans- 
ported 8 km deeper in the cmst during sediment accumulation. 
The patterns of extended cooling or heating illustrated in Fig- 
ure 4 will continue until the total magnitude of erosion or 
sedimentation is achieved, requiring 350400 m.y. In con- 
trast, crustal rocks in a lithosphere undergoing no erosion or 
subsidence will attain near steady-state conditions in less than 
100 m.y. 

Radiogenic Heat Production Concentration 

Increasing the radiogenic heat production dramatically 
increases the mean temperature of the steady-state geotherm, 
as illustrated by contrasting heat productions of 1 pW/m3 and 
5 pW/m3 for a final radiogenic layer thickness of 20 km in Fig- 
ures 4A and 4B. Thus, for the case of no net uplift or subsi- 
dence, steady-state temperatures at 16 km crustal depths are 
- 150°C and - 450°C, respectively. In these models, higher 
heat production induces more rapid cooling during erosion 
and more rapid heating during subsidence, because the higher 
HPE concentration in the eroded or deposited material has a 
greater effect on the geotherm. 

Variation in heat production induces differences in isosta- 
tic response for a given initial lithospheric mantle temperature. 
Higher heat production increases the mean temperature of 
the final steady-state geotherm, and greater net uplift and ero- 

sion occurs during geotherm relaxation. For an initial lithos- 
pheric mantle temperature of 800°C and a 20 km radiogenic 
layer thickness, heat productions of 1 pW/m3, 3 pW/m3, and 
5 pW/m3 induce 2 km of subsidence, 1.5 km of uplift, and 
4.5 km of uplift, respectively (Figure 2, open circles). Alter- 
natively, a 20 km thick HPE layer of 1 ?W/m3, 3 ?W/m3and 
5 pW/m3 correspond to initial lithospheric mantle temperatures 
of 760°C, 830°C and 905"C, respectively, for no net uplift or 
subsidence during geotherm evolution (Figure 2, open squares). 

Radiogenic Heat Production Distribution 

Changing the distribution of heat production in the crust 
can dramatically modify the lithospheric thermal profile. Dis- 
tributing the same magnitude of HPEs over a greater depth 
increases the mean temperature of the steady-state geotherm, 
and maintains a higher geothermal gradient to greater depth 
(contrast steady-state geotherms in Figures 4C and 4D, where 
60 mW of radiogenic heat is distributed over 12 km and 20 km, 
respectively). A shallower distribution of HPEs results in less 
uplift for a given initial lithospheric mantle temperature. Thus, 
for an initial lithospheric mantle temperature of 800°C, there 
is - 2.5 km difference in isostatic response between a 12 km 
thick layer of 5 pW/m3 material and a 20 km thick layer of 3 
pW/m3 material (Figure 2, open triangles). In these models, 
distributing the same heat production magnitude over a greater 
depth slows the long-term cooling and heating rates during ero- 
sion and sedimentation, because the HPE concentration of 
the eroded or accumulated material is reduced and has a lesser 
affect on the geotherm. 

APPLICATION TO THE PROTEROZOIC (1.8-1.0 GA) 
OROGENIC BELT OF THE SOUTHWESTERN UNITED 

STATES 

The large control exerted by the initial lithospheric ther- 
mal structure on thermal evolution suggests that it may be 
possible to explain some of the diverse cooling histories pre- 
served in different lithospheric sections solely by variations in 
the basic thermal parameters. We consider this hypothesis by 
using our model to evaluate distinct cooling records preserved 
in the Proterozoic (1.8-1.0 Ga) orogen of the southwestern 
United States. The viability of thermal evolution models that 
satisfy isostatic stability constraints can be evaluated by com- 
paring model predictions of cooling histories with those con- 
strained by detailed thermochronologic work within the 
geologic exposure. It is impossible to develop unique models 
for lithospheric thermal evolution because of the difficulty 
of reconstructing detailed modern geotherms using poorly 
constrained parameters. However, in this section we demon- 
strate that our approach can provide important constraints on 
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the thermal evolution of the entire lithospheric column by 
using a small number of critical data on cooling histories, 
heat production, heat flow, and exhumation. In addition, 
because the effects of subsequent tectonic or magmatic events 
are not included in the model, geotherm evolution from the ini- 
tial profile provides a useful baseline against which to consider 
subsequent perturbations. These testable models can be fur- 
ther refined with additional information on cooling records and 
thermal parameters. 

Geologic Data 

Thermochronologic data. The 1300 km wide Proterozoic 
basement of the southwestern United States has received much 
attention because it offers the opportunity to study lithos- 
pheric growth and stabilization processes [Bowring and Karl- 
strom, 1990; Karlstrom et al., 20021. The orogen is laterally 
segmented into distinct lithotectonic blocks with different his- 
tories, levels of exposure, and peak metamorphic conditions 
[Karlstrom and Bowring, 19881 (Figure 5). Geochronologic 

Figure 5. Geologic map of the Proterozoic orogen of the southwest- 
ern United States with exposed basement rocks in dark gray. The 
fault-bounded amphibolite facies Hualapai block (0.3-0.4 GPa, 
500-600°C), the greenschist to amphibolite facies Big Bug block 
(0.3 GPa, 430400°C), and the greenschist facies Ash Creek block 
(0.1-0.2 GPa) are shown. Dashed lines correspond to the boundaries 
between the Colorado Plateau to the northeast, the Basin and Range 
to the southwest, and the intervening transition zone. Dotted lines 
correspond to state boundaries. After Bowring and Karlstrom, 1990. 

data indicates early assembly at 1.78 - 1.6 Ga, with subse- 
quent magmatic activity at - 1.4 Ga and - 1.1 Ga. 

Detailed thermochronologic studies in the disparate crustal 
blocks reveal distinct cooling records following lithospheric 
assembly. Apparent slow cooling is recorded in both the Huala- 
pai and Big Bug blocks. In the upper amphibolite facies Huala- 
pai block (500-600°C, 0.3-0.4 GPa), thermochronology 
documents protracted cooling rates of - 1°C/m.y. based on 
U-Pb dates for metamorphic zircon (1.68 Ga), titanite (1.66 
Ga), and apatite (1.52 Ga), that record cooling from 50M00°C 
to 400°C [Bowring and Karlstrom, 1990; Chamberlain and 
Bowring, 19901. 40Ar/39Ar hornblende (1.62 Ga) and mus- 
covite (1.1 Ma) dates [Nyman et al., 1996; Bowring and 
Hodges, unpublished data], as well as thermobarometric con- 
straints [Williams and Karlstrom, 19961, are also consistent 
with slow isobaric cooling. Within the nearby Big Bug block, 
metamorphic grade increases from greenschist facies (430°C, 
3 kb) in the north to amphibolite facies (500-600°C, 3 kb) 
in the south [Williams, 19911. Protracted cooling is recorded 
in the Horse Mountain monzogranite in the southern part of 
the block, with U-Pb dates for zircon (1.68 Ga), titanite (1.64 
Ga), and apatite (1.47 Ga). The nearby Crazy Basin quartz 
monzonite records more moderate cooling rates with over- 
lapping zircon and titanite dates at 1.7 Ga, and apatite at 1.57 
Ga [Chamberlain and Bowring, 20001. 40Ar/39Ar gradients 
in micas suggest that cooling in both of these intrusions con- 
tinued at < 1 OC1rn.y. until - 1 Ga [Hodges et al., 1994; Hodges 
and Bowring, 19951. 

The uniformly greenschist facies Ash Creek block bounds 
the Big Bug block on the east, and is characterized by a 
markedly different cooling history. The 2 km wide Shylock 
shear zone, with a record of west-side up and sinistral move- 
ment, separates the two domains [Darrach et al., 19911. A 
quartz diorite within the Ash Creek block Cherry Creek 
batholith records rapid cooling following intrusion at 1.72 
Ga, such that the U-Pb dates for zircon, titanite, and apatite 
overlap [Chamberlain and Bowring, 20001. 40Ar/39Ar dates 
for hornblende (1.7 1 Ga) and biotite (1.69 to 1.62 Ga) [Dal- 
rymple and Lanphere, 197 11 in the Ash Creek block also indi- 
cate cooling to < 400°C within a few million years. 

The distinct thermal histories preserved in the different 
crustal domains of this region have posed a problem for under- 
standing lithospheric stabilization processes in the south- 
western United States. In particular, the evidence for apparent 
protracted cooling at relatively high crustal temperatures in the 
Hualapai and Big Bug blocks has been enigmatic. The inferred 
geothermal gradient based on the thermochronologic data is 
at least a factor of two higher than that typically assumed for 
continental crust at steady-state, leading to the suggestion 
that hundreds of millions of years are required for the thermal 
stabilization of lithosphere. However, high-temperature, low- 
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pressure metamorphism is typically attributed to transient 
thermal events such as plutonism [e.g. Barton and Hanson, 
1989; Bodorkos et al., 2002; Bedard, 20031, and the long 
timescales for cooling suggested by this data require another 
mechanism to maintain anomalously steep geotherms for hun- 
dreds of millions of years. By applying the approach outlined 
in this study, we develop models to test whether observed 
HPE variations can explain the thermal records of the crustal 
blocks in this region. 

Heat production and heut,flow data. Geochemical data, 
direct heat production measurements, and heat flow infor- 
mation are used to evaluate mean 1.7 Ga heat production in the 
Hualapai, Big Bug and Ash Creek blocks. Heat production 
decreases over time as HPEs decay, so that it is necessary to 
correct these values to their original concentrations during 
lithospheric assembly and stabilization. Refer to Table 2 for a 
summary of the heat production data discussed below, and 
for a more complete breakdown of the data by rock type. 

U, Th, and K data [Baedecker et al., 1998; Dewitt written 
comm. 20031 for exposed rocks of the Hualapai block are 
used to compute mean 1.7 Cia heat production values of 3.90 
pWIm"or felsic intrusives (N = 196; 2.69 pW/m"oday), 
3.29 pW/m3 for felsic volcanics (N = 97; 2.24 pW/m3 today), 
and 3.12 pW/m3 for all rocks, including mafic intrusives and 
mafic volcanics (N = 380; 2.14 pW/m3 today). Direct heat 
production measurements reported for Hualapai rocks yield an 
average value of 5.2 pW/m3 at 1.7 Ga (N = 8; 3.5 pW/m3 
today) [Suss et ul., 19941. Our HPE compilation and calcula- 
tion of approximate 1.7 Ga heat production values cannot dis- 
tinguish between the dominant suite of 1.7 Ga assembly-related 
plutons and later ca. 1.4 Ga magmatic bodies. However, 
because the 1.4 Ga granites were likely derived from within 
the crust, the 1.4 Ga granites sample HPEs that were present 
(but deeper) within the 1.7 Ga crustal column. Therefore, we 
believe using all exposed Proterozoic granites is the best 
method to estimate 1.7 Ga HPE concentration within the 
Hualapai crust. This is not an issue in the Big Bug and Ash 
Creek blocks because 1.4 Ga granites are not recognized in 
these domains. 

Heat production data for the Big Bug block show a varia- 
tion across the domain, correlating with rock type and meta- 
morphic grade. Greenschist facies rocks in the northern part 
of the block are dominated by lower heat production metavol- 
canics. The metamorphic grade increases to amphibolite facies 
in the south where granitic intrusives are abundant. U, Th and 
K data [Baedecker et al., 1998; Dewitt written comm. 20031 
for all exposed rocks in the northern vs. southern parts of the 
block yield mean 1.7 Ga heat production values of 1.46 pW/m3 
(N = 53; 0.96 pW/m3 today) and 2.51 pW/m3 (N = 53; 1.66 
pW/m3 today), respectively. U, Th and K data for the slowly 

cooled Horse Mountain and Crazy Basin intrusions yield a 
mean 1.7 Ga value of 3.46 pW/m3 (N = 11; 2.34 pW/m3 
today) [Dewitt written comm. 20031. I t  is noteworthy that heat 
production values for a given rock type are relatively con- 
stant throughout the domain, but the differing proportions of 
exposed lithologies control the mean values for the northern 
and southern regions (Table 2). For example, mean 1.7 Ga 
heat production values in the northern vs. southern parts of the 
block for felsic intrusives are 3.1 1 pW/m3 (N = 13; 2.03 
pW/m3 today) and 3.06 pw/m3 (N = 38; 2.03 pW/m3 today), 
respectively. It is possible that the metavolcanic-dominated 
greenschist facies rocks in the northern part of the block cor- 
respond to somewhat shallower crustal levels and may be 
underlain by a higher proportion of granitic intrusives, more 
comparable to the amphibolite facies southern part of the 
block. 

Geochemical data compiled for the Ash Creek block reveal 
distinctly lower mean HPE concentrations than the Hualapai 
and Big Bug blocks. U, Th and K data from exposed rocks 
across the block are used to calculate a mean heat production 
value of 1.27 pW/m3 at 1.7 Ga (N = 79; 0.83 pW/m3 today) 
[Baedecker et al., 1998; Dewitt written comm. 20031. This 
difference is not due solely to rock type contrasts. The Cherry 
Creek batholith with the documented rapid cooling history 
yields a mean 1.7 Ga heat production of 1.08 pW/m3 (N = 9; 
0.67 pW/m3) [Dewitt written comm. 20031. Felsic intrusives 
across the block yield a mean 1.7 Ga value of 1.45 pW/m3 (N 
= 31; 0.92 pW/m3), contrasting with mean values of 3.12 
pW/m3 (N = 196) and 3.09 pW/m3 (N = 106) for granitic 
intrusives in the Hualapai and Big Bug blocks, respectively. 
Direct heat production measurements indicate a 1.7 Ga value 
of 0.7 pWlm"N = 2; 0.45 pw/m3 today) [Sass et al., 19941. 

Modern mean surface heat flow data of 97 mW/m2 for the 
Hualapai block (N = 8) [Suss et al., 19941 and 62 mW/m2 for 
the Ash Creek block (N = 2) [Sass et ul., 19941 are compati- 
ble with the observed heat production estimates from surface 
exposures. No heat flow data is reported for the Big Bug 
block. Applying a mantle heat flow contribution of 40 mW/m2 
(elevated above normal cratonic values to account for recent 
Basin and Range activity), distributing the Hualapai block 
modern heat production of 2.1-2.7 CLW/m3 over 21-27 km, and 
distributing Ash Creek block modern heat production of -0.9 
pW/m3 over -25 km can reasonably account for the docu- 
mented variation in surface heat flow. 

Thermal Analysis 

Thermal stabilization. We integrate the heat production and 
heat flow information with the thermochronologic data to 
develop a suite of models that is consistent with the distinct 
cooling histories of the Hualapai, Big Bug and Ash Creek 
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blocks. Seismic data suggest that the lithosphere of the south- 
western United States is greater than 200 km thick [vun der 
Lee and Nokt, 1997; Dueker et al., 200 11, and thus we apply 
a lithospheric thickness of 250 km for most models. 

In order to explain apparent protracted cooling in the Huala- 
pai and Big Bug blocks, we consider thermal models in which 
the geotherm is sufficiently hot such that steady-state tem- 
peratures at 12 km depth are always > 400°C. Recorded pres- 
sures are typically associated with peak temperatures, such 
that the 0.3-0.4 GPa pressures recorded in the two blocks are 
likely associated with orogenesis. Therefore, we assess mod- 
els involving erosion or minimal isostatic change because 
these rocks will undergo their thermal peak early in the history. 

The Hualapai and Big Bug blocks display similar heat pro- 
duction values in the regions of slow cooling at elevated tem- 
peratures. Therefore, we develop feasible thermal models 
using the Hualapai data, and consider them equally plausible 
for the Big Bug block. We use radiogenic heat production 
values of 3 pW/m3, 4 pW/m3, and 5 pW/m3 to approximate 
the range of HPE concentration estimates for the Hualapai 
block and compute minimum thicknesses for the heat- 
producing layer of approximately 32 km, 26 km, and 22 km, 
respectively. These radiogenic layer thicknesses cause appar- 
ent slow cooling at 12 km crustal depths by maintaining 
steady-state temperatures > 400°C (Figure 6). These models 
require initial lithospheric mantle temperatures of 1000°C, 
965°C and 940°C, respectively, for a lithosphere that under- 
goes no uplift or subsidence. Obviously, greater thicknesses 
of radiogenic material for models involving no isostatic change 
will result in higher steady-state temperatures. Thinner litho- 
sphere would require lesser thicknesses of radiogenic material 
to attain the same elevated geotherm, with the opposite true 
for thicker lithosphere. For example, 200 km and 300 km 
lithospheric thicknesses require a 3 1 km and 33 km thick 
layer of 3 pW/m3 heat production, respectively, to attain the 
same elevated geotherm at 12 knl depth. Cases involving ero- 
sion during geotherm evolution will require greater thick- 
nesses of radiogenic material and lower initial lithospheric 
mantle temperatures, because of cooling during exhumation 
of rocks as they move closer to the surface. Our analysis indi- 
cates that the 12 km of exhumation required to expose the 
current level of the Hualapai block did not occur during ini- 
tial thermal stabilization, but rather during a later tectonic 
event. Temperatures > 400°C could not have been maintained 
in rocks that began at 12 km depth for a protracted time period 
if they were transported to the surface during the several hun- 
dred million years for thermal stabilization (Figure 6). 

The integrated cooling rate of 25-100°C/m.y. of a mag- 
matic body intruded into shallow crustal levels (0.1-0.2 GPa) 
of the Ash Creek block contrasts markedly with slow cool- 
ing in the Hualapai and Big Bug blocks. The low-grade char- 
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Figure 6. Thermal evolution of rocks initially at 12 km crustal depth. 
A) illustrates the minimum thickness of 3 pW/m3 radiogenic mate- 
rial such that the model involving approximately no net uplift or 
subsidence maintains a steady-state crustal temperature greater than 
400°C at 12 km crustal depth (solid line). The associated curves are 
for 4 km, 8 km, and 12 km of erosion. B) and C) are similar fig- 
ures, but for different radiogenic heat production concentrations 
(Table 1; see CDROM in back cover sleeve for a complete list of 
parameters used in these models). 
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acter of the exposures suggests minimal isostatic change dur- 
ing geotherm evolution, or subsidence with erosion during a 
later tectonic event. The Ash Creek block does not provide 
tight constraints on thermal parameters, because in the shal- 
low levels of exposure a large range of heat production mag- 
nitudes and distributions would be compatible with the rapid 
cooling history. The low steady-state temperatures in the coun- 
try rock (always < 200°C) would cause rapid cooling of a plu- 
ton to below 400°C within a few million years of 
crystallization. 

It would be ideal to compare the heat production and cool- 
ing histories of the different crustal blocks at the same depth, 
but we would predict that heat production variation should 
induce different isostatic responses during geothcrin evolution 
such that they would not ultimately be exposed at the same 
crustal level. Thus, if our model is correct, a direct compari- 
son is not possible using surface exposures. For example, 
using a 26 km thick layer of 1.3 pWIm"adiogenic material 
(approximately the 1.7 Ga Ash Creek block heat production 
estimate) and applying initial lithospheric mantle tempera- 
tures of 940-1 000°C would induce 7- 10 km of subsidence 
while causing rapid cooling at 6 km crustal depth (Figure 7). 
In contrast, this 940-1 000°C temperature range in tlie Huala- 
pai block induces little or no isostatic change while main- 
taining a sufficiently hot geotherm to satisfy its cooling history. 
This contrast in isostatic response is comparable to geologic 
exposure levels that differ by 6-1 0 km between the two blocks. 
This model requires joint exhumation by a later tectonic event. 

Lateral thermal conduction across blocks characterized by 
distinctly different thermal regimes will be most significant for 
the cooling histories of rocks near domain margins. However, 
this is a secondary effect that we do not consider for this first 
order evaluation of heat production and cooling history vari- 
ability between provinces. The lack of detailed 
thermochronologically-determined cooling histories near 
block boundaries currently makes this effect impossible to 
test. In the future, additional work to reconstruct detailed ther- 
mal records along domain margins, in tandem with two- 
dimensional thermal modeling, can be used to more fully 
evaluate the role of lateral thermal gradients. 

HPE redistribution bj) cu. 1.4 Gu mugniutisn~. Intrusion of 
anorogenic granites at cu. 1.4 Ga represents a major event in 
the southwestern United States. Major 1.42-1.40 Ga granitic 
plutons intruded the Hualapai block, but not the Big Bug or 
Ash Creek blocks. Based on the timescales for lithospheric 
thermal stabilization (300-400 m.y.), it is likely that near 
steady-state conditions had been attained in the southwest- 
ern United States prior to disturbance at cu. 1.4 Ga. 30Ar/3"Ar 
data are consistent with continued slow cooling in the Huala- 
pai block post-1.4 Ga [Nvmun et ul . ,  1996; Bowring und 
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Figure 7. Thermal evolution of rocks initially at 6 kin crustal 
depth and undergoing different magnitudes of subsidence. In 
all cases the temperatures are significantly below 400°C. For 
a 26 km thickness of 1.3 pW/m3 radiogenic material and ini- 
tial lithospheric mantle temperature of 965"C, there is approx- 
imately 8 km of net sedimentation (dash-dot curve). Note that 
this contrasts with Figure 6B, where a 26 km thickness of 4 
pW/m3 radiogenic inaterial and initial lithosplieric mantle 
temperature of 965°C induces no net uplift or subsidence. 
(Table 1; see CDROM in back cover sleeve) for a complete list 
of parameters used in these models. 

Hodges, unpublished data]. Following a probable transient 
temperature spike due to emplacement of batholith-sized bod- 
ies of granites, the 40Ar/39Ar data suggest that the heat pro- 
duction distribution was appropriate to continue maintaining 
an elevated steady-state geotherm. 

We evaluate the first order impact of 1.42-1.40 Ga mag- 
matism on the Hualapai block geotherm by considcring the 
effects of HPE redistribution by the granites. U, Th, and K 
data reported for eighteen 1.4 Ga plutons across the south- 
western United States [Anderson and Bender: 19891 yield a 
mean heat production value of 5.44 pWlm3 at 1.4 Ga (4.16 
pW/m"oday). Data reported for two granites in the Hualapai 
block are characterized by 1.4 Ga heat production values of 
5.35 pWlm" and 10.40 pW/m3 (3.99 pW/m3 and 7.86 pW/ni3, 
today). The highly radiogenic character of tlie granites suggests 
that this magmatism not only perturbed the geotherm on the 
short-term, but also had long term consequences for the steady- 
state structure of the Hualapai block. Derivation of the 1.4 
tia granites primarily from within the lithosphere [e.g. Ander- 
,son, 19831 would have redistributed HPEs to shallower lithos- 
pheric levels and caused the long- tern~ post-1.4 Ga 
development of a cooler steady-state geotherin due to trans- 
port of HPEs closer to the surface (contrast Figure 4C and 
4D). Thus, the documentation by 40Arl'%r data of a hot post- 
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1.4 Ga geotherm in the Hualapai block supports the U-Pb 
tlicrmochronologic record of prc- 1.4 Ga hot steady-state tem- 
pcratures when the geothcrm was even higher due to distri- 
bution of HPEs to greatcr depths. 

APPLlCATlON TO OTHER GEOLOGICAL DOMAINS 

"Hot" Steu~lv-Stutc) Geothernis 

Our thermal analysis suggests that the cooling historics 
recorded in the distinct Hualapai, Big Bug and Ash Creek 
blocks of the Proterozoic orogen of the southwestern United 
States can be explained solely by variations in heat production 
concentration and distribution. Analogous to the Hualapai 
and Big Bug blocks, it is possible that apparent slow cooling 
in other mid-crustal rocks can be attributed to high heat pro- 
duction that induces elevated steady-state geothermal gradi- 
ents. For example, 40Ar/3%r data document slow cooling in 
0.3-0.4 GPa rocks in the Black Hills (1.5-1.3 Ga) [Holm et 
ul., 19971. We compiled U, Th and K data for a variety of 
rocks from this area, and computed heat production values 
at I .5 Ga of 2.99-5.10 pW/m3 for tliree granites (1.964.01 
pW/m"oday) [Gosselin et al., 1990; Duke c2t ul., 1992],2.11 
pWlm3 for a trondhjemite (1.42 pW/m3 today) [Gosselin et 
a/., 19901, 3.32 pW/m3 for schist (2.36 pW/m3 today) [Gos- 
selin et al., 19881, 3.60 pW/m3 for metapelites and 3.08 for 
greywackes (2.56 pW/m3 and 2.28 pWlm3 today, respec- 
tively) [Nahelek et a/., 19981. These H P E  concentrations for 
rocks of the Black Hills are in the same range as those of the 
Hualapai and Big Bug blocks, and suggest that an elevated 
geotherm due to high heat production may also explain the 
maintenance of high teniperatures in these 0.3-0.4 GPa rocks. 

Similarly, apparent protracted cooling in a domain charac- 
terized by exceptional heat production (- 16 pWIm3) in the 
Mount Painter region of southern Australia has been attributed 
to elevated thermal gradients due to HPEs [McLuren et al., 
20021. Highly radiogenic granites (4-10 pW/m3 at 1.55 Ga) 
in the Mount Isa inlier in northern Australia have been iden- 
tified as responsible for low pressure-high temperature meta- 
rnorphism in the region [McLut~n  et ul., 19991. In addition, 
40Ar/3"Ar dates from 1.4 - 1.0 Ga in northern New Mexico 
have been interpreted to represent slow cooling [Thonipson et 
ul., 1996; Karlstroni et al., 19971, and our analysis would pre- 
dict that higli lieat production may also explain tlie thermal his- 
tory of these rocks. 

Heat Production Variation 

Our interpretation of a sharp domainal difTerence in heat pro- 
duction between the Hualapai, Big Bug and Ash Creek blocks, 
consistent with both their heat flow data and cooling histories, 

is conipatible with similar heat production variations reported 
for other regions. Most heat flow diversity in cratons is attrib- 
uted to differences in hcat production. Compilations of heat 
flow data around the globc document large amplitude short 
wavelength heat flow variations that typically coincide with 
boundaries between distinctive geological do~nains and are 
attributed to significant differences in bulk crustal heat pro- 
duction [.Jaz~purt and Mareschal, 19991. Within the Protero- 
zoic Trans-Hudson orogen of central Canada, heat flow varies 
over short distances (< 50 km) across different belts of distinct 
compositions [Rolrnrlonc~ et ul., 20021. A sharp increase in 
heat flow occurs bctween the Archean Kaapavaal craton and 
Proterozoic Natal belt of South Africa, and is attributed pri- 
marily to an increase in upper crustal heat production at the 
boundary [Jones. 19921. Heat flow differences between the 
eastern and western regions of the Dhanvar craton in south- 
ern India [Gc~pta et al., 199 1 ; Roy u~zd Rao, 20001 and between 
the eastern and western Abitibi belt of the Superior province 
of Canada [Guillou et 01.. 19941 have both been related to 
differences in radiogenic heat production due to varying pro- 
portions of granitic gneisses and supracrustal greenstone pack- 
ages. An awareness of such heat production variability is 
necessary when interpreting thermoclironologic records across 
heterogeneous packages of rocks in orogenic belts. 

SUMMARY 

The differences in cooling histories preserved in several 
crustal blocks in the Proterozoic orogen of the southwestern 
United States can be explai~ied by observed variations in radi- 
ogenic heat production. High 1.7 Ga heat production for the 
amphibolite facies Hualapai block (3.12-5.2 pW/m3) is con- 
sistent with thc extended maintenance of high crustal tern- 
peratures in rocks at 12 km crustal depths. In the Big Bug 
block, heat production increases from lower values in green- 
schist facics metavolcanics in the north to liiglier values in 
amphibolitc facies granites in the south. Apparent slow cool- 
ing recorded in the southern granites correlates with rela- 
tively high 1.7 Ga heat production values of 3.063.46 pW/m3. 
These apparent slow cooling records and high heat production 
data contrast with tlie rapid cooling history of the Ash Creek 
block and associated lower 1.7 Ga mean heat production val- 
ues of 1.45 pWlm3 for felsic intrusives and 0.70 - 1.27 pW/m3 
for rocks across the domain. 

High latcral variability in thermal regimes is commonly 
reflected in heat flow differences across geological domain 
boundaries in orogenic belts, and is typically correlated with 
heat production differences. This variability in crustal heat 
production concentration and distribution, and the sensitiv- 
ity of crustal cooling records to this parameter, indicates that 
it is important to evaluate heat production data when inter- 
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preting crustal cooling records. Thus, combining high- 
resolution thermal histories with heat production informa- 
tion, heat flow data, and exhumation constraints can allow us 
to more fully understand the thermal structure and evolution 
of the lithosphere. 
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Contrasting Lower Crustal Evolution Across an Archean- 
Proterozoic Suture: Physical, Chemical and 

Geochronologic Studies of Lower Crustal Xenoliths in 
Southern Wyoming and Northern Colorado 
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Crustal xenoliths from Quaternary ultrapotassic volcanic rocks at Leucite Hills in 
southern Wyoming and Devonian State Line kimberlite diatremes in northern Col- 
orado have been examined to compare and contrast Archean and Paleoproterozoic 
lower continental crust across the Proterozoic Cheyenne Belt. The Leucite Hills 
xenoliths are dominantly mafic (3.5 to 13.5 wt % MgO), one or two-pyroxene (gar- 
net absent) hornblende granulites. Peak metamorphic conditions (1.1 to 1.3 GPa 
and ca. 800°C) and the high xenoliths densities (2.7 to 3.1 g/cm3) reveal that the xeno- 
liths are lower crustal. U-Pb zircon and Nd model ages both indicate that the mafic 
crust is Late Archean (-2.6 Ga). The State Line xenoliths are Paleoproterozoic, two 
pyroxene garnet granulites with major element compositions and peak metamorphic 
conditions (1.1 - 1.2 GPa, 625 - 830°C) similar to the Leucite Hills xenoliths, but 
with higher Vp andVs (6.6 to 7.2 k d s  and 3.7 to 3.9 km/s vs. 6.2 to 6.9 km/s and 
3.5 to 3.9 kmls) due to presence of garnet. Some State Line xenoliths also have low 
La/YbN (0.4 to 0.9) and likely represent restite remaining after partial crustal melt- 
ing at -1.4 Ga. These observations reveal that mafic lower cmst north of the Cheyenne 
Belt has remained hydrous and largely unperturbed thermally since the Late Archean 
while Paleoproterozoic, less hydrous, lower crust in northern Colorado underwent 
heating and partial melting after its formation. We speculate that the Archean lower 
crust was shielded from the thermal events that extensively affected the Paleopro- 
terozoic crust by thick, buoyant Archean mantle lithosphere. 
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INTRODUCTION 

Physical and chemical studies of lower crustal xenoliths 
have become a standard part of integrated geologic, geo- 
chemical and seismic studies of the deep continental litho- 
sphere [Ducea and Saleeby, 1996; Curlson et al., 2000; 
Corriveau and Morin, 2000; Holtta et al., 2000; Schmitz and 
Bowring, 20031. In this paper we present the initial results of 
combined petrologic, geochemical, geochronologic and phys- 
ical studies of the lower continental cmst across the Cheyenne 
Belt in southern Wyoming, a primary target of the CD-ROM 
seismic experiments. One objective of the report is to sum- 
marize the physical properties of the lower crust beneath this 
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region in order to aid in matching seismic velocities for the 
deep crust determined from seismic reflection and refraction 
studies to specific crustal lithologies. Of particular interest 
is to establish which lithologies in the lower crust could cor- 
respond to the moderately high velocity (7.xx kmlsec) lower 
crustal layer identified beneath at least a portion of the study 
area [Karlstrom et al . ,  2002; Snelson et al., this volume]. 
However, the xenoliths also afford an opportunity to investi- 
gate the long-term geologic evolution of the deep crust across 
a major suture between Archean and Proterozoic continental 
lithosphere. As a result, our studies focus on determining if 
major differences in the chemical compositions of the lower 
crust exist across this boundary, and, if so, whether these com- 
positional differences relate to the original processes of crust 
formation in the Archean and Proterozoic, or reflect later 
modifications of the lower crust. For example, have episodes 
of mafic underplating affected either the Proterozoic or 
Archean lithosphere? 

PREVIOUS WORK 

Previous petrologic and geochemical studies of mafic and 
ultramafic, upper mantle and lower crustal xenoliths present 

in the Rocky Mountain region have been reviewed elsewhere 
[Eggler et al., 1987a; Lester and Farmer, 1998; Selverstone 
et al., 19991 and so only a brief overview of the work per- 
taining to our studies of mafic xenoliths in the vicinity of the 
Cheyenne Belt is given here. Directly north of the Cheyenne 
Belt, the primary occurrences of crustal xenoliths are in the 3.0 
to 0.89 Ma lamproitic lavas and volcanic necks that comprise 
the Leucite Hills volcanic field in south-central Wyoming 
(Figure 1) [Lunge et al., 20001. The lower crustal xenoliths 
include mafic granulites, granite, anorthosite, amphibolite, 
and dunite, as well as unusual pyroxene-plagioclase-mica 
bearing nodules [Kay et al., 1978; Speer, 19851. None of these 
xenoliths had been characterized in any detail prior to this 
study, although the granulites xenoliths were previously known 
to be mafic to intermediate in composition and moderately 
light rare earth element (LREE) enriched with a mineral 
assemblage consisting of plagioclase -orthopyroxene -clinopy- 
roxene +/- hornblende +/-biotite (garnet absent) [Kay et al., 
19781. 

Directly south of the Cheyenne Belt, mantle and crustal 
xenoliths are found in kimberlitic dikes and diatremes of the 
Iron Mountain (Wyoming) and State Line kimberlite districts 
(Figure 1). Kimberlite emplacement in the State Line district 

1. Kimberlitel Lamproite Localities I I P Sherman Granite (1.43 ~ a )  1 
Figure 1. Location map for State Line diatremes and Leucite Hills. Modified from Hausel [1998]. 
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apparently took place in two discrete events, in the Neopro- 
terozoic and Devonian [Lester et al., 20011, but only the xeno- 
liths from the Devonian Sloan 2 and Nix pipes (Figure 1) lack 
extensive serpentinization, silicification, and/or carbonatiza- 
tion [Brtrdlc;v, 1985; Eggler et ul., I987hl. Lower crustal xeno- 
liths in tlie State Line diatreines are primarily ~nafic granulites, 
along with less abundant anorthosite, gabbronorite, and mon- 
zogabbro [Brcrdley uncl McCallzim, 1984; Bmdlcy., 1985; 
Stevens, 20021. The mafic granulites consist of variable pro- 
portions of plagioclase, clinopyroxene, and orthopyroxene 
+I- garnet and amphibole, with minor quartz (Qtz), alkali 
feldspar, rutile, ilmenite, zircon and apatite. Based on their 
trachybasalt bulk compositions, and moderate LREE enrich- 
ment, Bm~lley [I9851 interpreted the mafic granulites as the 
crystallized equivalent of tholeiitic basaltic magmas that under- 
plated the continental crust in this region at some point between 
the time of crust formation (-1.7 Ga) and Devonian kimber- 
lite enlplacement. 

Overall, the available data suggest that the lowermost crust 
beneath both the Archean and Paleoproterozoic sides of the 
Cheyenne Belt is of rnafic composition. However, no previous 
attempts have been made to define why difierences in meta- 
morphic mineral assemblages in the lower crust exist across 
the Cheyenne Belt (garnet absent north of Cheyenne Belt but 
present to the south), to dctcrminc the age and physical prop- 
ertics of the lower crust, itself, or to use major, trace element, 
and isotopic data to fully test the liypothcses that the mafic 
lower crust may represent the products of underplating of the 
continental crust. 

SAMPLESIANALYTICAL PROCEDURES 

We obtained petrologic, mineral composition, isotopic, U- 
Pb geochronologic, and physical property data from xeno- 
liths on both sides of the Cheyenne Belt. North of the 
Cheyenne Belt, a new collection of inafic to intermediate 
composition xenoliths was obtained from Hatcher Mesa, a 
0.96 Ma ultrapotassic lava flow remnant at Leucite Hills 
[Lange et al., 20001. Eleven such xenoliths were chosen for 
detailed study (Tablc 1 ; see CDROM in back cover sleeve). 

Twelve mafic xenoliths froin the State Line diatrcmes were 
obtained from the collection of Dr. Malcolm McCallum, 
including examplcs of both granulites and eclogitcs froin the 
Nix, Shaeffer and Sloan diatremcs (Figure I ; Tablc 1 ; see 
CDROM in back cover sleeve). Bradl'j. [ 1 9851 previously 
undertook petrographic and geochc~nical studies of the Sloan 
2 (SD2) and Nix xenoliths. We obtained major and trace ele- 
ment (mineral and whole rock) co~npositions from these xeno- 
litl~s (Tablc 1 ,  2, 5, 6; see CDROM in back cover sleeve), as 
well as Nd and Sr isotopic compositions (Table 3; see CDROM 
in back cover sleeve) and zircon U-Pb ages (Table 4; see 

CDROM in back covcr slccve). We also report zircon U-Pb 
ages from several granitic and amphibolite xenoliths obtained 
from the Sloan diatrcnle (SD3 xenoliths; Table 4a; see 
CDROM in back covcr sleeve). Thcsc xenoliths were studied 
in order to provide a better assessment of the distribution of 
ages throughout the crustal column in the State Line area. We 
presume that these xenoliths wcre derived from shallower Icv- 
els in the crust than the State Line niafic granulites, but they 
were not further characterized either cheinically or 
petrographically. 

Mujor and Pace Elemcnt Concentru/ions and Nd and SI* 
Isotopic Data 

Major and trace clement composit~ons of xenoliths from 
both local~t~es were obta~ned from unleached whole rock pow- 
ders by ICP-MS (Table 1, 2, see CDROM in back covcr 
sleeve) Whole rock Nd and Sr isotopic measurements were 
obta~ncd at the Unlvers~ty of Colorado on both unlcached and 
1 5 N HC1 leached powders Leaching was undertaken in 
order to remove secondary components ~ntroduced to the 
xenol~ths dur~ng ~nteract~on w ~ t h  the~r host k~~nberlitcs [Rud- 
n~clc, 19921 Chemlcal separations and ~so top~c  measurcinents 
were undertaken at the Unlvers~ty of Colorado, Boulder, uslng 
techn~ques  desc r~bed  elsewhere [Furnzer et  0 1 ,  19911 
Neodym~um and strontluin ~ s o t o p ~ c  data were also obtained 
from unleached powders of cl~nopyroxene and plag~oclase 
obta~ned through physlcal ~n~crodr~ l l~ng  (us~ng a MerchantckCR 
Micromill~ng system) for two State L ~ n e  xenol~ths (NX4 LC- 
1 ,  SD2LC-7 1 ), and from one cl~nopyroxene m~neral separate 
(from NX4-LC- I ). The cl~nopyroxene separate was leached m 
dilute HCI and HF us~ng the technique of Z~n~/let.und Jugoutz 
[I 9881 

Mi~zeml Chcnzisfry (EMP) 

Electron microprobe analyses were carried out on polished 
thin sections at the University of Massachusetts on a Cameca 
SX50 electron microprobe (Table 5, 6; scc CDROM in back 
cover slccve). Analyses wcre done at 15kV and 15 nA sample 
current using natural silicate standards. Wavelength disper- 
sive high-resolution cornpositional maps were made of indi- 
vidual metamorphic minerals (Grt, Cpx, Opx, Hbl, PI; 
abbreviations after Kretz, [I 9831) and of matrix domains in 
order to evaluate compositional zoning. Quantitative point 
and traverse locations were selected from compositional maps 
in such a way as to characteristic petrologically significant 
compositions (i.e. core, near-rim, rim etc.). Analyses were 
reduced first using the online PAP routine [Pouchou crnd 
Pichoir, 19851 and then refined using the Datcon software 
[M. L. Williams, unpublished]. Details of specific analyses and 
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justification for selections of relevant compositions are pre- 
sented below. 

U-Pb Zircon Age Determinations 

Zircon was isolated from xenoliths by standard crushing, 
heavy liquid, and magnetic separation techniques, and sep- 
arated into different populations based on crystal morphol- 
ogy, color, and grain size. The zircon grains were air-abraded 
with pyrite after the method of Krogh [I9821 and acid rinsed 
in warm 3M HNO, for 12 hours, followed by ultrasonication. 
Zircon was loaded into Teflon FEP microcapsules and washed 
again in 3M HNO, at 50°C for 2-4 hours, followed by rins- 
ing with several capsule volumes of water. Samples were 
spiked with a mixed 205Pb-233U-235U tracer and dissolved 
in 29M HF at 220°C for 48-120 hours followed by conver- 
sion to 6M HC1 at 180°C for 18-24 hours. Pb and U were 
separated from mineral solutions using miniaturized HCI 
anion exchange chromatography procedures modified after 
Krogh [1973]. 

Lead and uranium were analyzed on the MIT VG Sector 
54 thermal ionization multicollector mass spectrometer at 
M.I.T. Lead was loaded on single Re filaments with a dilute 
silica gel-0.1M H3P0, emitter solution. Radiogenic Pb was 
measured either dynamically with four high-mass Faraday 
cups and an axial ion-counting Daly detector, peak-switching 
205Pb into the axial position to obtain an internal Daly-Faraday 
gain calibration, or by peak-switching all ion beams into the 
Daly detector for very small amounts of lead. An ion beam of 
>0. 1x10-I, A was maintained for 207Pb dunng data acquisition. 
Uranium was loaded on single Re filaments either with col- 
loidal graphite and measured as metal ions, or with silica gel 
and measured as U02+ ions by one of two methods: in static 
mode on three Faraday cups for 238U+ (238U1602+) ion-beam 
intensities of >0 .5~10- '~  A, or by peak switching all ion beams 
into the Daly detector for smaller amounts of uranium. Details 
of fractionation and blank corrections are given in Table 4 
(see CDROM in back cover sleeve). Ages with propagated 
uncertainties were calculated using the methodology of Lud- 
wig [1980]. 

Physical Property Measurements 

Seventeen crustal xenoliths from the Leucite Hills and State 
Line xenolith suites were selected for seismic velocity meas- 
urements (Table 7, 8; see CDROM in back cover sleeve). 
Cylindrical cores taken from each sample were trimmed, 
weighed, and measured to calculate bulk densities (Table 7; see 
CDROM in back cover sleeve) and jacketed with copper foil 
for velocity measurements as a function of pressure. Two sam- 
ples from Leucite Hills (LHHE-26 and LHHW-1) were large 

enough to obtain two perpendicular cores to investigate 
anisotropy. The travel times of compressional (Vp) and shear 
(Vs) waves were measured using a pulse transmission tech- 
nique [Christensen, 19851, and velocities were calculated 
from these times and the sample lengths. Natural resonant 
frequencies of the transducers were 1 MHz. Measurements 
were performed at elevated hydrostatic confining pressure to 
lGPa (equivalent to depths of -35 km). 

RESULTS 

Petrography/Phase Relationships 

Lower crustal xenoliths from the State Line Kimberlite Dis- 
trict are typically fine-grained, mafic granulites [Bradley and 
McCallum, 1984; Bradley, 1985; Stevens, 20021. The xenoliths 
contain various combinations of clinopyroxene, orthopyrox- 
ene, garnet, and hornblende with minor amounts of K-feldspar, 
ilmenite, rutile, zircon, and barite. Most samples lack a strong 
foliation or lineation, but several exhibit a weak preferred ori- 
entation of pyroxene and hornblende. Three general assem- 
blages have been sampled: Cpx-Opx-P1-Qtz; 
Cpx-Opx-Grt-P1-Qtz; Cpx-Grt-P1-Qtz. The two-pyroxene 
granulites tend to be equigranular with smooth, curving grain 
boundaries that commonly meet in 120" triple junctions (Plate 
1). Garnet-bearing granulites have more complex textures, 
many preserving reaction and corona relationships (petro- 
graphic descriptions of three of these xenoliths are given in the 
Appendix). Most State Line xenoliths contain textural evi- 
dence for early P1-Opx-I1 assemblages overprinted by later 
Grt-Cpx-P1 assemblages (Figure 2). At least some ductile 
deformation occurred during or after the development of the 
later assemblage as suggested by the weak alignment of prod- 
uct Cpx and P1. 

Assemblages, textures, and mineral compositions of the 
State Line xenoliths are consistent with the production of gar- 
net and clinopyroxene at the expense of early orthopyroxene 
and plagioclase. This model reaction can be written as: 

Opx + P11 = Grt + Cpx + P12 (1) 

where P11 and P12 are a more calcic and a more sodic pla- 
gioclase, respectively. This reaction is similar to the reaction 
that defines the boundary between the medium- and high- 
pressure granulite fields [Green and Ringwood, 19671. 

Garnet coronae are locally developed between ilmenite and 
plagioclase, indicating a reaction such as: 

Qtz + P1+ I1 = Grt + Rt (2) 

studied experimentally by Bohlen and Liotta [1986]. 
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Figure 2. Phase diagram illustrating assemblages found in 
lower crustal xenoliths from the State Line Kirnberlite District. 
The shaded plane represents Grt-Cpx-P1 assemblage found 
in sample SD2-LC74. Line shows relict Opx-P1 assemblage in 
samples SD2-LC120 and NX4-LC 1. 

Crustal xenoliths from Leucite Hills include a variety of 
fine-grained, intermediate and mafic metamorphic rocks, 
dominated by one- or two-pyroxene hornblende granulites 
(Plate 2). Assemblages include hornblende (40-60 modal%), 
biotite (20%), plagioclase (10-20%), clinopyroxene 
(10-20%)* orthopyroxene (10-20%) with minor apatite and 
ilmenite and trace amounts of barite, monazite, rutile, and 
zircon (Plate 2a). Elongate grains of hornblende and biotite up 
to 3 rnm in length form a strong foliation or gneissic texture 
in most samples. Pyroxene and plagioclase (approximately 1 
rnm in diameter) are generally equant. To date, garnet has not 
been recognized in any of the xenolith samples from the 
Leucite Hills area. 

Hornblende in Leucite Hills xenoliths is light brown in 
plane light and includes very fine opaque minerals giving it 
a dusty appearance (Plate 2b). A similar fine opaque dust is 
concentrated along hornblende grain boundaries (Plate 2b). 
Locally the opaque dust is so abundant within and around 
hornblende as to render it completely opaque. Biotite books, 
up to 1 mm in length, are typically associated with horn- 
blende, and together, they define the foliation or gneissic lay- 
ering. Green pleochroic clinopyroxene is slightly more 
abundant than the light pink to light green pleochroic orthopy- 
roxene. Both phases contain abundant dusty inclusions sim- 
ilar to those in hornblende. Clinopyroxene and orthopyroxene 
are typically equant with smooth, irregular grain boundaries. 

Locally, clinopyroxene also occurs as a fine-grained foam in 
association with hornblende grains (Plate 2c). Several xeno- 
liths contain skeletal orthopyroxene located in isolated pods 
(Plate 2e) that may be the sites of former larger orthopyrox- 
ene crystals. Plagioclase occurs as equant to slightly elongate 
grains, up to 2 mm in length and can locally contain fine 
opaque dust similar to that in hornblende. Plagioclase is most 
abundant as a matrix phase, but is also found included within 
hornblende, biotite, and clinopyroxene. 

Major/Tvace Element Chemistry 

Whole rock MgO contents in the State Line mafic xenoliths 
vary from about 3.5 wt % to 13.5 wt % (Figure 3; see also 
Bradley, 1985). In general, A1203 and Na20 decrease, and 
CaO increases, with increasing wt. % MgO (Figure 3). In 
contrast, Fe203,, I$0 and TiO, do not correlate with MgO. On 
a total alkali vs. silica plot, the xenoliths plot as basanites, 
basalts, and trachybasalts (Figure 4). The majority of the xeno- 
liths are hypersthene normative (Figure 5) and subalkaline 
(tholeiitic) (Figure 6), in composition, as previously noted by 
Bradley [1985]. However, it is important to recognize that 
due to the potential loss of alkali elements during granulite 
metamorphism and the possible addition of these elements 
from the host kimberlite (see below) the bulk compositions of 
the State Line xenoliths are unlikely to represent protolith 
compositions. 

Most of the State Line xenoliths are moderately LREE 
enriched, and have only minor Eu anomalies, if any (Figure 7a). 
But three of the samples (SD2-LC75, -LC7 1 and SH13-E18) 
have significantly lower L a b ,  (0.4 to 0.9 vs. 3.0 to 14.6 
(Table 2b; see CDROM in back cover sleeve) as a result of 
higher HREE abundances and lower LREE abundances than 
the other mafic xenoliths, and so have been grouped together 
separately (the "low LaIYb," group xenoliths; Figure 7b). 
All of the State Line xenoliths are enriched in Pb, Rb, Ba, 
and K, relative to other elements with similar incompatibili- 
ties (Figure 8), but do not show well-developed relative deple- 
tions in high field strength elements such as Nb and Ta. 

The bulk compositions of the Leucite Hills xenoliths are 
similar to those of the mafic xenoliths in the State Line dis- 
trict (Figure 3), although the Leucite Hills xenoliths tend to 
have higher total alkali contents and correspond to basanites, 
trachybasalts, and trachyandesites (Figure 4). In addition, a 
large proportion of the Leucite Hills xenoliths are Si- 
undersaturated, containing normative nepheline rather than 
hypersthene (Figure 5). The Leucite Hills xenoliths are uni- 
formly LREE enriched and, unlike their State Line counter- 
parts, show moderate Eu anomalies [EulEu*=0,4 to 1 .O; (Table 
2b; see CDROM in back cover sleeve) and an overall humped 
REE pattern due to relative enrichments in the middle REE 
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Plate 1. Photomicrographs illustrating textures in crustal xenoliths from the State Line Kimberlite District. a) Sample SD2- 
LC1 18.0~~-Cpx-P1 granulite with "typical" granulite texture: equant grains with smooth, curving grain boundaries that meet 
in 120" triple junctions. b) Sample SD2-LC120. "Wormy" garnet coronae between orthopyroxene and plagioclase. c) Sam- 
ple SD2-LC74. Garnet coronae between ilmenite and plagioclase. d) Sample SD2-LC74. Fine-grained garnet foam around 
orthopyroxene and garnet lamellae aligned along twin planes in plagioclase. e) Sample SD2-LC120. Clinopyroxene coro- 
nae between orthopyroxene and plagioclase. f) Sample SD2-LC74. Grt-Cpx symplectite (see text for discussion). 
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Figure 3. Wt. % MgO vs. various wt. % oxide and trace element abundances (in ppm) for State Line and Leucite Hills xeno- 
liths. Chemical data for Leucite Hills ultrapotassic lavas from Vollrner et al. [I9841 and Lunge et a/ .  [2000]. 
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Wt. % Si02 
Figure 4. Total alkali vs. silica plot for State Line and Lcucitc Hills 
xenoliths. 

(Figure 7c)l. All of the Leucite Hills xenoliths also have high 
LILE (large ion lithophile element)/HFSE (high field strength 
element) ratios, including the development of pronounced 
relative depletions in Nb and Ta (Figure 8). 

Mineral Compositions 

Representative mineral compositions for both State Line and 
Leucite Hills xenoliths are presented in Tables 5 and 6, respec- 
tively (see CDROM in back cover sleeve). In the State Line 
xenoliths, garnet is generally Alm,,_,,,Pyr,3,7,Grs,,_,,. Small 
garnet crystals are generally unzoned such as those in NX4- 
LC 1. Larger crystals display a very subtle trend toward increas- 
ing XMg and decreasing XCa from core to rim (Plate 3). Rims 
display decreasing XMg and increasing XCa, interpreted to rep- 
resent diffusional re-equilibration (probably with pyroxene). 
Clinopyroxene is 6 1-76 percent diopside with significant (near 
omphacitic) jadeite component. Cpx is generally unzoned except 
for a narrow increase in XMg near rims, interpreted to be a result 
of diffusional exchange with garnet. Orthopyroxene (enstatite) 
is 71 - 72 percent enstatite, 27 - 29 percent ferrosilite and 
unzoned. Plagioclase generally shows unzoned cores and 
decreasing XAI1 (increasing XAb) near rims (Plate 3a). The 
unzoned cores are interpreted to represent the early opx-bearing 
assemblages; the increase in albite content is interpreted to 
reflect the growth of garnet (and clinopyroxene) in these samples. 

Hornblende from Leucite Hills generally is characterized by 
heterogeneous but increasing Mg ratios from inner core (ca. 
0.66) to outer core (ca. 0.79), and by broad rims with nearly 
constant Mg-number. The broad rims compositions are inter- 
preted to reflect near-peak metamorphic conditions. Clinopy- 
roxene (diopside) is approximately Di76-79Hd21-23, and displays 
little compositional zoning, although some crystals show a 

subtle increase in XMg from core to rim. Orthopyroxene (ensta- 
tite) is approximately En,,, F s ~ ~ .  The Mg ratio varies between 
0.63 and 0.65 with a very slight increase in both Mg and Ca 
from core to rim. Plagioclase is Ab ,,-,, ,An 35-40, Or2-5. Zon- 
ing profiles are generally flat across the cores of grains, but 
include a small, sharp increase in K at the rims. 

Thermobarometry 

Peak metamorphic conditions for the State Line xenolith 
samples were estimated based on garnet-pyroxene-plagioclase 
equilibria. Compositional analyses were chosen to best repre- 
sent peal< metamorphic conditions (Figure 9). Garnet compo- 
sitions were taken at the point of maximum XMg just inward 
from rim reversals. Core compositions were generally used 
for Opx and Cpx, but because the amount of zoning is 
extremely small, all compositions give essentially the same 
results. Plagioclase compositions were generally taken at max- 
imum XAb (near rim). Because diffusion is extremely slow in 
plagioclase, rim compositions are interpreted to represent peak 
conditions. Equilibria were characterized using the TWQ soft- 
ware (v. 2.02) [Berman, 1991; Berman, 19921 and database 
BA95 [Berman anddranovich, 19961. In general, independent 
reactions were chosen to correspond to the Grt-Pyx exchange 
thermometers and the Grt-Cpx (or 0px)-Plg barometers. Sam- 
ples SD2-LC 120 and NX4-LC 1 (both from high LdYb, group) 
yield temperatures on the order of 700-800°C and pressure 
estimates near 1.2 GPa (Figure 9). Sample SD2-LC74, a low 
LdYb, sample, yields a perhaps unreasonably high tempera- 
ture and pressure (>900°C; 1.5 GPa). However, if tempera- 
tures are assumed to be on the order of those for the other two 
samples, the pressure would be approximately 1.4 GPa. 

The lack of garnet in the Leucite Hills xenoliths precludes 
essentially all high-confidence thermobarometers, which typ- 

Figure 5. CIPW normative mineralogy of State Line and Leucite 
Hills xenoliths. Normative mineralogy calculated assuming Fe3+/(total 
iron)=O. 1. 
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Plate 3. Compositional maps from sample SD2- LC74, State Line District. a) Ca K, map. Note decreasing Ca at plagio- 
clase grain boundaries (in direction shown by arrow). b) Mg K, map. Garnet is essentially unzoned. XM, increases slightly 
from core to near rim and then decreases at the rim. 
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Figure 6 .  AFM diagram for State Line and Leucite FIills xenoliths. 

ically involve Grt-Pyx or Grt-Hbl equilibria. As a result, we 
have attempted to constrain the general range of metamor- 
phic conditions using Hbl-Pyx-PI-Qtz equilibria. Muder t>t 
ul. [I 9941 suggested two barometers involving Hbl-Cpx-Qtz- 
PI assemblages and the thermodynamic database "JUN92" 
[Bermun, 1 991; Bet-man, 19921. For three Leucite Hill xeno- 
liths, the reaction: 

yields extremely consistent results (Figure 10) The alternative 
reaction, involving pargasite and albite, yields consistent but 
much more scattered results that we interpret to reflect some 
late diffusion of Na and perhaps uncertainties associated with 
thcrmodynamic properties of Na-components in each mineral 
phase. Temperatures were constrained using the Hbl-Opx 
exchange thermometer with the thermodynamic database 
"JUN92" [Bermun, 1991 ; Bermun, 19921 and with two- 
pyroxene thermometry using the BA95 database [Berman und 
Aranovich, 19961. Because pressure estimates are strongly 
dependent on temperature, temperatures were also evaluated 
using the Hbl-PI thermometer of Hollund and Blundy [1994]. 
Estimated conditions for three Leucite Hills xenoliths (LHHE- 
4, LHHE-26, and LHHE-18) are very consistent (1.1-1.3 GPa, 
ca. 800° C (Figure 10). Even with a relatively large unccr- 
tainty, these estimates indicate that the hornblende-bearing 
Leucite Hills xenolitlis were derived from the lower crust. 

Xenoliths from thc Leucite Hills, Wyoming generally con- 
tain a relatively uniform population of equant to slightly elon- 
gate and multifaceted zircon with few inclusions. U-Pb 

analyses of zircon fiom these samples arc typically concordant 
or ncar concordant with 207Pb/'o('Pb dates of c. 2563-2703 
Ma with one exception at 1067 Ga (Table 4b; scc CDROM in 
back cover sleeve, Figure 11). Cathodolumincscence images 
of zircon from representative xenoliths show cores with dis- 
tinct oscillatory zoning interpreted to indicate growth of zir- 
con from a melt (Fibwre 12). The ca. 2 .62 .7  Ga ages obtained 
from the xenoliths correspond closely to ages of crust for- 
mation determined from surface geology at 2.55-2.8 Ga [Fmst 
et ul., 19981. A single titanite analysis of 2610 Ma is -40 Ma 
younger than zircon from the samc sample (Table 4b; see 
CDROM in back cover sleeve). This analysis is interpreted 
as a cooling date (closure temperature of -650°C) [Cherniuk, 
19931 and indicates the lower crust in this region cooled below 
650 "C shortly after assembly and has not been significantly 
perturbed by any younger thermal events. The one relatively 
young zircon analysis (1067 Ma) likely reflects a low- 
temperature, fluid mediated episode of zircon growth [Ayer.~ 
et Ul., 20031. 

In the State Line district, the SD3 xenoliths contain zircon 
of a wide range of crystal sizes and shapes, color, clarity and 
degree of metamictization. These zircon yield a wide rangc of 
dates. The dominant population yields 207Pb/2""b dates of 
1.73-1.6 Ga (Fig 14, Table 4a; see CDROM in back cover 
sleeve), which are similar to crystallization ages of exposed 
rocks in Colorado. In addition some xenoliths (SD3-12, SD3- 
46, and SD3-2) yield a few grains that are ca 1.4 Ga, and are 
apparently related to the regional magmatic event that is well 
documented in exposed rocks [Anderson and Cullers, 1999; 
Frost et ul., 1999; Frost et a/., 200 I]. Subordinate popula- 
tions of variably discordant Archean (ca. 2.6-3.2 Ga) zircon 
were recovered from xenoliths with dominantly Paleopro- 
terozoic populations (SD3-8, - 12, -24, -25). It is noteworthy 
that the inherited Arclican zircons are contained exclusively 
in the amphibolitic xenoliths suggesting crustal contamination 
of primary mafic magmas with older crust. The final popu- 
lation of zircon yields distinctly younger dates including a 
concordant analysis that is 4 19 Ma, a 9% discordant analysis 
with a Pb-Pb date of 453 Ma, and a 2% discordant analysis 
with a Pb-Pb date of 544 Ma. These young dates suggest 
growth of zircon just prior to and perhaps synchronous with 
kimberlite emplacement. Some of the very small, highly dis- 
cordant analyses could also represent mixtures of ca 400-500 
Ma zircon and Paleoproterozoic grains. 

Zircon occurs as rare grains in the three mafic two-pyroxene, 
garnet granulites for which zircon U-Pb ages were obtained 
(Table 4a; see CDROM in back cover sleeve) and typically 
forms small (<40 pm) equant grains or larger (-1 00-1 50 pn) 
irregular fragments. In sample NX4-LC 1 zircon are charac- 
terized by multifaceted stubby prisms averaging about 60 to 
70 p n ~  in length. The zircon grains arc generally colorless 
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and inclusion-free, but a small percentage contains cracks. con growth in a ca 1.72Ga, or older, protolith. In sample SD2- 
Seven zircon grains were analyzed from this sample and yield LC44, four zircons have Pb-Pb ages from 1.71 to 1.74 Ga, 
a diverse range of Pb-Pb ages. The two oldest grains are but one grain is Archean in age (3.1 Ga). Zircon from sample 
approximately 1.72 -1.7 Ga, two have intermediate ages of ca SD2-LC75 form two different morphological populations. 
1.62 and 1.54 Ga and three are distinctly younger (1.34, 1.37, One population consists of colorless to light brown fragments 
1.38 Ga). We regard this as evidence of multiple periods of zir- with irregular surfaces. The fragments range in size from 150 
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Figure 7. a) Chondrite normalized REE patterns for "high" La/YbN State Line xenoliths. b) Chondrite normalized REE 
patterns for "low" La/YbN State Line xenoliths. REE pattern for Colorado Plateau lower crust from Condie and Selverstone 
[1999]. c )  Chondrite normalized REE patterns for Leucite Hills xenoliths. 
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Figure 8. Average normalized trace element plot for State Line and 
Leucite Hills xenoliths. Normalization values from Sun and McDo- 
nough [I9891 and McCulloch and Gamble [1991]. 

to 250 pm in length, and commonly contain cracks. The other 
population consists of colorless stubby prisms averaging about 
60 pm in length. Both populations are relatively inclusion- 
free. The 207~b/206Pb dates for both zircon populations range 
from 1.64 to 1.74 Ga. 

In order to gain insight into the origin of the different zir- 
con populations, several zircon grains from NX4-LC1 and 
SD2-LC44 were imaged using cathodoluminescence tech- 
niques. These zircon show complex growth zonation patterns 
(Figure 12), however, they can be distinguished based on those 
with sector zoning indicative of metamorphic growth and 
those with predominantly oscillatory zoning indicative of 
igneous growth. Using the catholuminescence images as a 
guide, we plucked zircon from our imaged mounts and ana- 
lyzed individual grains. Zircons with sector zoning from NX4- 
LC1 yielded the 207Pb/206Pb dates of 1342.7h2.0 Ma and 
1379.3~k1.8 Ma (Figure 11, Table 4a; see CDROM in back 
cover sleeve). A single zircon grain from SD2-LC44 with an 
oscillatory-zoned core and bright overgrowth yielded the 
207Pb/206Pb date of 1720.3k3.0 Ma (Figure 1 1, Table 4a; see 
CDROM in back cover sleeve). These analyses are interpreted 
to indicate that the lower crust in this region was formed dur- 
ing the Paleoproterozoic and that new zircon growth occurred 
at 1.34-1.38 Ga. 

Nd and Sr Isotopes 

Unleached whole rocks from the State Line diatremes have 
a range of measured %d (+ 16.5 to -12) and measured 87Sr/86Sr 
(0.7054 to 0.70962; Table 3; see CDROM in back cover sleeve, 
Figures 13-1 5). Variations in both measured and initial (cal- 
culated at 377 Ma) Sr and Nd isotopic compositions are uncor- 
related (Figure 13). The low La/Yb, xenoliths and the one 

eclogite sample have the highest measured values (+3.4 to 
+16.5), while the high LaIYb, samples consistently have lower 
 EN^ (-1 1.9 to 0.4). For the one sample (NX4-LC1) for which 
both leached and unleached samples were analyzed, the leached 
sample had considerably higher 147Sm/'44Nd (0.1784 vs. 
0.1085) and higher measured %d values (-6.1 vs. -10.4; Fig- 
ure 14). In contrast, the 87Rb/86Sr and Sr isotopic compositions 
of the leached and unleached NX4-LC 1 samples are similar 
(0.1091 vs. 0.947 and 0.70596 vs. 0.70632, respectively; Fig- 
ure 16). The other leached whole rock samples analyzed have 
Nd and Sr isotopic compositions similar to the leached xeno- 
liths, but tend to have higher 147Sm/'44Nd (Figure 14). 

The microdrilled plagioclase from SD2LC-7 I,  one of the 
low LaJYb, group samples, has a low 147Sm/144Nd (0.0867) 
and low E~~ (-15.9) (Figure 14). The microdrilled clinopy- 
roxene from this sample, however, has a higher 147Sm/'44Nd 
(0.164) and higher E~~ value (-0.3). The plagioclase and 
clinopyroxene mineral samples also have different 87Rb/s6Sr 
and 87Sr/86Sr ratios (0.34 vs. 1.7 and 0.70679 vs. 0.71214, 
respectively; Figure 16). The clinopyroxene powder obtained 

Temperature (OC) 

Figure 9. Pressure and temperature estimates for Grt-Pyx-Pl-Qtz- 
bearing xenoliths from the State Line Kimberlite District. Calcula- 
tions were made using the TWQ software [Berman, 1991; Berman, 
19921 and BA95 database [Berman and Aranovich, 19961. Reac- 
tions were selected to correspond to the Grt-Pyx (Cpx or Opx) ther- 
mometer and Grt-Pyx-P1-Qtz barometer [Williams et al., 20001. Note 
that the Grt-Opx barometer essentially corresponds to Reaction 1 
(see text). The circle and square mark the intersections of barome- 
ter and thermometer reactions for SD2-LC 120 and NX4-LC- 1, 
respectively. 
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from microdrilling of NX4-LC1, a high LaIYb, sample, has 
a similar 147Sm/'44Nd to the clinopyroxene sample from SD2- 
LC-71, but significantly lower E~~ (-10.3)' and a 87Rb/86Sr 
and X7Sr/X6Sr of 0.3738 and 0.70922, respectively. Whole rock 
and minerals from SD2 LC-7 I plot along an - 300 Ma refer- 
ence Sr isochron (Figure 16), which approximates the emplace- 
ment age of the host kimberlite, but align along a significantly 
older (- 1.0 Ga) Sm-Nd reference isochron (Figure 14). 

The Leucite Hills xenolith samples, all unleached generally 
have lower measured E , ~  (-28.5 to -7.2) relative to the State 
Line xenoliths, but similar measured 87Sr/8%r ratios (0.7036 
to 0.7078; Figures 13, 14, 16). However, as with the State 
Line xenoliths, the Nd and Sr isotopic variations in these rocks 
are uncorrelated (Figure 13). 

Physical Properties 

Velocities at selected pressures from 20 to 1000 MPa are 
given in Tables 7 and 8 (see CDROM in back cover sleeve), 
as well as bulk densities at atmospheric pressure. The samples 
are arranged in order of increasing density. The two perpen- 
dicular cores from samples LHHE-26 and LHHW- 1 are labeled 
A and B. The velocities are estimated to be accurate to 1%. 

In Figure 17, velocities at 600 MPa are plotted versus den- 
sity for samples from both localities. The two low velocity 
and density samples from Leucite Hills are granites that are 
probably from upper crustal rocks. Velocities of the higher 
density rocks are consistent with metamorphism in the lower 
crust. Increasing velocity and density correlate with increas- 
ing pyroxene and garnet contents and decreasing amounts of 
secondary alteration. The samples from the State Line local- 
ity contain significant amounts of garnet and thus have 
higher velocities than many of the lower crustal xenoliths 
from Leucite Hills. 

DISCUSSION 

Metamorphic Histoty 

Our data confirm that mafic lower crustal xenoliths on 
either side of the Cheyenne Belt have significantly different 
metamorphic mineral assemblages. The most significant 
difference is that the mafic xenoliths north of the Cheyenne 
Belt at Leucite Hills contain abundant hydrous mineral 
phases and lack garnet, while the mafic granulite xenoliths 
from the State Line district mainly contain anhydrous phases 
and abundant garnet. These mineralogical differences are 
unlikely to be the result of significant differences in major 
element composition of the mafic lower crustal rocks, as 
compositions of the two xenolith suites are very similar (Fig- 
ures 3-6). In addition, even though the P, T constraints from 

Temperature (OC) 

Figure 10. Pressure and temperature estimates for three Cpx-Opx- 
Hbl-Qtz-bearing xenoliths from the Leucite Hills. Calculations were 
made using the TWQ software and JUN92 database of [Bermun, 
1991 ; Bermun, 19921. Because no garnet is present in these rocks, 
estimates are based on Hbl-PI-2 Pyx equilibria. Barometers are those 
recommended by Muder et ul. [1994]. Thermometers are Hbl-Opx 
(using TWQ software and JU92 database of Bermun [I 99 1, 19921) and 
Hbl-PI [Holland und Blundy, 19941. Rhtkrichterite. 

Leucite Hills may be somewhat less robust, our estimates 
suggest that both suites of xenoliths equilibrated at similar 
pressures, ca. 1.2-1.4 GPa. As a result, there is little evi- 
dence that the State Line xenoliths were uniformly derived 
from significantly deeper andlor colder portions of the crust 
(i.e. that greater pressures (depths) or lower temperatures 
are responsible for the presence of garnet in the State Line 
district). The main mineralogical differences between the 
two sets of xenoliths is more likely related to hydration, with 
the xenoliths indicating a significantly more hydrous lower 
crust for the southern Wyoming craton than for the Paleo- 
proterozoic crust beneath the State Line D~strict. 

Nevertheless, the State Line xenoliths still record a more 
complex P-T-t history than their counterparts from the Leucite 
Hills. All of the mafic granulites studied from the State Line 
district contain evidence for the development of garnet and 
clinopyroxene from earlier orthopyroxene and plagioclase. 
The product assemblages typically occur as coronae or sym- 
plectites. Such symplectites and coronae are commonly inter- 
preted to have formed during metamorphic reactions under 
conditions of limited deformational recrystallization and lim- 
ited diffusion [Vernon, 1976; Carlson, 20021. The growth of 
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garnet along plagioclase twin planes and lamellae may also be (Figure 9). Although referred to as "high-pressure gran- 
indicative of garnet growth under conditions of minimal ulites", the Grt-Cpx-PI product assemblage may be pro- 
dynamic recrystallization. duced via an  increase in pressure o r  a decrease in 

The textures and phase relationships are consistent with temperature. In the case of State Line xenoliths, the garnet 
the reaction from medium- to high-pressures granulites coronae and symplectites, with their euhedral and delicate 
(Reaction l) ,  investigated by Green and Ringwood [I9671 crystal habits and fine grain sizes, suggestive of growth 
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Figure 11. Probability density functions of zircon 207~b/20Vb ages showing the distribution of zircon ages from the State 
Line District and Leucite Hills xenoliths. Probability density functions are constructed by summing the probability distributions 
of each datum with normally distributed errors. 
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State Line zircon 

Leucite Hills zircon 

Figure 12. Cathodolurninescence images of representative zircon from the State Line diatremes (a-d) and the Leucite Hills 
(e-f). Grains depicted in (a) through (d) were removed from the grain mount after imaging for U-Pb isotopic analyses. Grain 
(b) contains sector-zoned patches and yields a Mesoproterozoic Pb-Pb age. Grain (d) contains an oscillatory-zoned core and 
yields a Paleoproterozoic Pb-Pb age. Zircon from the Leucite Hills contain oscillatory-zoned cores with thin overgrowths. 



FARMER ET AL. 155 

I 1 .  I I 1  

Stntr Lrne Irrsberhtt' 
(3-7 MOJ 

- mL cciogite 

Lerfrrte H111.. D O ~ L R I I I C  rocks-b 
L=leael~ed whole rock 

(1 ~~2.zn) Leucite H~l l s  
A 

A A A 
A 

A ,  

Figure 13. Whole rock sNd (T) VS. 87Sr/86Sr(T) for unleached and acid-leached (L) State Line and Leucite Hills xeno- 
liths. State Line xenoliths initial values calculated at 377 Ma, the presumed age of emplacement of Sloan and Nix kimberlite 
diatremes. Initial Sr and Nd isotopic compositions for State Line kimberlites from Alibert andAlbavede [1988]. Solid 
line connects the isotopic compositions of unleached and leached whole rock material from NX4 LC-1. Initial isotopic com- 
positions for Leucite Hills xenoliths calculated at 1 Ma. Isotopic compositions from Leucite Hills volcanic rocks from Vollmer 
et al. [1984]. 

under limited deformation and diffusion, are interpreted to 
be most consistent with garnet growth during (static) cool- 
ing. Although garnet is expected to grow at the expense of 
pyroxene and plagioclase with simple cooling into the high- 
P granulite field, some workers may be uncomfortable with 
significant garnet growth along a cooling path. An alter- 
native history might involve cooling into the garnet granulite 
stability field and subsequent heating events within this 
field associated with garnet growth [Williams et al., 20001. 
If so, it is possible that some reheating events were signif- 
icantly younger than the crystallization age of the mafic 
magma from which the State Line xenolith originally 
formed. Reheating events may have occurred during arc 
accretion events at 1.75-1.70 Ga, or at ca 1.37 Ga, as argued 
in a subsequent section. This might help to explain the range 
in zircon dates obtained from the xenoliths. However, given 
the small number of zircon grains and the small size of 
xenoliths it is not possible to relate the different ages of 
zircon to distinct xenolith mineral assemblages. As a final 
note, isobaric heating and reheating events would not be 
unexpected in these Proterozoic rocks. Surface exposures in 
many localities in the southwest preserve nearly constant 
pressures for much of the Mesoproterozoic [Williams and 
Karlstrom, 19961. That is, there is little evidence for sig- 
nificant changes in crustal thickness (particularly since -1.7 
Ga) that might lead to significant pressure changes in the 
deep crust f r ~ m  which the xendiths were derived. 

Nature of Lower Crustal Protoliths 

While the State Line xenoliths demonstrate the existence 
of mafic lower crust south of the Cheyenne Belt (at least dur- 
ing the Paleozoic), it is more difficult to assess whether these 
rocks represent cumulates, restites, or mafic magma that 
solidified in situ in the lower crust, or to determine the tec- 
tonic setting in which the mafic magmatism originally devel- 
oped. A major difficulty in using the chemical data from the 
xenoliths to assess these issues is the likely possibility that the 
whole rock chemical compositions of the State Line xenoliths 
have been affected by contamination from the host kimber- 
lite and/or by granulite facies metamorphism, as observed 
for kimberlite-hosted mafic xenoliths worldwide [Rudnick, 
19921. For example, Bradley and McCallum [I9841 suggested 
that Sr, Rb, and K have been introduced into the xenoliths 
along grain boundaries and fractures. In fact, some compo- 
sitional maps of State Line xenoliths show K-feldspar rims and 
veinlets and also barite grains on some grain boundaries. 
Some of these rims and grains seem to be recrystallized into 
the xenolith grain mosaic suggesting that the K and Ba were 
introduced during or before the final metamorphism but some 
may have been introduced during interaction with kimber- 
litic fluids. Our data hrther reveal that both high and low 
L a N  have spikes in the abundances of Ba and Pb. Both ele- 
ments could have been introduced by kimberlitic fluids, given 
tho h;*h n-n+-ntn -4. L-th --....4n ' 

Illgll bVIILbIILJ "UIll c ! C - ~ ~ ~ ~ ~ ~ ~ ~  in the host kimberlites 
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Figure 14. Measured '43Nd/144Nd VS. 1 4 7 ~ m / 1 4 4 ~ d  for minerals and leached and unleached whole rock xenoliths from 
State Line, and unleached whole rock xenoliths from Leucite Hills. Dashed lines are references isochrons for ages denoted. 
Data from Wind River Range granitic rocks from Frost et al. [1998]. 

[Alibert anddlbarede, 19881. In addition, comparison of the 
REE abundances of leached and unleached whole rock splits 
of xenolith NX4LC-1 reveal that a significant fraction of the 
LREE in this xenolith may reside in secondary, metasomatic 
phases, as evidenced by reduction in the whole rock Sm/Nd 
ratio after HCl leaching (Tables 2b, 3; see CDROM in back 
cover sleeve). These observations are significant, first because 
high Pb contents in basalts are generally attributed to sub- 
duction processes and could lead to the conclusion that the 
protoliths of the State Line xenoliths were arc-related mag- 
mas. Secondly, Bradley [I9851 interpreted the State Line 
xenoliths as representing liquid compositions, in part on the 
basis of their mildly LREE-enriched compositions, which 
our data indicate could instead be the result of LREE intro- 
duction during metasomatism. 

Despite the introduction of various elements during meta- 
somatism, the abundances of several elements do co vary 
regularly with MgO. In all of the State Line xenoliths, Na, 
which is likely to be incompatible in a mafic magma under- 
going crystal fractionation, increases in abundance, while 
the abundances of compatible elements Cr, Sc and Ni 
decrease, with decreasing MgO contents. Even the leached 
whole rock for NX4-LC1 has relatively high LREE abun- 
dances compared to other mafic xenolith suites interpreted 
as representing cumulate material [Rudnick et al., 19861. 
Therefore, we agree with Bradley and McCallum [1984], 
that the elemental variations observed between most of the 
granulitic State Line xenoliths, particularly for the high 
LaIYb, group, are those expected for mafic igneous rocks 
that represent the products of the differentiation of mafic 

magmas involving the crystal fractionation of both olivine 
and pyroxene. The lack of prominent Eu anomalies in these 
rocks, either positive or negative and regardless of modal 
plagioclase contents, illustrates that plagioclase was not a 
fractionating phase in these magmas. 

An interesting question in this regard is whether these 
mafic magmas were arc related, or more akin to intraplate 
magmas similar to modern day ocean-island or ocean plateau 
basalts [Condie, 19971. Typically, arc and intraplate basalts are 
distinguished on the basis of the ratios of LILEIHFSE, the 
former having lower ratios, and relatively high abundances of 
elements (e.g. Pb) considered to be mobilized in aqueous 
fluids generated during subduction of oceanic lithosphere 
[Pearce and Peate, 19951. Distinguishing these two basalt 
"types" is difficult in granulite grade lower crustal xenoliths, 
due to loss of LILE, Th, and U during high-grade metamor- 
phism. In the State Line diatremes, the issue is further com- 
plicated by the apparent reintroduction of Rb, Ba, Pb and 
LREE during metasomatism that affected the xenoliths after 
the time of peak metamorphic conditions. As a result we are 
not confident that the magmas parental to the State Line 
xenoliths can be unambiguously fingerprinted. We do note that 
the absolute and relative abundance of many trace elements 
in the high LdYb, xenoliths, including the lack of prominent 
Eu anomalies and relatively low Nb and Tb abundances, are 
very similar to those calculated for Paleoproterozoic mafic 
lower crust beneath the southern Colorado Plateau [Selver- 
stone et al., 19991 (Figures 7b, 8). The latter has been inter- 
preted as representing the products of arc-related magrnatism, 
and so at least the high LdYb, mafic lower crust beneath 
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Figure 15. Measured E~~ VS. 147Sm/144~d for leached State Line 
granulite xenoliths relative to lower crustal xenoliths from other 
localities in southwestern U.S. and from -1.4 Ga Sherman granite 
(Figure 1). Data from Wendlandt et al. [1993], Chen and Arculus 
[1995], Cameron and Ward [1998], and Frost et al. [1999]. 

the northern Front Range in Colorado can be interpreted in 
the same fashion. 

The low LaJYb, xenoliths from the State Line diatremes, 
however, have much lower LREE, U, Th, Nb, Ta and Sr abun- 
dances, and higher HREE contents, at any given wt. % MgO 
than their higher LaJYb, counterparts. Furthermore, the 
clinopyroxene in these xenoliths has extremely "humped" 
REE patterns (Ridley and Farmer, unpublished data), which 
could be the result of partial melting of a garnet-bearing crustal 
protolith [Zou and Reid, 20011. We suggest that the low La/YbN 
xenoliths represent the mafic residua of partial melting of a 
garnet bearing, lower crustal source rock. The timing of this 
partial melting event, and the nature of the source rock, are both 
discussed further below. 

The Leucite Hills xenoliths also show good correlations 
between major element contents, with compatible elements 
concentrations (Sc, Ni) generally decreasing and incompati- 
ble element concentrations (Na) increasing with decreasing wt. 
% MgO. The scatter in K, Rb, Sr concentrations could be the 
result of interaction with their ultrapotassic host magmas (Fig- 
ure 3). In contrast to the State Line xenoliths, those from 
Leucite Hills all have well-developed negative Eu anomalies, 
and consistently high LILEJHFSE ratios. The negative Eu 
anomalies require fractionation of plagioclase from the basaltic 
magmas parental to the Leucite Hills xenoliths and so sug- 
gest that magmatic differentiation occurred at depths of less 
than -40 km, depths at which plagioclase is an important liq- 
uidus phase in basaltic magmas [Herzberg and O'Hara, 19981. 
The high LILEBSFE ratios indicate that the magmas parental 
to the Leucite Hills xenoliths were likely produced in an arc 
enviro~iiiieiit. 
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Contrasting Age and Evolution of Lower Crust Across 
Cheyenne Belt 

The Leucite Hills zircon form a relatively simple age pop- 
ulation centered at -2.6 Ga (Figure 1 I), similar to the ages 
of Archean rocks exposed in Wyoming [Frost et al., 19981. 
In addition, the Nd isotopic compositions of the majority of 
the Leucite Hills xenoliths plot on a -2.6 Ga reference Sm- 
Nd isochron (Figure 14) and have late Archean Nd model 
ages (Table 3; see CDROM in back cover sleeve). Finally, the 
Nd isotopic composition of the majority of the Leucite Hills 
xenoliths overlap those of Late Archean granitic rocks 
exposed in the Wind River Range directly to the north of 
the Leucite Hills, themselves (Figures 1, 14). These obser- 
vations suggest that the lower crust in this region formed in 
the Late Archean from arc related magmas during the orig- 
inal stabilization of this segment of continental crust and 
does not represent the product of underplating of the Archean 
crust by younger mafic magmatism. The relatively simple 
nature of the U-Pb zircon systematics, including the lack of 
younger overgrowths, makes it unlikely that these rocks have 
seen any significant younger metamorphic overprinting. 
Overall, then, we suggest that the hydrous nature of this 
crust was inherited from Late Archean arc magmatism, and 
that physical conditions in the lower crust where these xeno- 
liths resided until the -1 Ma Leucite Hills magmatism were 
never sufficient to result in breakdown of the originally 
formed hornblende. 

South of the Cheyenne Belt, the complex U-Pb zircon ages 
from the State Line xenoliths are best interpreted as requiring 
a -1720 Ma age for the original arc crust, with subsequent 
periods of zircon growth, particularly at 1.34-1.38 Ga. In 
contrast, Hill and Bicyord [2001] have suggested that conti- 
nental crust in central Colorado, and perhaps northern Col- 
orado as well, was originally comprised of -1.87 Ga crust, 
similar in age to rocks of the Trans Hudson Province (THP) 
in the north central U.S. and adjacent portions of Canada. We 
emphasize that none of the zircon yet analyzed from any State 
Line xenoliths have 207PbJ206Pb ages in the 1.8 Ga to 2.4 Ga 
range found for inherited components in Paleoproterozoic 
igneous rocks in central Colorado (Figure 11). However, 
because the Archean zircons (-3.2 Ga) found in several State 
Line xenoliths occur in igneous rocks, they must be viewed as 
inherited components, despite the fact that we have not doc- 
umented Archean zircon with Proterozoic overgrowths. We 
consider this observation as clear evidence of Archean crust 
andlor sedimentary detritus south of the Cheyenne Belt and 
view the lack of any inherited zircons in the 1.8 Ga to 2.4 Ga 
age range in the State Line xenoliths as evidence that this seg- 
ment of Colorado Precambrian crust is not a reworked portion 
of the THP In light of our results, the TEP cannot be regarded 
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as the original starting material for Paleoproterozoic crust 
throughout Colorado. 

Also supporting a Paleoproterozoic age for mafic lower 
crust beneath northern Colorado is the fact that the State Line 
xenoliths, whether low or high LdYb,, have chemical and 
whole rock Nd isotopic compositions similar to those of gar- 
net granulites entrained in Tertiary igneous rocks from the 
Four Corners area in the SW U.S. (Figure 15) [ Wendlandt et 
al., 19931. The latter xenoliths are interpreted to represent 
samples of -1.7 Ga, arc-related lower crust. Mafic xenoliths 
from the San Francisco Volcanic Field in northern Arizona, a 
region underlain by Paleoproterozoic crust, also have Nd iso- 
topic characteristic similar to those of both the Four Corners 
and State Line xenoliths (Figure 15) [Chen anddrculus, 19951. 
The only mafic xenolith populations from Precambrian crustal 
regions with distinctly different Nd isotopic compositions are 
those from the West Texas volcanic field [Cameron and Ward, 
19981. These xenoliths are interpreted to have been derived 
from Grenville age (- 1.1 Ga) lower crust, and the whole rock 
analyses define a Sm-Nd array with distinctly shallower slope 
than that defined by all of the mafic xenoliths derived from 
mafic lower crust underlying Paleoproterozoic crust (Figure 
15). We consider this observation as strong evidence that the 
mafic lower crust sampled by the State Line xenoliths beneath 
the northern Front Range is Paleoproterozoic in age and does 
not represent mafic magmas underplated beneath this region 
during the Mesoproterozoic or at any subsequent time. 

The low L a N  xenoliths, however, do provide evidence that 
portions of the Paleoproterozoic mafic lower crust underwent 
anatexis subsequent to the time of crust formation. Unfortu- 
nately, we were unable to obtain zircon from any of the low 
LaIYb, xenoliths so we have no direct, U-Pb based, estimate 
of when this anatexis may have occurred. Our Sm-Nd data 
also provide few constraints on the anatectic, or original crys- 
tallization, ages of the mafic lower crust beneath northern 
Colorado, primarily because the majority of our State Line 
samples are unleached whole rocks that are likely to contain 
secondary LREE introduced after the time of last isotopic 
equilibration for these rocks. Even our mineral isotopic data 
are insufficient to assess whether the age of anatexis for the 
low La/YbN xenoliths can be determined in this fashion. The 
plagioclase, clinopyroxene and leached whole rock samples 
from SD2 LC-71, for example, scatter about a -300 m.y. Rb- 
Sr reference isochron (Figure l6), the approximate emplace- 
ment age of the host kimberlites. This suggests that the crust 
sampled by this xenolith was at temperatures greater than the 
closure temperature for Sr in either plagioclase or clinopy- 
roxene at the time of extraction by the kimberlite magma 
(-650°C and -l,OOO°C, respectively, depending on cooling 
rate; [Sneeringer et al., 1984; Jenkin et al., 19951. However, 
the Sm-Nd analyses from these same minerals define a crude 
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Figure 16. Measured 87Sr/86Sr VS, 87Rb/86Sr for minerals and leached 
and unleached whole rock xenoliths from State Line, and unleached 
whole rock xenoliths from Leucite Hills. 

linear array that parallels a -1.0 Ga reference isochron (Fig- 
ure 14), despite the similar closure temperatures for Sr and the 
LREE, at least in clinopyroxene [Sneeringer et al., 19841. 
The discrepancy between the Sr and Nd internal "errorchrons" 
in this sample could be the result of the introduction of high 
RbISr secondary components into the xenolith during meta- 
somatism, given that the plagioclase and clinopyroxene were 
unleached samples obtained through microdrilling and may 
have retained these secondary components. Alternatively, this 
discrepancy could have significance regarding the actual rates 
of diffusion of these elements in the lower crust, and may also 
yield information regarding the timing of the partial melting 
event that produced the unique chemical characteristics of 
the low L- xenoliths. However, lacking sufficient mineral 
isotopic data from these rocks for these purposes, we can only 
state that the Nd errorchron from SD2-LC-71 suggests that 
resetting of the internal Nd isotopic systematics of this sam- 
ple, presumably associated with anatexis, may have occurred 
at some point in the Mesoproterozoic. Whether or not the 
crustal heating event that led to lower crustal anatexis was 
also responsible for the episode of renewed zircon growth at 
1.34-1.38 Ga recorded in the high LdYb, xenoliths remains 
a matter of speculation. 

Although we do not know the exact age of lower crustal 
anatexis, it is interesting to note that the State Line diatremes 
occur in a portion of the northern Colorado underlain by 
the -1.43 Ga, A-type, Sherman Batholith (Figure 1) [Frost 
et al., 19991. The magmas parental to the batholith have 
been interpreted as having been produced through anatexis 
of a low fO,, tholeiitic composition, mafic crustal rock [Frost 
et al., 19991. The facts that the State Line mafic xenoliths are 
relatively anhydrous, and have subalkaline compositions, 
indicate that Paleoproterozoic mafic lower crust beneath 
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Figure 17. Velocity versus density at 600 MPa for Leucite 
Hills (closed symbols) and State Line (open symbols) 
xenoliths. 

northern Colorado represents a viable source for the 1.4 Ga 
magmatism. Such a scenario is consistent with the similar- 
ity between the initial whole rock Nd isotopic compositions 
for the Sherman granite (cNd =-1.2 to I .8; [Frost et al., 19991) 
and the Nd isotopic compositions calculated for the leached 
State Line xenoliths at 1.4 Ga (&,,=-2.8 to 1.5). However, it 
is important to emphasize that although the low LaiYb, 
State Line xenoliths could represent restites related to the 
production of the 1.4 Ga magmatism in this area, our data 
provide few clues as to what triggered lower crustal melting. 
Injection of mafic magmas into the northern crust at -1.4 Ga 
seems a likely mechanism for providing the heat necessary 
for anatexis, but we have no direct evidence that such an 
event occurred. 

Signijicance of'Physica1 Proper@ Measurements 

The two low velocity and density samples from Leucite 
Hills are granites (LHHS-6, LHHE-l), which likely origi- 
nated at upper crustal levels. Velocities of the higher density 
rocks are consistent with a lower crustal origin. Increasing 
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ene and garnet content and negatively with the degree of sec- 
ondary alteration. The samples from the State Line locality con- 
tain significant amounts of garnet and thus have higher 
velocities than many of the lower crustal xenoliths from Leucite 
Hills. 

The primary controls on crustal compressional and shear 
wave velocities are mineral composition, preferred mineral 
orientation, temperature and confining pressure. These factors 
must all be considered in using laboratory data to infer crustal 
composition from seismic velocities. Temperature effects on 
seismic velocity have been documented by Christensen [1979]. 
As temperature increases velocity decreases, typically 0.1 to 
0.3 kmis for most rock types at lower crustal depths. 
Anisotropy effects may be assessed by measuring physical 
properties on mutually perpendicular cores: however, because 
most of the lower crustal samples collected in this study appear 
to have relatively weak anisotropy, we invoke a seismically 
isotropic or weakly anisotropic lower crust beneath the 
Cheyenne Belt. The velocity measurements on the two Leucite 
Hills granulites (LHHW-1 and LHHE-26) from which we 
were able to obtain measurements parallel and perpendicu- 
lar to layering show 1.6% and 4.6% compressional wave veloc- 
ity anisotropy, respectively at 600 MPa with low velocities 
normal to layering. 

As discussed earlier, the lower crustal xenoliths from the 
Leucite Hills and State Line regions differ significantly in 
mineralogy, suggesting that the Archean lower crust may 
differ from Proterozoic lower crust in seismic properties. 
At lower crustal pressures compressional wave velocities for 
Leucite Hills granulite facies rocks generally fall between 
6.2 and 6.9 kmis, whereas velocities for State Line rocks 
vary from 6.5 to 7.1 kmis. Figure 17 compares both com- 
pressional and shear wave velocities at 600 MPa for rocks 
from both regions. The higher velocities for lower crustal 
rocks from the State Line locality originate from the pres- 
ence of high velocity garnet and the anhydrous to weakly 
anhydrous nature of the rocks. In contrast, the Leucite Hills 
mafic granulites are garnet-free and contain abundant 
amphibole. This suggests that the mafic rocks of the Pro- 
terozoic lower crust of this region can be distinguished 
seismically from the garnet-free, hydrous granulites of the 
Archean. 

Based on this discussion, it is likely that the 7.xx layer iden- 
tified seismically beneath northern Colorado corresponds to 
garnet-bearing mafic crust, which implies that such crust 
remains an important component of the lower crust beneath this 
region [Karlstrom et a/., 20021. The lack of a 7.xx layer beneath 
southern Wyoming [Karlstrom et al., 20021 further suggests 
that garnet-bearing mafic lithologies do not exist beneath this 
region, which is consistent with the lack of garnet in the 
T -..-:A- T l : l l ?  I:LL --.-..I..*:-- 
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CONCLUSIONS 

Although our data reveal that mafic lower crust is present 
both north and south of the Cheyenne Belt, the lower crust 
to the north is hydrous, garnet-free, and Late Archean in age, 
while to the south, the lower crust is Paleoproterozoic, gen- 
erally anhydrous, and garnet bearing. Based on physical prop- 
erty measurements and the available seismic data, we suggest 
that observed variations in P-wave velocities observed in the 
lower crust across the Cheyenne Belt are controlled by this 
dichotomy in lower crustal mineralogy, with garnet-bearing 
lithologies south of the Cheyenne Belt producing the moder- 
ately high (-7.0 kmls) P-wave velocities observed in this 
region. 

Our data also indicate that the lower crust beneath the south- 
ern Wyoming Craton has not been significantly heated above 
its present-day temperature since crust formation in the Late 
Archean. In contrast, the lower crust beneath northern Colorado 
has been affected thermally by events occurring after crust 
formation in the Paleoproterozoic, and after accretion of this 
crust against the southern margin of the Wyoming craton, 
most prominently manifested by metamorphic zircon growth 
at 1.3k1.37 Ga. However, none of the State Line xenoliths are 
clearly identifiable as the products of magmatic underplat- 
ing of the lower continental crust in this region. 

The fact that fundamental differences exist in the meta- 
morphic history and the degree of hydration of lower crust 
across the Cheyenne Belt is a significant observation as it 
suggests that the Archean lower crust was not influenced by 
thermal events that thoroughly affected the Paleoproterozoic 
lower crust immediately to the south. This observation could 
bear on the long-standing debate as to the relative roles of 
deep lithospheric mantle roots and crustal composition in pro- 
ducing the relatively low surface heat flows observed in 
Archean cratons [Nyblade and Pollack, 1993; Lenardic, 19971. 
It is possible, for example, that the lower crust beneath the 
southern Wyoming Craton, but not the Paleoproterozoic lower 
crust to the south, has been thermally insulated by thick, buoy- 
ant Archean lithospheric mantle and it is the presence of this 
lithosphere that accounts for the unique metamorphic history 
of the Archean lower crust. The issue is not straightforward 
however, given that previous workers have suggested that 
Archean lithosphere actually extended somewhat south of the 
Cheyenne Belt through at least the Devonian, based on the 
chemical compositions of mantle xenoliths, and the occur- 
rence of diamonds, in the State Line kimberlites [Eggler et al., 
198761. But it remains for future work to reconcile those lines 
of evidence favoring the existence of Archean mantle litho- 
sphere immediately south of the Cheyenne Belt with our new 
data demonstrating extensive Proterozoic (?) reheating of the 
lower crust beneath the State Line area, an event that would 

seem likely to have also resulted in the thermal erosion of 
any Archean lithosphere that originally existed beneath this 
region. 

APPENDIX 

Detailed Petrographic Descriptions of Individual State Line 
District Ma& Xenoliths 

SD2-LC74 (low La/YbN group). Sample SD2-LC74, from 
Pipe 2 of the Sloan Diatremes is a Cpx-Grt-PI granulite con- 
taining plagioclase (-35%), clinopyroxene (-30%), garnet 
(-30%), and ilmenite (-3%) with minor K-feldspar and trace 
amounts of rutile, barite, and zircon. Plagioclase and clinopy- 
roxene are equant to somewhat irregular in shape and display 
weak undulatory extinction. Plagioclase grains, especially 
where adjacent to garnet or clinopyroxene commonly have 
narrow rims of K-feldspar. 

Garnet occurs in several textural varieties, all of which con- 
tain exsolved, aligned rutile needles. The most common vari- 
ety consists of subhedral crystals comparable in size to 
plagioclase and clinopyroxene. In addition, garnet forms coro- 
nae on ilmenite within plagioclase-rich domains (Plate lc). 
Corona widths are on the order of tenths of millimeters and are 
inversely proportional to ilmenite grain size. Garnet also 
occurs in symplectitic intergrowths with plagioclase or clinopy- 
roxene (Plate ld,f). Locally, symplectites are so fine grained 
as to constitute a fine foam-like mass (Plate Id). Finally, small 
garnet grains and lamellae locally occur within plagioclase 
(Plate Id). The included garnet is generally preferentially 
aligned along plagioclase twin planes, and unlike garnet- 
bearing symplectite, is generally not intergrown with other 
Fe-Mg-Ca phases. 

SD2-LC120 (High La/Yb, group). Sample SD2-LC120 
from Pipe 2 of the Sloan Diatreme is a Cpx-Opx-Grt granulite 
containing plagioclase (35%), orthopyroxene (30%), garnet 
(25%), clinopyroxene (lo%), with minor ilmenite and K- 
feldspar, and trace rutile and zircon. In general blocky, sub- 
hedral orthopyroxene grains occur in an equigranular mosaic 
of plagioclase with interstitial clinopyroxene and ilmenite. 
Garnet occurs as narrow coronae between orthopyroxene and 
plagioclase (Plate lb) and as symplectitic intergrowths with 
fine plagioclase and clinopyroxene. Clinopyroxene occurs as 
isolated interstitial grains and as thin coronae between orthopy- 
roxene and plagioclase (Plate le). 

NX4-LC1 (High La/Yb, group). Sample NX4-LC1 from 
Pipe 4 of the Nix Pipe, is a Cpx-Opx-Grt granulite containing 
plagioclase, garnet, orthopyroxene, clinopyroxene with minor 
ilmenite. The sample has a weak foliation defined by the 
alignment of slightly elongate orthopyroxene, clinopyroxene 
and ilmenite. Garnet occurs as coronae between orthopyrox- 
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ene or ilmenite and plagioclase. Coronae are between 0.1 and 
0.5 mm thick, and make up roughly 25-30% of the sample. 
The coronae grains have euhedral boundaries where in con- 
tact with plagioclase and commonly contain fine inclusions of 
plagioclase and clinopyroxene. Clinopyroxene typically occurs 
near or within garnet. Locally clinopyroxene occurs as rims on 
irregular, "relict" orthopyroxene. 
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INTRODUCTION 

The lithosphere of the southwestern United States com- 
prises a mosaic of arc terranes that were assembled to the 
southern margin of the Archean Wyoming craton between 1.8 
and 1.6 Ga [Figure 1 ; Karlstrom and Bowring, 19931. This 
1200-km-wide swath of juvenile lithosphere was profoundly 
modified by a widespread 1.45-1.35 Ga (- 1.4 Ga) tectonic 
episode involving A-type granitic magmatism, deformation, 
and metamorphism [e.g. Silver et al., 1977; Anderson, 1983; 
Anderson and Morrison, 1992; Bicyord anddnderson, 1993; 
Nyman et al., 1994; Karlstrom and Humphreys, 1998; Shaw 
et al., 1999; JT4lliams et al., 19991. Lararnide basement uplifts 
expose Proterozoic mid-crustal rocks throughout the region 
[Williams and Karlstrom, 19961. 40Ar/39Ar thermochrono- 
logic data provide important constraints on the thermal evo- 
lution of the middle crust and provide insight into processes 
of continental growth, stabilization, and intracontinental defor- 
mation that are hidden in younger, less deeply exhumed oro- 
genic belts. 

In this paper we argue that 40Ar/39Ar and K/Ar mineral 
dates from throughout the Proterozoic provinces of the South- 
west record a widespread thermal episode coeval with -1.4 Ga 
plutonism and deformation [Shaw et al., 19991. The over- 
whelming majority of mica 40Ar/39Ar dates from Colorado 
and New Mexico are less than 1.45 Ga. Muscovite and biotite 
ages from many localities are nearly concordant. Hornblende 
data are more dispersed between 1.7 and 1.38 Ga and many 
yield highly complex intermediate ages. These observations 
are best explained by variable degrees of thermally enhanced 
diffusive argon loss andlor recrystallization of mica and horn- 
blende at -1.4 Ga. Thus, argon dates from minerals with dif- 
ferent closure or recrystallization temperatures can be used to 
provide information about peak -1.4 Ga temperatures in Pro- 
terozoic mid-crustal rocks that are now exposed on the surface. 
Spatial trends in the data suggest that temperature variations 
due to inherited lithospheric structure, proximity to plutons, 
and depth of exposure influenced -1.4 Ga peak temperatures, 
and thus the degree of argon loss andlor recrystallization. 

METHODS AND ASSUMPTIONS 

We employ a statistical approach to distill regional trends 
from a large thermochronologic dataset that reflects variations 
in mineral composition, grain size, local or transient thermal 
irregularities, depth of exposure, and other factors. Several 
simplifications are necessary to facilitate this analysis. (1) For 
our compilations, we assign a single plateau or preferred date 
to 40Ar/39Ar age spectra that is calculated from the mean of 
individual steps weighted by the inverse variance. This approach 
provides a broad view of regional trends at the expense of 

detailed information on cooling histories from individual sam- 
ples. New data are summarized in Appendix 1 (see CDROM 

ca. 1 .I Ga Pikes Peak Batholith 

ca. 1.4 Ga plutons 

Tectonic province transition zones 

Laramide Uplifts 

Archean crust 

Figure 1. Index map showing generalized Precambrian geology of 
the southern Rocky Mountains, with crustal provinces and ages from 
Karlstrom and Bowring, 1988 (MOJ: Mojave, YAV Yavapai, MAZ: 
Mazatzal). Stipple indicates transition zones between provinces. 
Study areas discussed in text are indicated: PR: Park Range (Figure 
3), FR: Front Range (Figure 4), VD: Virginia Dale (no detailed map), 
CMB: Colorado mineral belt (Figure 5), SC: South-Central Col- 
orado Transect (Figure 6), UN Uncompahgre (Figure 6, inset). 
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in back cover sleeve) and detailed incremental release spectra 
are presented in Appendix 2 (see CDROM). (2) We use both 
K-Ar mineral dates and 40Ar/39Ar dates from the literature as 
a supplement to the new 40Ar/39Ar dates (Appendixes 3 and 4; 
see CDROM). This is justified by the comparison presented in 
Figure 2 that shows broad correlation between total gas dates 
(roughly equivalent to WAr dates) and plateau dates from 
studies where both are available. (3) We use the widely cited 
nominal closure temperature (T,) ranges [McDougall and Har- 
rison, 19991. Assuming slow cooling, our assigned closure 
temperatures are: hornblende, Tc = 525" C; muscovite, Tc = 

350" C; biotite, Tc = 300" C. 
Many hornblende samples yield highly complex spectra 

with ages between 1.65 and 1.45 Ga that do not correspond to 
any recognized regional tectonic episode. We interpret these 
spectra as geologically meaningless 'mixed' ages. produced by 
episodic partial loss of argon andlor recrystallization of horn- 
blende during a -1.4 Ga thermal episode. An alternate inter- 
pretation is that these ages record blocking of argon diffusion 
during very slow cooling after -1.75-1.65 Ga tectonism [e.g. 

Hodges et al., 1994; Chamberlain and Bowring, 20011. We 
examine mechanisms that might account for partial resetting 
of argon thermochronometers below and discuss evidence 
supporting a -1.4 Ga thermal event in a separate section. 

One mechanism for producing disturbed spectra is homog- 
enization during laboratory heating of partial argon loss pro- 
files that are created in nature by thermally enhanced diffusion 
[Harrison, 1981 ; Baldwin et al., 1990; Kelley and Turner, 
199 11. In rare cases well-behaved difision profiles are exhib- 
ited by amphiboles that have undergone partial argon loss 
[e.g. Harrison and McDougall, 1980b1, but more commonly 
spectra do not reflect simple diffusive degassing of the sam- 
ple during the experiment. The lack of simple diffusion pro- 
files in amphibole spectra that record partial argon loss is 
related to instability of the amphibole in the ultra high-vacuum, 
high-temperature argon extraction furnace [cf. Lee et al., 
199 11. Despite the lack of clear diffusion spectra in incre- 
mental heating experiments, disturbed hornblende spectra can 
give a qualitative indication of partial argon loss that reflects 
diffusion profiles within crystals [Kelley and Turner, 199 11. 

PlateaulPreferred Age (Ma) 

Figure 2. Plot of 260 40Ar/3yAr plateau dates vs. 40Ar/39Ar total gas dates from this study and recently published studies 
[Harlan et al., 1994; Holm et al., 1997; Karlstrom et al., 1997a; Marcoline et al. , 19991. Although there is considerable 
scatter, broad equivalence in ages suggests that WAr ages (equivalent to total gas ages) and 40~r/39Ar plateau ages should 
yield similar first-order information about temperature conditions. Most data lie below the 1 : 1 line showing that, on aver- 
age, argon loss dominates over excess argon among the samples plotted. 
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Another mechanism to produce mixed ages is to partially 
recrystallize existing mineral grains or to grow rims or over- 
growths on older cores. For instance, Marcoline et al. [I9991 
inferred that -1.7 Ga actinolite had been partially to completely 
replaced by hornblende during 1.4 Ga regional amphibolite 
facies metamorphism in central New Mexico producing a range 
of geologically meaningless intermediate ages. Because the clo- 
sure temperature for argon diffusion in hornblende [-500-550°C, 
McDougall and Harrison, 19991 and the lower temperature sta- 
bility of hornblende [-550" C, Spear and Gilbert, 19821 are 
similar, temperatures inferred from complex hornblende spec- 
tra are fairly insensitive to the mechanism of argon loss. 

For all new data we use a newly proposed age for Fish 
Canyon Tuff (FCT) sanidine standard and total 40K decay con- 
stant. Over the past several years it has become increasingly 
obvious that, for K-Ar ages to be consistent with UIPb dates, 
there needs to be a change in one or both of the standard val- 
ues chosen for the FCT age and total decay constant [Renne 
et al., 1998; Min et al., 2000; Schmitz and Bowring, 2001; 
Kwon et al., 20021. We have applied the recently suggested val- 
ues by Kwon et al. [2002] that yield apparent ages likely to be 
in better agreement with dates obtained from other 
geochronometers than those calculated using constants sug- 
gested by Steiger and Jager [1977]. A number of different 
decay constants were used in the older literature and they are 
not always identified in the sources, so it was not possible to 
recalculate all compiled dates. 

Analytical Methods 

Samples were prepared and analyzed at the New Mexico 
Geochronology Research Laboratory in several groups between 
August 1994 and June 2002. Mineral separates of hornblende, 
muscovite, and biotite were obtained by standard heavy liquid 
and magnetic techniques. The samples were placed in 
machined A1 discs and sealed in evacuated quartz tubes along 
with monitors of interlaboratory standard Fish Canyon Tuff 
(28.27 Ma). The samples and standards were typically irra- 
diated for 100 hours at the University of Michigan Ford 
research reactor. Following irradiation, monitor crystals were 
placed in holes drilled in a copper planchett and fused within 
an ultra-high vacuum argon extraction system with a Synrad 
CO, continuous laser. Evolved gasses were purified typically 
for two to four minutes using a GP-50 SAES getter operated 
at 450°C. J-factors were determined to a 0.1% ( lo)  precision 
by analyzing single crystal aliquots from each monitor posi- 
tion. The samples were step-heated in a double vacuum Mo 
resistance h a c e  or with a defocused laser beam. Evolved gas 
was cleaned during heating with a SEAS GP-50 getter oper- 
ated at -450" C and for an additional 3-5 minutes in a second 
stage containing two GP-50 getters (450" C, 20" C). Argon iso- 

topic compositions were determined with an MAP 2 15-50 
mass spectrometer in electron multiplier mode with a typi- 
cal sensitivity of 2x10-l6 molesIpA. Extraction system and 
mass spectrometer blanks and backgrounds were measured 
repeatedly throughout the analyses and typically were under 
200, 1 .O, 0.5,0.5, and 1.3 x 10-l8 moles at masses 40,39,38, 
37, and 36, respectively. Corrections for interfering nuclear 
reactions were determined using K-glass and CaF,. The total 
decay constant (5.476 x 10-lo Iy) was taken from Kwon et al., 
[2002] and relative isotopic abundances from Steiger and 
Jager [1977]. Uncertainties are reported at the l o  level and 
include uncertainty in J-value precision. 

NEW 40AW39A~ RESULTS FROM COLORADO AND 
NEW MEXICO 

Data presented in this section include analyses from a vari- 
ety of rock types collected in several mountain ranges in Col- 
orado and northern New Mexico (Figures 1,3). Samples include 
metasedimentary and metaigneous rocks of Paleoproterozoic 
age. Some pegmatite and amphibolite dikes of uncertain age 
(possibly 1.4 Ga) were also analyzed. Many samples were col- 
lected near or within Mesoproterozoic shear zones and plutons 
although no mylonitic rocks were analyzed. The effects of prox- 
imity to shear zones and plutons will be discussed below. 

Park Range 

Samples were collected from two transects in the Park Range 
east of Steamboat Springs, Colorado and also from the Far- 
well Mountain-Lester Mountain area to the north (Figure 3). 
The first transect is an E-W age-elevation profile from the 
summit of Rabbit Ears Pass (2800 m) to the range front near 
Steamboat Springs (2200m), the second is a N-S traverse 
approaching the southern margin of the Mt. Ethel Pluton [I439 
* 50 Ma, Rb-Sr; Tweto, 19871 across the Fish Creek-Soda 
Creek shear zone [FCSC, Snyder, 19801. The shear zone shows 
evidence for multiple episodes of deformation including some 
-1.4 Ga displacement on discrete mylonite zones within the 
shear zone [Barinek et al., 19991 The study area lies approxi- 
mately 50-80 km south of the Archean-Proterozoic suture 
[the Cheyenne belt, e.g. Houston et al., 19891 so the data reflect 
conditions in the northernmost part of the Proterozoic lithos- 
pheric provinces (Figure 1). 

Biotite dates fall mainly in the range 1350-1460 Ma (Plate 
la) and have variably complex spectra (Appendix 2). There is 
no apparent trend in the biotite dates with respect to elevation 
or distance from the Mt. Ethel pluton (Figure 3). The variation 
in individual biotite ages likely represents local temperature 
variations as well as a range in the effective closure temper- 
ature of individual biotite samples due to differences in com- 
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- muscovite 
1 - biotite 

Plate 1. Relative probability diagrams (histograms) summarizing data from Proterozoic provinces of the southern Rocky 
Mountains (Colorado and Northern New Mexico). Data are grouped by mountain range or region (see Figure 1 for loca- 
tions). Gray bar represents approximate time span of ca. l .40 Ga tectonism (1.45-1.35 Ga). Data from northern, central, 
and southwestern Colorado (Park Range, northern Front Range, Colorado mineral belt, Gunnison Valley, Arkansas Valley, 
Needles Mountains) are characterized by mica dates of - 1.35-1.45 Ga hornblende ages 1.70-1.45 Ga. Data from the 
Wet Mountains, and northern New Mexico are characterized by hornblende and mica ages of < 1.45 Ga indicating partial 
to complete resetting by higher -1.4 Ga temperatures. Cumulative probability plots provide a convenient visual summary 
of our results. However, it should be noted that these plots are models of the data distribution based on assumptions of the 
form of probability distributions. Reduced data tables, 40Ar/39Ar incremental release spectra, and a summary table of 
plateau and preferred ages are presented in Appendixes 1 and 2. 
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Ca. 1.4 Ga granitic rocks Phanerozoic rocks 

Ca. 1.8 - 1.6 Ga granitidmafic & Sediments 

Ar/ 3 9 ~ r  Sample 

Metamorphic rocks locality 
h =hornblende, m = muscovite, b = biotite 

Figure 3. A) Generalized geologic map of the central Park Range 
study area, North Central Colorado [Snyder, 1980; Tweto, 1989; 
Green, 19921 showing ca. 1.7 Ga Buffalo Pass Pluton, Paleopro- 
terozoic schist and gneiss, -1440 Ma (Rb-Sr) Mt. Ethel Batholith 
[Reed et al., 19931, and Fish Creek-Soda Creek shear zone (FCSZ). 

position and grain size [McDougall and Harrison, 19991. The 
fact that biotite samples far from the pluton margin record 
the same range of cooling dates as samples adjacent to the 
pluton is interpreted to indicate that peak temperatures 
exceeded biotite closure temperatures (-300°C) throughout the 
study area and cooled through about 300°C between about 
1450 and 1350 Ma. Thus, we interpret biotite closure tem- 

perature (-300') as a lower limit on regional mid-crustal tem- 
peratures in the Park Range at -1.4 Ga. 

In contrast to the biotite data, hornblende dates range 
between 1.45 and 1.7 1 Ga increasing systematically with dis- 
tance from the pluton (Figure 3). Dates from the contact of the 
Mt. Ethel batholith are concordant with the age of the plu- 
ton. Older ages prevail farther from the pluton. About 7 km 
south of the pluton (within the FCSC shear zone) hornblende 
gives 1570-1600 Ma dates. At distances >15 km from the 
pluton hornblende dates range from 1500-17 13 Ma (Figure 3). 
The preservation of Paleoproterozoic dates far from the plu- 
ton and shear zone suggest that regional temperatures did not 
exceed hornblende closure (<550°C) at 1.4 Ga. Adjacent to the 
pluton hornblende ages were likely reset by diffusive argon loss 
or by recrystallization at temperatures >500° C. Argon sys- 
tematics of samples from within the shear zone may have 
been reset by any combination of thermal, fluid, or mechan- 
ical processes [e.g. Cosca et al., 19921. 

Metamorphic data are consistent with temperature esti- 
mates based on 40Ar/39Ar data. Barinek et al. [I9991 calculated 
metamorphic temperatures of -540°C within the FCSC Shear 
zone increasing to -630°C at -400 MPa toward the margin of 
the Mt. Ethel batholith from Fe-Mg equilibria in post-tectonic 
garnet cores and matrix biotite (Figure 3). Garnet rims and 
matrix biotite from outside the shear zone yield temperatures 
of -550°C. 

Northern Front Range 

Data from the northern Front Range includes recalculated 
40Ar/39Ar dates first presented by Shaw et al. [I9991 from the 
Big Thompson Canyon west of Loveland, Colorado and new 
data from Longs Peak and from upper Fall River canyon in 
Rocky Mountain National Park (Figure 4). In addition, three 
dates were obtained from Virginia Dale, approximately 5 km 
south of the Wyoming-Colorado border (Figure 1). 

Like those in the Park Range, hornblende ages from the 
central Front Range [Shaw et al., 19991 are highly variable 
with ages ranging from about 1.40 Ga to 1.62 Ga (Plate lb). 
Shaw et al. [I9991 interpreted the wide range of hornblende 
ages to reflect varying degrees of argon loss andlor recrys- 
tallization during a prograde metamorphic event around 1.4 Ga 
[Selverstone et el., 19971. Peak temperatures during this meta- 
morphism were in the staurolite and andalusite stability fields 
in semi-pelitic rocks [>500°C; Shaw et al., 19991. 

In some cases different hornblende samples from a single 
locality yield 40Ar/39Ar dates that differ by as much as -130 
m.y. Samples with younger ages typically have actinolitic 
cores [Shaw et al., 19991. The younger ages could be caused 
by lower average closure temperatures for multiphase crystals 
or by mixing of argon retained in Paleoproterozoic actino- 
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Figure 4. Generalized geologic map of the northern Front Range study area, Colorado [Tweto, 1989; Green. 19921 show- 
ing sample locations and preferred 40ArJ39Ar ages [Shaw et al., 19991. Longs Peak - St. Vrain Batholith -1420 Ma, 
[Petemzan et al., 19681. Shear Zones with documented ca. 1.4 Ga movement are shown [Cavosie and Selverstone, 2003; 
McCoy et al., this volume; Selverstone et al., 19971: BCSZ: Buckhorn Creek shear zone. ISRSZ: Idaho Springs-Ralston 
Shear Zone, MMSZ Moose Mt. Shear Zone, See Figure 3 for map symbol definitions. 

litic cores and recrystallized aluminum-rich rims [e.g. Mar- 
coline et al., 19991. Discordant hornblende dates from other 
study areas may have a similar cause. 

Mica from near the eastern edge of the Precambrian expo- 
sure in Big Thompson Canyon yields dates between about 1.39 
and 1.42 Ga but ages generally decrease toward the west and 
south where biotite dates as young as about 1.20 Ga are found 
within the Longs Peak-St. Vrain batholith (Figure 4). Although 
no major mapped structures separate the two groups of sam- 
ples and paleomagnetic evidence shows that post 1.4 Ga tilt- 
ing of crystalline rocks in the range was modest [Kellog, 19731 
it is possible that the Longs Peak data represent a somewhat 
deeper crustal level. Alternatively, the young dates could record 
anomalously slow cooling due to radiogenic heat production 
within the batholith [e.g. McLaren et al., 19991. 

Colorado Mineral Belt: Sawatch Range, Gore Range, and 
Central Front Range 

The Colorado mineral belt (Figure 1) is a northeast-trending 
concentration of Laramide intrusions and mineral deposits 
that follows a system of Precambrian shear zones [Tweto and 

Sims, 19631 that were active at -1.7 and -1.4 Ga [Shaw et 
al., 2001; McCoy et al. this volume]. Samples were collected 
from areas near the Homestake shear zone (HSZ) in the 
Sawatch and Gore ranges and the Idaho Springs-Ralston (ISR) 
shear zone in the Front Range (Figure 5). 

The range of hornblende and biotite dates in the Colorado 
mineral belt is similar to the range of dates in the Park and north- 
ern Front Range (Plate lc). Hornblende dates far from Meso- 
proterozoic plutons range from about 1600 to 1440 Ma. Also, as 
in the Park Range, the thermal effects of plutons are manifested 
by complete resetting of hornblende dates near the Mt. Evans 
batholith El442 * 2 Ma, U-Pb; Reed and Snee, 199 11 and Silver 
Plume batholith [I422 =k 3 Ma, Tweto, 19871 (Figure 5). 

A transect along the eastern margin of the northern 
Sawatch Range crosses the Homestake shear zone (Figure 5). 
Hornblende ages range from 1650 to 1400 Ma and, with one 
exception, mica ages are tightly clustered around 1400 Ma. 
Despite -1.4 Ga dip-slip motion on mylonite zones within the 
HSZ [Shaw et al., 20011 there is no clear contrast between 
40Ar/39Ar dates across the shear zone although the oldest 
hornblende dates and youngest mica dates occur close to 
the shear zone. 
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Figure 5. Generalized geologic map of the Colorado mineral belt study area including the northern Sawatch Range, south- 
ern Gore Range, and central Front Range [Tweto, 1989; Green, 19921. Pikes Peak granite -1.1 Ga, Mt. Evans batholith 11442 
Ma, Aleinikoffet al., 19901, Boulder Creek Batholith [I714 Ma, Premo and Fanning, 19971, St. Kevin Batholith, 1400 *50 
Ma [Pearson et al., 19661. Shear Zones with documented ca. 1.4 Ga movement are shown [HSZ, Homestake shear zone, 
ISRSZ, Idaho Springs Ralston Shear zone, McCoy et al., this volume; Shaw et al., 20011. See Figure 3 for map symbol def- 
initions. 

Southern Colorado: Unaweep Canyon, Black Canyon, 
Gunnison Valley, Needle Mountains, Northern Sangre de 
Cristo Range, and Wet Mountains 

Several Ranges in southern Colorado and northern New 
Mexico including the Wet Mountains, Taos Range, and Tusas 
Range yield no 40Ar/39Ar hornblende dates >1.45 Ga (Plate 1, 
Appendix 1). The contrast between these areas and the areas 
in northern and central Colorado discussed above is evident 
in a 250-km-long WNW-ESE transect across central Col- 
orado from the Black Canyon of the Gunnison to the south- 
ern Wet Mountains (Figure 6). Hornblende dates from the 
first 180 km of this transect (Black Canyon to Arkansas River 

gorge; Figures 3 4  3e, 3f) range from 1400-1720 Ma like 
other hornblende dates from farther north in Colorado (e.g. 
Park and central Front Range). However, hornblende dates 
from the Wet Mountains south of the Arkansas River are 
restricted to the interval 1390-1350 Ma (Plate lg). 

Mica dates in the Black Canyon and Gunnison valley range 
between 1.08 Ga and 1.40 Ga-anomalously young compared 
with other areas in the southern Rocky Mountains. This may 
reflect a different post- 1.4-Ga cooling history related to Neo- 
proterozoic deformation along the northwest trending Uncom- 
pahgre uplift or to slower exhumation and cooling. 

Two biotite samples from the Needle Mountains yield ages 
of -1440 Ma (Figures 3e, 7) and a single fine-grained mus- 
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covite from a low temperature shear zone yields a plateau age 
of 1398 Ma. Hornblende dates from samples located outside 
the areole of the 1.4 Ga Electra Lake gabbro are complex, 
but parts of their age spectra retain 1.6 to 1.7 Ga apparent 
ages (Appendix 2). Samples within and near the gabbro yield 
nearly concordant hornblende and biotite dates between 1.43 
and 1.46 Ga. 

All the hornblende dates from the Wet Mountains are 
younger than 1.4 Ga and are interpreted to record post- 1.4 Ga 
cooling through -500°C. In some cases hornblende dates are 
older than mica ages from the same locality. Because most 
of our samples from the southern Wet Mountains were col- 
lected within 10 km of the margin of the 1.36 Ga San Isabel 
pluton [Reed et al., 19931 we cannot rule out local effects of 
the pluton as the cause of the <I .4 Ga dates in this area. 

The San Isabel pluton was probably emplaced at a deeper 
level than most 1.4 Ga plutons in Colorado. Based on Al in 
hornblende geobarometry the San Isabel batholith intruded 
at 15-20 km depth [50&700 MPa; Cullers et al., 19921, some- 
what deeper than the Oak Creek pluton in the northern Wet 
Mountains [lo-1 5 km or 300400 MPa; Cullers et al., 19931 
and significantly deeper than the Longs Peak-St. Vrain 

batholith in the central Front Range [7-12 km or 200-300 
MPa; Anderson and Thomas, 19851. The penetrative ductile 
-1.4 Ga deformation that characterizes the Wet Mountains 
south of the Arkansas River [Siddoway et al., 20001 also dif- 
fers from the focused deformation on discrete mylonite zones 
that is typical of northern and central Colorado [e.g. Shaw et 
al., 2001; McCoy et al., this volume]. 

Based on thermochronologic and pressure data and on the 
contrast in structural style cited above, we infer that the younger 
ages recorded by rocks in the Wet Mountains are, at least in 
part, a result of a deeper exposure level. This deeper expo- 
sure is not a hnction of differential Phanerozoic uplift because 
the depth below the sub-Paleozoic unconformity does not dif- 
fer substantially. 

Northern New Mexico: Tusas and Taos Ranges 

All argon dates from the Tusas and Taos ranges of northern 
New Mexico are less than about 1.45 Ga (Figures 3h, 3i, 8). 
Hornblende data from the Taos Range are quite young com- 
pared to other hornblendes from the southwestern United 
States. Samples from the lowest elevations yield apparent 

Figure 6.  A) Generalized geologic map of south-central Colorado [Tweto, 1989; Green, 19921 with sample localities and 
preferred 40Ar/39Ar dates. Hornblende dates decrease systematically from the Black Canyon of the Gunnison area in the 
northwest to the Wet Mountains in the southeast. 
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ages between about 0.60 and 1.00 Ga and higher elevation 
samples approach 1.42 Ga (albeit these older ones are very 
complex). Unlike many hornblende samples, the young sam- 
ples here have simple KICa spectra (Appendix 2) and there- 
fore we do not attribute their young age to alteration. These 
hornblende spectra may be recording partial argon loss asso- 
ciated with Mid-Tertiary igneous activity in the area that is sup- 
ported by a completely degassed (21 Ma) biotite (Appendix 
2). Spectra from hornblende samples with older dates are also 
complex (Appendix 2) and do not unambiguously constrain the 
high temperature cooling history of this region. However, 
many hornblendes from northern New Mexico reported by 
Karlstrom et al. [I9971 have fairly well-behaved age spectra 
consistent with complete resetting at 1.4 Ga. Several of these 
samples are from well outside the Questa Caldera and are 
therefore not suspected of being affected by mid-Tertiary heat- 
ing. The complexity of hornblende spectra from the Tusas 
Mountains and Cerro Colorado is interpreted to reflect alter- 
ation and some of these dates may be unreliable. 

A single published hornblende date from the Cimarron 
River tectonic unit of 1692 * 3 Ma [Grumbling and Dallmeyer, 

19931 suggests that at least this one block &d not reach 500' C 
(Figure 7) at 1.4 Ga. However, hornblendes collected less than 
3 km away, across the transpressive Fowler Pass shear zone 
[Carrick andtlndronicos, 20011 in the Eagle's Nest tectonic 
unit, record dates of about 1400 Ma. In addition, metamorphic 
monazite from this tectonic block has an age of 1430 Ma 
[Grumbling et al., 19921. The striking difference in horn- 
blende dates across the Fowler Pass shear zone has been inter- 
preted to reflect motion on this structure during or subsequent 
to metamorphism. 

Mica from northern New Mexico yields a wide range of 
apparent ages < 1.45 Ga. Pristine coarse-grained muscovite 
from pegmatites in the Tusas and Taos Range yields flat spec- 
tra with plateau ages of about 1375 Ma (Appendixes 1, 2). 
Finer-grained muscovite and biotite samples yield more dis- 
turbed age spectra with younger apparent ages between 975 
and - 1300 Ma. In slight contrast, all of the micas from Cerro 
Colorado in the extreme southern Tusas are between 1.34 and 
1.36 Ga. These new data are consistent with previous mica 
results from northern New Mexico presented by Karlstrom 
et al. [1997]. South of the study area in the southern Santa 

Figure 7. Generalized geologic map of the Tusas and Taos ranges of northern New Mexico with sample localities and pre- 
ferred 40Ar/39Ar dates [Green and Jones, 1997; Anderson and Jones, 19941. Data from Grambling and Dallmeyer [I9931 
shows sharp contrast in 40Ar/39Ar hornblende dates across the Fowler Pass Shear Zone (FPSZ) in the Cimarron Mountains. 
Hornblende dates >I650 Ma are preserved in the Cimarron River tectonic unit (CRTU) to the northeast of the shear zone. 
In the Eagle's Nest tectonic unit (ENTU) hornblende dates are < 1450 Ma. See Figure 3 for additional map symbol definitions. 
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Figure 8: 40Ar/39Ar hornblende (n = 38), muscovite ( n = 22), and biotite (n = 33) dates from samples collected more than 
5 km from Mesoproterozoic pluton margins and more than 2 kin from the center lines of shear zones with -1.4 Ga move- 
ment. Vertical bars represent analytical uncertainty (20). Data arranged from youngest to oldest. 

Fe range, Sandia, and Manzano Mountains hornblende dates 
range between -1.4 and -1.7 Ga similar to central Colorado 
[Karlstrom et al., 1997a; Karlstrom et al., in press, 20031. 

We interpret the predominance of hornblende dates 4 . 4  Ga 
to record cooling from high temperatures (>500°C). This con- 
clusion is independently supported by evidence for -1.4 Ga 
amphibolite facies (>500°C, 4 kbar) metamorphism and pen- 
etrative deformation throughout the region [Grumbling, 1988; 
Grumbling et al., 19891, including amphibolite-facies meta- 
morphism in the Tusas Range [Williams et al., 19991, near 
granulite-facies metamorphism in the Taos and Rincon ranges 
[I421 Ma, U-Pb metamorphic monazite dates; Pedrick, 1995; 
Read et al., 19991, and upper amphibolite-facies metamor- 
phism in the Picuris Range, [-1.4 Ga, U-Pb garnet and stau- 
rolite; Wingsted et al., 19961. 

EVIDENCE FOR A REGIONAL THERMAL EPISODE 
AT -1.4 GA 

The overwhelming majority of mica 40Ar/39Ar ages from the 
southern Rocky Mountains are less than 1.45 Ga whereas 
hornblende ages range mainly 1.8-1.3 Ga (Plate 1, Appen- 
dix 1). This suggests that most of the mid-crustal rocks sam- 
pled for this study cooled through argon closure temperatures 
for mica -1.4 Ga. However, many samples were collected 
near -1.4 Ga plutons and/or shear zones for the purpose of 
investigating local thermal effects. In order to test for a regional 
thermal event it is necessary to remove these samples from 

consideration and focus on data from samples that represent 
ambient temperatures far from pluton margins and shear zones. 

Thermal modeling and empirical studies suggest that for plu- 
tons similar in size and depth of emplacement to -1.4 Ga plu- 
tons of the southern Roclues thermal aureoles probably extend 
no more than several kilometers from the pluton margin [e.g. 
Harrison and McDougall, 1980a; Peacock, 1989; Wohletz, 
20021. Because of the possibility of convective heat transport, 
fluid alteration, argon loss due to deformation, and other fac- 
tors we have filtered out all data points that are within 5 km of 
exposed plutons and within 2 km of the center line of shear 
zones with documented or suspected -1.4 Ga deformation. The 
remaining subset of the 40Ar139Ar data [this paper and Shaw et 
al., 19991 should provide a representative sample reflecting 
regional thermal conditions at the level of exposure. The filtered 
data subset comprises 38 hornblende, 22 muscovite, and 33 
biotite samples and includes data from the Park Range, Front 
Range, Gunnison River Valley, Arkansas Gorge, northern San- 
gre de Cristo Range, Taos Range, andTusas Range (Figure I). 

In the filtered data subset, as in the entire dataset, hornblende 
dates range mainly between -1.7 and 1.4 Ga (Figure 8). Many 
hornblende samples yield highly complex age spectra (Appen- 
dix 2). Several hornblende dates <1.4 Ga occur in the Taos and 
Tusas Ranges (Figure 7). A number of mica dates < I  .35 Ga 
occur throughout the region, but only six mica dates are >1.4 
Ga and all of these are from the Park Range (Figure 3). 

We interpret the relatively narrow range (1.40-1.35 Ga) of 
mica dates in the filtered dataset as recording cooling through 
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350-300°C after -1.4 Ga throughout Colorado and northern 
New Mexico. With the exception of a few outlying data points 
muscovite and biotite ages are fairly tightly clustered and 
approximately normally distributed about mean dates of 
1373 *10 and 1361 320 Ma (20), respectively. We interpret 
the narrow variation in ages to reflect limited random varia- 
tion in several factors that affect 40Ar/39Ar ages including 
temperature, cooling rate, mineral composition, and grain 
size. Because the filtered dataset does not include samples 
from near any identifiable -1.4 Ga heat sources or shear zones 
we infer that the data reflect first order trends in the regional 
thermal evolution of the middle crust. 

Regional cooling through mica closure temperatures at -1.4 
Ga would be consistent with either cooling following pro- 
longed residence at temperatures above mica closure or with 
cooling following a regional thermal event. In Arizona Hodges 
et al. [I9941 and Chamberlain and Bowring [2001] argued 
that discordance between several thermochronometers recorded 
protracted cooling from high temperature. Specifically the 
Big Bug block remained above 425 "C for approximately 250 
Ma following the relatively shallow (-10 km) emplacement of 
the ca. 1700 Ma Crazy Basin quartz monzonite [cf. Hodges et 
a1 1994; Hames and Bowring, 19941. To explain the unusually 
steep and persistent geothermal gradients that this interpre- 
tation implies Flowers et al. [this volume] invoked anom- 
alously high heat generation values. 

In contrast, we argue that evidence for -1.4 Ga metamor- 
phism in the Park Range [Barinek, 19991, northern and cen- 
tral Front Range [Selverstone et al., 1997; Shaw et al., 19991, 
Wet Mountains [Siddoway et al., 20001, northern New Mex- 
ico [Grumbling, 1988; Grambling et al., 1989; Pl3lliams et 
al., 1999; Pedrick, 1995; Read et ~ 1 . ~ 1 9 9 9 ;  Wingsted et al., 
19961 and Arizona [Williams, 19911 is most consistent with a 
regionally extensive thermal episode. 

REGIONAL - 1.4 GA TEMPERATURES 

If 40Ar/39Ar ages in the southwestern U.S. primarily reflect 
cooling following a -1.4 Ga thermal event then first-order 
variations in 40Ar/39Ar and K-Ar dates can be used to broadly 
estimate peak temperatures during the episode. In order to 
map regional - 1.4 Ga temperatures for exposed basement 
rocks, we use 40Ar/39Ar therm~chr~n~log ic  data from min- 
erals with different closure temperatures to bracket maximum 
temperatures (T,,,) for exposed basement rocks. For exam- 
ple, where all of the K-bearing minerals used in this study 
(hornblende, muscovite, and biotite) retain Paleoproterozoic 
dates (> 1.6 Ga) we infer that these rocks have not been heated 
above about 300" C since 1.6 Ga. Where hornblende retains 
Paleoproterozoic dates, and biotite and muscovite yield a 
range of mixed dates (1.6-1.4 Ma), we infer that T,,, was 

between about 300" C and 500" C at 1.4 Ga; in other words, 
hot enough to partially reset mica to varying degrees, but 
below the closure temperature of hornblende. Where horn- 
blende yields variable dates (1.6-1.4 Ga) consistent with par- 
tial resetting and muscovite and biotite record complete 
resetting at ca. 1.4 Ga, we infer that 350°C < Tmax < -500" C. 
Where 40Ar/39Ar ages of all K-bearing minerals, including 
hornblende, are reset to ca. 1.4 Ga, we infer that Tmax > 500°C. 
Where hornblende consistently records ca. 1.4 Ga dates and 
U-Pb monazite and zircon dates on metamorphic minerals 
are also ca. 1.4 Ga, we infer T,,, > 600" C. In several areas 
our thermochronologic estimates of Tmax are independently 
verified by thermobarometric data [e.g. Williams and Karl- 
strom, 1996; Barinek et al., 19991. 

We recognize that there are complexities including short 
wavelength irregularities in the temperature field, variations in 
mineral composition and difision parameters, different cool- 
ing rates, variable argon retentivities for minerals or for domains 
within minerals, and other factors that could affect argon loss 
[e.g. Dodson, 1973; McDougall and Harrison, 19991. However, 
the systematic effects of local and regional temperature dif- 
ferences are much greater and more consistent than the ran- 
domly varying effects of variable closure temperature. The 
large quantity of data makes it likely that average closure tem- 
peratures of the population of samples in this study is similar 
to nominal closure temperatures. Consideration of general- 
ized trends in the extensive regional data set smoothes local 
irregularities and allows us to construct a first-order quantita- 
tive estimate of the regional metamorphic field gradient. 

Compiled Thermochronologic Data 

Over 650 40Ar/39Ar and WAr dates compiled from the lit- 
erature extend our analysis of - 1.4 Ga peak mid-crustal tem- 
peratures beyond the Southern Rocky Mountain region 
(Appendixes, 3, 4). In particular, data from Wyoming [e.g. 
Giletti, 1968; Hills andArmstrong, 19741, New Mexico [e.g. 
Karlstrom et al., 1997a; Marcoline et al., 1999; Karlstrom et 
al., in press, 20031, and Arizona [e.g. Shafiqullah et al., 19801 
add important information to the regional thermal picture. 
Contrasts in the distribution of 40Ar/39Ar and K-Ar dates from 
different lithospheric provinces are evident in the regional 
cumulative probability diagrams in Figure 9. 

Central Wyoming, Western North Dakota, and Southwestern 
Montana (Archean Craton, Great Falls Tectonic Zone, and 
Trans Hudson Orogen ) 

Thermochronologic and geologic evidence from Wyoming 
show that the interior of the Archean craton was not strongly 
affected by 1.4 Ga tectonism at the present level of exposure 
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(Plate 2). Mica and hornblende from within the Wyoming 
craton largely record Archean and Paleoproterozoic dates 
(Figure 9a) [Giletti, 1968; Peterman and Hildreth, 19781. The 
fact that biotite and muscovite were not reset during the 1.4 Ga 
thermal event indicates that temperatures at exposed crustal 
levels probably did not exceed -300" C in the interior of the 
craton. Previous studies have concluded that regional meta- 
morphism predates 2.5 Ga in the core of the craton and -1.8 
Ga near its margins [Houston and others, 19931. Although 
-1.4 Ga mafic dikes do intrude the interior of the Wyoming 
craton [e.g. Harlan et al., 19961, it is devoid of voluminous 
-1.4 Ga plutons. 

Most dates from this region that are <2.0 Ga fall within 
Proterozoic tectonic zones along the northwestern and eastern 
margins of the craton (Great Falls tectonic zone, Trans Hud- 
son orogen). Paleoproterozoic dates between -1.8 and 1.6 Ga 
record tectonism associated with the collision of the Wyoming 
craton with the Medicine Hat block and Superior craton. 

Southern Wyoming (Archean Margin-Cheyenne Belt) 

WAr data from the Laramie Range [Hills andArmstrong, 
19741 and the Granite Mountains [Peterman and Hildreth, 
19781 show that Archean rocks of the cratonic margin were 
more strongly affected by post-Archean thermal events than 
rocks of the cratonic interior (Figures lob, 12). A ther- 
mochronologic front in the Granite Mountains demarcates 
the northern limit of a -200 km wide transition zone cor- 
responds with the attenuated Early Proterozoic passive mar- 
gin intruded by voluminous 2. l Ga rift-related mafic dikes 
[Premo and Van Schmus, 1989; Cox et al., 20001 and, pre- 
sumably, the region where sediments of the Proterozoic pas- 
sive margin (Snowy Pass Supergroup) were deposited 
[Karlstrom et al., 19831. Hornblende cooling dates from 
the northern part of this zone range up to 1.8 Ga corre- 
sponding to the age of Paleoproterozoic accretion and assem- 
bly along the Cheyenne belt Archean/Proterozoic suture 
(Figure 9b). Younger ages to the south [Peterman and Hil- 
dreth, 19781 may reflect the composite effects of episodic 
loss during Proterozoic tectonic events including the Med- 
icine Bow orogeny [1.78 Ga; Chamberlain, 19981, intru- 
sion of the Laramie anorthosite complex and Sherman 
Granite [-1.43 Ga; Scoates and Chamberlain, 1995,2003; 
Frost et al., 19991, intrusion of mantle-derived mafic dikes 
at -1.5 Ga [Chamberlain et  al., 20031, and -1.4 Ga 
tectonism. 

Although the role of the -1.4 Ga thermal episode in reset- 
ting argon systematics is uncertain, thermochronologic data can 
constrain the maximum temperatures that could have been 
attained. Minimal resetting of hornblende dates suggests that 
temperatures did not exceed about 500" C in the attenuated 
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Figure 9. Histograms summarizing compiled 40Ar/39Ar and K-Ar 
data from the central and southern Rocky Mountains. (A) Archean 
Wyoming craton, (B) Wyoming margin where crust was attenuated 
during -2.1-2.0 Ga rifting, (C) Proterozoic provinces. Data in (A) & 
(B) from: Aldrich et a/. [1958]; Bassett and Giletti [1963]; Bayley et 
a/. [1973]; Brookins [1968]; Bunvash et a/. [1962]; Butler [1966]; 
Crittenden and Sorensen [1980]; Gust et al. [1958]; Giletti [1966]; 
Giletti [1971]; Goldich et al. [1966]; Hanson and Gust [1967]; Hay- 
den and Wehrenberg [1960]; Heimlich andArmstrong [1972]; Heim- 
lich and Banks [1968]; Hills andArmstrong [1974]; Holm et al. 
[1997]; Jahn [1967]; Kistler et a/. [1969]; Laughlin [1969]; Mar- 
vin and Dobson [1979]; Peterman [1981]; Peterman and Hedge 
[1964]; Peterman and Hildreth [1978]; Reed and Zartman [1973]; 
Reid et a/. [1975]; Schwartzman [1966]; Schwartzman and Giletti 
[1968]; Whelan [1970]. See Appendix 4 for full references. Data in 
(C) from all references in Appendix 4. 
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southern margin of the Wyoming craton at the level of 
exposure. 

Proterozoic crust in Colorado apparently reached higher 
temperatures (350-550°C) than the Archean margin. The 
marked contrast in the thermochronologic record of the 
Archean craton, the attenuated Archean cratonic margin, and 
the accreted Proterozoic terranes suggest that lithospheric 
architecture exerted a strong control on the thermal response 
to the - 1.4 Ga episode [cf. Chamberlain et al., 20031. 

Arizona and New Mexico (Proterozoic Provinces) 

Thermochronologic data from Yavapai province rocks of 
central and northern Arizona are characterized by sharp con- 
trasts in cooling ages in different tectonic blocks (Plate 2). In 
the Grand Canyon -1.4 Ga mica ages in the east are juxtaposed 
across the 96-mile shear zone with rocks preserving older 
ages [Karlstrom et al., 1997b3. The Ash Creek block preserves 
1.6 Ga hornblende ages whereas the Crazy Basin has micas 
with rims as young as 1270 Ma consistent with very slow 
cooling [Hodges et al., 19941. Thermochronologic data from 
Arizona are consistent with contrasting 1.4 Ga temperatures 
superimposed on different post-1.6 Ga cooling histories within 
km-scale blocks. We interpret this to indicate post-1.4 Ga 

Geotherm 
T+ 

movement on shear zones such as the Shylock and 96-mile 
zone [e.g. Karlstrom et al., 1997b1. 

The Mazatzal block (sensu stricto) preserves some of the 
lowest grade rocks in the Southwest (sub-greenschist grade) 
that were not appreciably heated at 1.4 Ga [Karlstrom and 
Bowring, 19931. However, in Mazatzal province rocks south 
of the Slate Creek shear zone, inferred -1.4 Ga temperatures 
increase abruptly to 550" C, with two aluminum silicates pres- 
ent [Pilliams, 19911. In southern Arizona, as in southern New 
Mexico, background 1.4 Ga temperatures were probably near 
350" C, with hotter conditions near 1.4 Ga plutons [Pilliams, 
19911. 

In westernmost Arizona and southern California (Mojave 
province), 1.4 Ga metamorphism also seems to be low grade 
as it did not reset argon ages. The Lower Granite Gorge of 
the Grand Canyon has 1.4 Ga K-feldspar, as do rocks just 
beneath the Cambrian unconformity at Gold Butte. Likewise, 
rocks of the Death Valley region were less than 300" C at 1.4 
Ga as shown by preserved >1.6 Ga K-Ar mica dates. 

DISCUSSION 

The contrast between the lithospheric architecture of the 
Archean craton and that of the accreted Proterozoic arc terranes 

Heat 
Transfer Deformation 

Figure 10. Cartoon illustrating how a magma-rich layer could produce steep geothermal gradients in the middle crust. Advec- 
tive heat transport below the level of magma emplacement is more efficient than conductive transport above. This forces 
steep geothermal gradients to form in the middle crust separating low-temperature upper crust from higher temperature 
lower crust. Deformation below the magma layer is by penetrative ductile flow; deformation above the layer is focused in 
narrow shear zones 
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lower grade higher grade lower grade 
(Colorado) (Wet Mts. & N. New Mexico) (Central New Mexico) 

1 1 - 1  
Colorado mineral belt 

upper crustal conductive o 
Upper crustal plutons (e.g. Vernal Mesa) & bfiMe/ductile regime 

lower crustal advective mid-crustal plutons (e.g. San Isabel) 
& penetratively ductile regime 

Plate 3. Cartoon illustrating our preferred model for higher temperatures, deeper pluton emplacement depths, and more 
penetrative deformation in southern Colorado and northern New Mexico. Plutons pool near the brittle ductile transition 
due to a combination of neutral buoyancy at this level and rheologic impediments to further ascent. Plutons rise into the 
upper part of crust at shear zones (especially extensional bends, e.g. St. Kevin/ Homestake). The transition from magmatic 
advective heat transport to conductive transport in the results in steep geothermal gradients in the middle crust. Few plu- 
tons occur in the ductile flow domain because there is little impedance to ascent. Deeper exposure levels in southern Col- 
orado and northern New Mexico expose the hotter advective domain. 
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appears to have exerted a strong control on ca. 1.4 Ga mid- 
crustal temperatures. The lack of pervasive resetting of argon 
systematics in rocks of the Wyoming craton could indicate 
that the Wyoming lithospheric mantle was thick, cold, and 
relatively infertile by ca. 1.4 Ga [Kar%c.tr~on~ and Humphr*cys, 
19981 explaining both the lower average temperatures revealed 
by thermochronologic data and the lack of ca. 1.4 Ga plutons 
within the craton. South of the geochronologic front in the 
Granite Mountains [Figure 1 ; Peternzan and Hildreth, 1978; 
Chanzber*lairz et ul., 20031, the Archean lithospheric mantle that 
had been thinned and modified by 2.1-2.0 Ga rifting [Karl- 
str.onz and Housfon, 1984; Prenzo and Van Schmus, 19891 may 
have been less resistant to heating [Hills andAr?nstrong, 1974; 
Peter*nzan and Hildreth, 19781 and perhaps more conducive to 
magma generation and ascent (although the Sherman batholith 
and Laramie anorthosite complex, which intrude the Cheyenne 
belt, are the only large -1.4 Ga plutons of the craton margin). 
It is also possible that some of the <1.8 Ga ages in this domain 
may record partial resetting during the -1.4 Ga themal episode. 
Chamberlain et al. [2003] postulate a similar mechanism to 
account for the younger ages in the area of -2.1 Ga exten- 
sion, but attribute argon loss to a -1.5 Ga mantle event. 

Tlie geochronologic front could also delineate a region of 
deeper crustal exposure along the southern margin of the 
Wyoming province [Petennan and Hildreth, 19781. One possible 
mechanism to produce contrasting exposure levels would be 
differential uplift during Mesoproterozoic tectonism. However, 
tliis is difficult to verify because there are few constraints on the 
Mesoproterozoic paleodepth of rocks in southern Wyoming. 

The Proterozoic provinces of the Soutliwest display broadly 
similar thermochronologic signatures suggesting that the 
accreted terranes experienced similar thermal histories. How- 
ever, important trends in the data are evident. Ambient tem- 
peratures throughout much of the Yavapai province in Colorado 
and Arizona probably averaged more than 300°C at ca 1.4 
Ga. Paleodepths are well constrained in a few key locations 
around pluton aureoles and in areas of higher regional tem- 
peratures sucli as northern New Mexico. Published estimates 
mainly fall in tlie range of 7-15 km [200-500 MPa; Williams, 
199 1 ; FElliarns and Kar%~tr-om, 1996; Sehierstone et al., 1997; 
Barinek et al., 19991 suggesting tliat regional background 
temperatures were somewhat elevated (i.e. >30°C/kin) with 
respect to average geothermal gradients for the Proterozoic. 

A region extending from tlie central Wet Mountains in Col- 
orado into northern New Mexico is characterized by a paucity 
of hornblende ages >1.45 Ga (Figures 7,s). We suggest that this 
region represents a high-T domain with inferred temperatures 
>500°C (Plate 2). Surprisingly, this region is also distinguished 
by a paucity of -1.4 Ga plutons. Deeper pluton emplacement 
depths in the Wet Mountains [inferred from hornblende geo- 
barometry, Cz~llers et a/., 1992; C~illers et al., 19931, the change 

in structural style of 1.4 Ga deformation [Siddoway et a/. ,20001, 
and higher metamorphic pressures in northern New Mexico 
[ Willianzs et al., 19991 suggest that high temperatures in this 
region may reflect a somewhat deeper level of exposure. 

A few isolated blocks within the higher temperature domain 
including the Cimarron River tectonic unit (Figure 7) [Graam- 
bling and Dallmayer, 19931, and the Zuni Mountains [Karl- 
straonz et al., in press, 20031, appear to have remained relatively 
cool during the Mesoproterozoic. Abrupt changes in cooling 
ages across shear zones suggest that steep geothermal gradi- 
ents may have prevailed in the middle crust (now exposed at 
the surface) such that relatively small dip-slip displacements 
juxtaposed blocks from different crustal depths with con- 
trasting thermal histories. Such juxtaposition of cool and hot 
blocks is not evident in -1.4 Ga shear zones in central Colorado 
(e.g. Hornestake and Idaho Springs-Ralston, Figure 5). 

We propose a model for the thermal structure of the crust 
at -1.4 Ga tliat explains the apparent steep mid-crustal ther- 
mal gradients and the curious paucity of - 1.4 Ga plutons 
intruding the high grade rocks of northern New Mexico and 
southern Colorado. In our model large volumes of A-type 
granitic magma were emplaced near the brittle-ductile tran- 
sition where they would liave encountered a rheologic bar- 
rier to further ascent [e.g. Brown et al., 19981. The transition 
from relatively efficient advective plus conductive heat trans- 
port in the ductile lower crust to relatively inefficient con- 
ductive transport in the brittle upper crust resulted in steep 
geothermal gradients in the middle crust (Plate 3). Transient 
thermal anomalies around plutons continually altered the com- 
plex and dynamic interface between lower crustal and upper 
crustal thermal regimes. Completely reset hornblende ages 
in the neighborhood of plutons are consistent with narrow 
thermal aureoles. Movement on shear zones during and after 
the -1.4 Ga episode [Gt.ambling, 1993; Currick anddndron- 
icos, 2001 ; Shuw et al., 2001 ] further modified the interface 
by juxtaposing hotter and colder crustal blocks by dip-slip or 
oblique displacement. 

We speculate that the high-T domain in northern New Mex- 
ico and southern Colorado represents a window eroded through 
the fossil thermal interface that corresponded to the magma- 
rich mid-crustal layer (Figure 10). The high grade rocks 
beneath the magma layer are exposed in a broad upwarp of the 
pluton-rich layer and paleo-isotherms; most -1.4 Ga plutons 
have been eroded from this area. Ascending granitic magmas 
advected heat into the lower crust but were only emplaced 
upon reaching the brittle-ductile transition where magmas 
ponded and crystallized. The resulting mid-crustal magmatic 
layer blanketed the deeper crust and maintained higher tein- 
peratures as long as plutonisin continued. This residence at 
high-T conditions completely reset argon systematics. Else- 
where in the Southwest, where nearly 20% of exposed Pre- 
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cambrian rocks are -1.4 Ga granitoids [Anderson and Mor- 
rison, 19921, the current level of basement exposure lies near, 
or somewhat above the magma-rich layer (Plate 2). In sev- 
eral areas including the Park Range and Sawatch Range in 
Colorado -1.4 Ga plutons may fill pull-apart structures in 
transpressional shear systems that facilitated magma trans- 
port to shallower levels [Figures 4, 6; McCoy et al., this vol- 
ume; Shaw et al., 200 I]. Above the mid-crustal magma layer 
rocks would have been subjected to a transient thermal pulse 
that reset argons systematics in mica and partially reset argon 
systematics in hornblende [Shaw et al., 19991. 

Contrasting styles of -1.4 Ga deformation in Colorado and 
northern New Mexico also seem to reflect contrasting tem- 
perature regimes. Deformation within the Colorado mineral 
belt in central Colorado (Figures 1,6)-presumably above the 
mid-crustal magma layer-was characterized by intense, local- 
ized shearing on discrete greenschist facies mylonite zones 
[e.g. McCoy et al., this volume]. Pseudotachylyte associated 
with these ductile shear zones suggests that deformation 
occurred near the brittle-ductile rheologic transition [Shaw 
et al., 200 11. In the Wet mountains and Tusas range-below 
the mid-crustal magma layer-more penetrative deformation 
involved large scale folding and fabric transposition [Wi:lliams 
et al., 1999; Siddoway et al., 20001. Emplacement of mag- 
mas at the brittle-ductile transition would have modified the 
rheologic boundary by temporarily raising mid-crustal tem- 
peratures and by adding strong granitic plutons to the crust 
resulting in a complex interplay between deformation and 
plutonism. 

According to petrogenetic models, the voluminous A-type 
granites of the Southwest imply a large mafic complement 
in the form of a mafic restite, cumulate, or underplate [Van- 
der Auwera et al., 2003; Klimm et al., 2003; Frost et al., 1999, 
2001 ; Anderson and Thomas, 1985; Anderson and Morrison, 
19921. Seismic evidence from the CD-ROM experiment 
[Keller and CD-ROM Group, this volume; Levander et ul., 
this volume] revealed a 5-10 km-thick layer near the base of 
the crust with high seismic velocities that could in part, be a 
basaltic underplatelrestite layer. However, xenolith studies 
[Selverstone et al., 1999; Farmer et al., this volume] suggest 
that 1.4 Ga rocks may comprise only a relatively small pro- 
portion of a composite lower crustal high velocity layer. Mod- 
eling the distribution of -1.4 plutons as a relatively thin layer 
restricted to the mid-crust results in more tenable estimates of 
the volume of mafic complement that would be required in the 
lower crust. 

Structural data supporting regional contraction or trans- 
pression [Nyman et al., 1994; Kirby et al., 1995; Gonzales et 
ul., 1996; Nyman and Karlstrom, 1997; McCoy et al., 2000; 
Shuw et al., 20011, geochemical evidence for juvenile additions 
of crust along the southeastern margin of Laurentia [e.g. Nel- 

son and DePaolo, 1985; Bowring et al., 19921, and evidence 
for convergence along the southeastern margin of Laurentia 
[Mosher, 1998; Rivers and Corrigan, 2000; Karlstrom et al., 
20011 suggest that ca. 1.4 Ga episode in the continental inte- 
rior occurred in a convergent or transpressional setting. Based 
on the large volume and regional extent of the proposed -1.4 
Ga magma layer we propose that this interface could be a 
deeply exhumed analog to melt- or fluid-rich layers that have 
been inferred in modern intracontinental orogenic settings 
[e.g. Nelson and Project-INDEPTH, 1996; Babeyko et al., 
2002; Brasse et al., 20021. This interpretation suggests a model 
wherein 1.4 Ga tectonism, plutonism, and metamorphism 
occurred beneath an intracontinental orogenic plateau com- 
parable to modem Tibet or the Andean Altiplano-Puna plateau. 
One problem with this model is the lack of A-type igneous 
chemistry in these modern analogs. 

Modern orogens and orogenic plateaus frequently undergo 
synchronous shortening and extension both parallel and per- 
pendicular to the orogen [e.g. Metzger et al., 199 1 ; Burchjiel 
et al., 1992; Hurtado et al., 20011. We speculate that topo- 
graphically driven syncontractional extension at -1.4 Ga could 
reconcile structural evidence for SE-NW shortening with the 
geochemistry of the plutons. In this model relatively shallow 
mantle melting required to produce the tholeiitic parental 
melts inferred from Sm-Nd signatures of some plutons [Frost 
et al., 19991 could be related to asthenospheric upwelling 
driven by thermal or convective removal of an orogenically 
thickened continental lithosphere [e.g. Houseman et al., 1 98 1 ; 
Collins, 1994; Inger, 19941. Upwelling asthenosphere could 
also account for heating of the middle-crust and regional low- 
P series metamorphism [e.g. Loosveld and Etheridge, 19901 
and, possibly, the partial removal of any mafic underplate 
related to -1.4 Ga magmatism. 

CONCLUSIONS 

New 40Ar13"Ar data from the Rocky Mountains and pub- 
lished data from throughout the southwestern United States 
constrains the maximum temperatures associated with - 1.4 Ga 
tectonism at the level of exposure. Important features of the 
regional temperature field include: (1) the middle crust of 
Proterozoic provinces south of the Cheyenne belt was perva- 
sively heated to -300"-500°C, (2) the highest mid-crustal 
temperatures occurred in northern New Mexico where exposed 
1.4 Ga plutons are scarce, (3) temperatures at exposed crustal 
levels of the Archean craton remained below the closure tem- 
perature of b~otite (-300°C) except in a 200 krn-wide domain 
of attenuated lithosphere at the margin of the craton where 
temperatures increased southward to 300450°C. The con- 
trast In the ca. 1.4 Ga thermal history of Archean and Pro- 
terozoic lithosphere suggests a strong lithospheric control on 
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the thermal response of these two provinces. Argon data reveal 
a thermal maximum in northern New Mexico that may cor- 
respond to a somewhat deeper mid-crustal exposure level. 
Steep thermal gradients are implied by the juxtaposition of 
blocks with strongly contrasting thermal histories across nar- 
row dip-slip shear zones. 

Based on our image of ca. 1.4 Ga mid-crustal temperatures, 
we suggest that current exposure in Proterozoic lithospheric 
provinces broadly coincides with a ca. 1.4 Ga mid-crustal 
level of granite emplacement where regional heating enhanced 
by advection in the lower crust gave way to conductive heat 
transfer in the upper crust. Where rocks from below this layer 
are exposed, argon systematics have been completely reset in 
all minerals and deformation is dominated by penetrative duc- 
tile flow. Where rocks from above the mid-crustal magma 
layer are exposed, hornblende partially retained accumulated 
argon and deformation is focused into narrow greenschist- 
facies mylonite zones. 
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Characterization and Age of the Mesoproterozoic Debaca 
Sequence in the Tucumcari Basin, New Mexico 

Jose F.A. Amarantel, Shari A. Kelley', Matthew T. ~ e i z l e r ~ ,  Melanie A. ~ a r n e s ~ ,  
Kate C. ~ i l l e r ~ ,  and Elizabeth Y. Anthony4 

Petrographic, geochronologic, and well log data fiom two deep oil wells (Mescalero 
1 and State Mr. Jones 1) in the Tucumcari Basin, New Mexico are used to characterize 
a thick vertical section of the Mesoproterozoic Debaca sequence and portions of the 
underlying crystalline basement. This information is coupled with industry seismic 
data to constrain the geometry of the northernmost extent of the Mesoproterozoic 
Debaca basin. The Debaca sequence, a weakly metamorphosed sedimentary-volcanic 
package, is composed of volcaniclastic sandstone, tuffaceous sandstone, rhyolite, 
quartz-rich dolostone, dolomitic quartzite, sandstone, and arkose. The sequence rests 
disconformably on deeply weathered quartz syenite of the underlying Mesoprotero- 
zoic Panhandle Igneous Complex. Numerous sills and dikes of gabbro cut the Debaca 
sequence, imparting contact metamorphism to the adjacent rock units. U-Pb SHRIMP 
and 40Ar/39Ar ages for samples from the Mescalero 1 well indicate that Debaca 
sequence was formed ca. 1 105-1332 Ma. Zircon from a quartz diorite (gradationally 
below the syenite) that is part of the crystalline basement beneath the Debaca sequence 
yields a SHRIMP U-Pb age of 1332 * 18 Ma. Eight detrital grains of zircon from the 
arkose, the basal unit of the Debaca sequence, yield SHRIMP U-Pb zircon ages 
ranging from 1308 i 52 to 1708 * 14 Ma. 40Ar/39Ar ages on hornblende and biotite 
indicate a mean emplacement age of 11051k3 Ma for the gabbro. Three pulses of 
magmatism, one bimodal episode at 1.33 Ga, one felsic episode at -1.26 Ga, and one 
mafic episode at 1.09 Ga, have been identified in Mescalero 1. 

1. INTRODUCTION 

Exposed Mesoproterozoic sedimentary successions ranging 
in age from 1.24 to 1.26 Ga that rest upon older crystalline 
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basement in Arizona (Apache and Unkar Groups) and west 
Texas (Thunderbird Group, Allamoore Formation) offer impor- 
tant insights into this sparsely represented time in Earth's his- 
tory in the southwestern United States [Wrucke, 1989; Elston 
and McKee, 1982; Timmons et al., 2003; Pittenger et al., 
1994; Bicvord et al., 20001. Most notably, these rocks preserve 
evidence of continental to marginal marine deposition in 
basins that formed in response to deformation preceding the 
NW-directed, -1.1 Ma Grenville collisional event [Timmons 
et al., 20031. Mesoproterozoic sedimentary and volcanic rocks 
(Debaca sequence) that appear to be stratigraphically equiv- 
alent to the exposed sections are extensively preserved in the 
subsurface of the Texas panhandle and in eastern New Mex- 
ico (Figure 1). The upper part of the Debaca sequence has 
been penetrated in numerous oil wells in Texas and New Mex- 
ico, so that the aerial distribution of the unit is reasonably 
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Figure 1.  Generalized map showing the location of the Tucumcari 
Basin with respect to the Proterozoic basement sequences: plutonic 
province, the Panhandle igneous complex, the Pecos mafic intru- 
sive complex, the Llano front and the Debaca sequence. Modified 
from M.A. Barnes et al. [1999]. 

well know, but the vertical succession is poorly constrained 
[Flawn, 1956; Muehlberger et al., 1967; Denison and Het- 
herington, 19691. Here we present lithologic and geochrono- 
logic data from two deep oil wells that penetrate the entire 
Mesoproterozoic Debaca sequence and portions of the under- 
lying juvenile Mesoproterozoic crystalline basement of south- 
ern Laurentia. We couple this information with industry 
seismic data to crudely constrain the geometry of the north- 
ernmost extent of the Mesoproterozoic Debaca basin. 

In 1996, Labrador Oil Company drilled two deep wells, 
Mescalero 1 and State Mr. Jones 1, in the Tucumcari Basin in 
Guadalupe County, east-central New Mexico (Figure 2). The 
Tucumcari Basin, a series of deep sub-basins bound by north- 
east-, northwest- and east-trending normal faults, developed 
during early Pennsylvanian to early Permian time in response 
to Ancestral Rocky Mountain deformation [Broadhead and 
King, 1988; Broadhead, 20011. Mescalero 1, located in T. 6 N, 
R. 22 E, section 1, penetrated -1768 meters of Mesozoic and 
Paleozoic sediments and -2652 meters of basement rocks, 
totaling 4420 meters. State Mr. Jones 1, located in T. 7 N, R. 
23 E, sec 32, went through -1900 m of Mesozoic to Paleozoic 
rocks, and -1750 m of basement. The drill cuttings for 

Mescalero 1 and geophysical logs for both wells are on file at 
the New Mexico Bureau of Geology and Mineral Resources 
in Socorro, New Mexico. Our analysis of the well cuttings 
from Labrador Oil Mescalero 1, which is located about 15 
krn from an industry seismic profile, was undertaken to pro- 
vide a basis for interpreting reflectors on industry seismic 
lines in the Tucumcari Basin and the southern end of the CD- 
ROM NM-1 seismic line [Eshete, 20011. In the course of our 
investigation [Amarante, 20011, we determined that Mescalero 
1 had intersected a complete section of Mesoproterozoic 
Debaca sequence. Furthermore, industry seismic reflection 
data show the geometry of the associated Mesoproterozoic 
basin. This particular well provides important new informa- 
tion about the Mesoproterozoic history of east-central New 
Mexico and offers an excellent opportunity to compare' and 
contrast geologic and geochronologic data from Mesopro- 
terozoic successions across eastern New Mexico, Arizona 
(Apache and Unkar Groups) and west Texas (Thunderbird 
Group, Allamoore Formation). The three goals of this project 
are: (1) petrologic and geochemical characterization of the 
basement rocks encountered in Mescalero 1 ; (2) establishing 
the age of the sedimentary sequence in the well and evaluat- 
ing its relationship with presumed correlative units (e.g., Cast- 
ner Marble and Allamore Fm.); and (3) determining the 
geophysical log signatures of the sequence so that the rocks 
can be tied to reflectors on seismic lines. 

2. BACKGROUND 

Flawn [1956], upon examining well cuttings and core 
from Precambrian basement terranes in the subsurface of 
Texas and southeastern New Mexico, defined the Swisher 
Gabbroic Terrane in the Texas panhandle and eastern New 
Mexico. This terrane is composed of carbonates and arkosic 
siltstone interbedded with diabase and cut by gabbroic intru- 
sions. Although contact metamorphism adjacent to mafic 
intrusions is locally important, these rocks do not appear to 
have experienced significant regional metamorphism. Flawn 
[I9561 noted that the Swisher Terrane overlies the Panhan- 
dle Volcanic Terrane, a sequence of rhyolite tuffs and gran- 
ite intrusions. Flawn [I9561 also recognized that the 
Precambrian sedimentary rocks in the Franklin Mountains 
of west Texas share similarities with rocks encountered in 
the subsurface of southeastern New Mexico. He called this 
sequence of rocks in southeastern New Mexico the 
"Metasedimentary and Metavolcanic Terrane." Subsequent 
work by Foster and Stipp [1961], Muehlberger et al. [1966; 
19671, Denison and Hetherington [1969], and Denison et al. 
[I9841 added lithologic and new geochronologic data to 
establish age relationships and further refine the identity 
of the subsurface terranes. Muehlberger et al. [I9671 iden- 
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tified the De Baca Terrane based on well samples from De 
Baca County, New Mexico. This terrane is composed of 
weakly metamorphosed quartzite, siltstone and sandy car- 
bonates with diabase and gabbro intrusions. These authors 
note that the lithologies in the De Baca Terrane are quite 
similar to those in the Swisher Terrane and that the two 
units occupy the same stratigraphic position, although the 
amount of diabase is greater in the latter. Denison et al. 
[I9841 combined the two names into the Debaca-Swisher ter- 
rane and Barnes et al. [2002] proposed the name the Debaca 
sequence for the entire area (Figure 1). 

Figure 1 shows the location of the 1.26 Ga Mesoproterozoic 
Debaca sequence with respect to other Proterozoic basement 
features, including the older, underlying plutonic and Pan- 
handle igneous complexes and the younger Pecos mafic intru- 
sive complex of M.A. Barnes et al. [1999,2002]. The plutonic 
province is made up of deformed granitic gneiss, diorite, and 
granite. The term plutonic province was defined by M.A. 
Barnes et al. [1999, 20021 to encompass previously desig- 
nated Proterozoic "terranes" such as the Chaves granite ter- 
rane of Muehlberger et al. [1967], and the Red River mobile 
belt and Fisher metasedimentary terrane of Flawn [1956], 
and the Llano province of Denison et al. (1984). The Pan- 
handle igneous complex is composed of undeformed 1.34 

- 1.37 Ga granite and rhyolite [M.A. Barnes et al., 20021. 
The Debaca sequence consists of weakly metamorphosed 
sedimentary and volcanic rock units that were deposited in a 
shallow basin on the Panhandle igneous complex and older 
basement and later intruded by gabbro. Volcanic ashes from 
outcrops of presumed Debaca sequence in the Franklin Moun- 
tains (Pittenger et al., 1994) and Van Horn area (Bicyord et 
al., 2000) yield an age of approximately 1.26 Ga for this unit. 
The Pecos mafic complex is a 1.1 Ga layered intrusion that 
appears to be related to extension during the 1.1 Ga Grenville 
Orogeny [C. G. Barnes et al., 19991. The Llano front, which is 
defined by a gravity and magnetic anomaly [Mosher, 19981, 
separates basement affected by Grenville contractional defor- 
mation from older basement. 

3. METHODS 

3.1. Petrography 

The entire set of cuttings from Mescalero 1 was examined 
using a binocular microscope and a total of twenty-eight thin 
sections were prepared from representative sections. Great 
care was used in identifying and removing cuttings that had 
caved from uphole. Geophysical logs for the well proved very 

SEISMIC LINE 

Figure 2. Map showing the location of Labrador Oil Mescalero 1 and State Mr. Jones 1, as well as other wells penetrat- 
ing basement drilled in the Tucumcari Basin region. The identification of Debaca sequence, especially in wells drilled after 
1960, is based on macroscopic examination of cuttings. Pennsylvanian faults from Broadhead [2001]. 
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useful in lithological identification and recognizing lithologic 
breaks. Some minerals in the thin sections were examined in 
greater detail using the Cameca SX- 100 electron microprobe 
at the New Mexico Bureau of Geology and Mineral Resources. 

3.2. Geochronologic Analysis 

40Ar13%r ages on hornblende and biotite from gabbroic 
samples and U-Pb SHRIMP zircon ages from arkose and 
quartz diorite were determined. Biotite and hornblende are 
common in the gabbroic bodies near the top of the section, but 
datable minerals were not found in the gabbroic units lower in 
the section. Granite and rhyolite were also evaluated as poten- 
tial candidates for geochronologic analyses, but insufficient 
datable material was recovered from these rocks. Samples for 
U-Pb geoclironology were milled and a heavy mineral con- 
centrate was obtained using a Wilfley table, a Frantz mag- 
netic separator, and heavy liquids at New Mexico Tech. 
40Ar/3%r ages were determined at the New Mexico 
Geochronology Research Laboratory following the methods 
of Mclntosh et ul. [2002] (Table 1 ; see CDROM in back cover 
sleeve). The analyhcal data are presented in Table 2; see CDROM 
in back cover sleeve. All ages are calculated using a revised 
decay constant for 40K of 5 . 4 7 6 ~  1 0-1° lyear [Kwon et al., 20021. 
The dccay constant has not been formally evaluated like those 
presented in Steiger and Jager [I 9771, however, it does represent 
a value that is based on comparison with U-Pb analyses and is 
thought to better reflect the true decay constant. 

SHRIMP U-Pb zircon analyses were performed in the 
geoclironology laboratory of Australia National Univcrsity 
using the methods of Williams [I 9981. The results are reported 
in M. A. Barnes [2001] and M.A. Ba1.ne.s et al. [2002]. 

3.3. Geochemistry 

Seven representative samples from selected rock units were 
identified for major and trace-element chemical analyses. 
Approximately 25 grams of chips were collected for each 
sample. Each sample represents a composite of approximately 
30-m of the drill hole. Care was taken to avoid exotic mate- 
rial (uphole contamination) in these samples. Samples were 
analyzed for ten major clement oxides and eleven tracc ele- 
ments (Table 3; see CDROM in back cover sleeve) by 
inductively-coupled plasma atomic emission spectroscopy at 
Texas Tech University. Details of the method and analytical 
uncertainties are given in M.A. Barnes [200 I]. 

3.4. Well Log Analy,sis 

A complete suite of modern geophysical logs was run in 
both Labrador wells, including gamma ray, neutron porosity, 

density porosity, resistivity, and sonic logs. This suite of logs, 
coupled with the well cuttings from Mescalero 1 ,  provides a 
rare opportunity for detailed characterization of the rocks. 
The observations made for tliis well can be applied to similar 
rocks, well log signatures, and seismic reflections elsewhere 
in the region. The sonic, density, and gamma logs for both 
wells were digitized and the sonic log from State Mr. Jones 1 
was used to produce a synthetic seismogram because it is 
closer to the seismic line. The digitized logs were correlated 
with the petrographic analyses and average values of sonic 
velocity, density, and gamma response were determined for 
each rock type. The average values were plotted on cross- 
plots to determine which physical properties were most diag- 
nostic for determining lithology. 

4. RESULTS 

Petrographic study of twenty-eight thin sections of cuttings 
from Mescalero 1 led to identification o f  four intrusive rock 
types (gabbro, quartz syenite grading to diorite, and granite), 
and a weakly metamorphosed sedimentary-volcanic sequence, 
with localized intense contact metamorphism (hornfels and 
marble) adjacent to the intrusive bodies (Plate la) .  The 
sedimentary-volcanic sequence is composed of volcaniclas- 
tic sandstone, tuffaceous sandstone, rhyolite, quartz-rich dolo- 
stone, dolomitic quartzite, sandstone, and arkose (Plate la). 
This sedimentary-volcanic package matches the description of 
the Debaca sequence in the subsurface of the west Texas Pan- 
handle and southeastern New Mexico [Denison and Hether- 
ington, 19691. The following is a brief report of the major 
rock units encountered downhole in the well, keyed to Plate 
la. Complete descriptions and photomicrographs can be found 
in Amamntc [2001]. 

1 )  The gabbro is a gray, medium to coarse-grained crys- 
talline rock, with a cumulate to sub-ophitic texture. Plagioclase 
feldspar, pyroxene, olivine, and amphibole are the main min- 
eral phases. In general, the plagioclase is tabular and displays 
a sub-parallel orientation. Biotite, magnetite, apatite, and 
titanite are accessory mincrals. Chlorite, hematite, epidote, 
and calcite are present as alteration minerals. The two largest 
gabbroic bodies are at depths of 1759-1 859 m and 1905-2 155 
m. A number of small dikes are present in the lower part of the 
well. The gabbro appears to be the youngest rock unit within 
the basement, because it caused metamorphism in other Pro- 
terozoic rock units. 

2) The hornfels has a spotted texture developed by reddish- 
brown biotite, indicating contact metamorphism. The ground- 
mass is cryptocrystalline and dominated by fine-grained 
microlites of quartz, muscovite, sericite, carbonate, and lesser 
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Figure 3. 40Ar13yAr age spectra for gabbros in Mescalero 1 

hornblende age spectrum from the 2222-25 m interval is 
saddle-shape4 and two steps comprising about 74% of the 
39Ar released yield a poorly defined apparent age of 1108 * 
4 Ma (Figure 3g). In contrast, hornblende from the 205 1-54 
m interval yields a flat age spectrum with a precise plateau age 
of 1105.2* 1.9 Ma (Figure 3e). This latter hornblende also 
has a cogenetic biotite pair that gives an analytically indis- 
tinguishable plateau age of 1 110.0 * 1.7 Ma (Figure 3f). The 
seven plateau ages pass the Chi-square test with an MSWD of 
1.6 and indicate that within analytical uncertainty all of the 
samples are indistinguishable in age. The seven ages represent 
a single population with a combined weighted mean emplace- 
ment age of 1106 * 3.4 Ma. As noted previously, these gab- 
bros appear to be the youngest units in the Proterozoic section 
because they intrude the other Proterozoic rock units. 

Zircon from a quartz diorite (sample 3 140 m) that is part of 
the crystalline basement beneath the arkosic sequence yields 
a SHRIMP U-Pb age of 1332 * 18 Ma [M.A. Barnes, 2001; 
M.A. Barnes et al., 20021. This sample is mafic (Table 3; see 
CDROM in back cover sleeve), and thus our initial question 
was whether this sample is associated with the gabbroic sills 
and dikes that intrude the granites and syenites of the crys- 
talline basement or whether it is a mafic phase of the syenitic 
intrusive rocks. Both petrographic observation and the well log 
signature suggest that the quartz diorite is gradational with 
the syenite, and thus our interpretation is that the date obtained 
represents the age of syenitic magmatism. This date of 1332 

Ma is very similar to the youngest date (1339 ( 29 Ma) 
obtained for the Panhandle igneous complex in west Texas 
[M.A. Barnes et al., 20021. The sample dated at 1339 Ma is 
from a late-phase syenitic intrusion that crosscuts 1360 to 
1380 Ma granites and quartz monzonites. 

Geochronologic analysis of eight detrital grains of zircon 
indicates that the arkose, the basal unit of the Debaca sequence, 
yields SHRIMP U-Pb zircon ages ranging from 1308 * 52 to 
1708 * 14 Ma [M.A. Barnes et al., 20011. These data indi- 
cate that the sediment was both locally (from the underlying 
quartz syenite) and distally derived (from older basement 
exposures such as those in the Pedernal Hills or the Sangre de 
Cristo Mountains, Figure 2). Paleoproterozoic source regions 
have also been documented for the Mesoproterozoic Lano- 
ria Quartzite of the Franklin Mountains, where Patchett and 
Ruiz [I9891 use Nd data to document significant input of 
Paleoproterozoic material into the Lanoria Quartzite. 

In summary, the geochronology for the Mescalero 1 well 
documents a pulse of magmatism at 1330 Ma, forming the 
crystalline basement upon which the Debaca sequence lies, and 
a pulse of magmatism at 1105 Ma, forming a series of d&e and 
sills that cut the Debaca sequence. In the interval between 
these pulses, an episode of rhyolitic volcanism occurred dur- 
ing deposition of the metasedimentary section. The similarity 
of the stratigraphy of the sedimentary package in Mescalero 
1 compared to that exposed in the Franklin and Van Horn 
mountains can be used to argue that this package is correla- 
tive with the west Texas Debaca sequences. If this is the case, 
the age of the Debaca sequence in Mescalero 1 is likely - 
1260 Ma [Bickford et al., 20001. Finally, ages of detrital zir- 
con in the basal arkose in the Debaca sequence require both 
Paleoproterozoic and Mesoproterozoic sources. 

4.3. Geochemistry 

The igneous rocks penetrated by Mescalero 1 fall into three 
groups: (1) -1330 Ma syenitic and dioritic rocks that are part 
of the basement complex, (2) a rhyolitic sample from the 
Debaca sequence (presumably circa 1260 Ma, and (3) -1 105 
Ma gabbroic intrusives in the Debaca metasedimentary rocks 
(Table 3; see CDROM in back cover sleeve). The dioritic and 
quartz syenitic rocks are compositionally distinct: the SiO, 
content in the former unit is around 50 wt.%, whereas in the 
latter, SiO, is around 64 wt.% (Table 3; see CDROM in back 
cover sleeve). The dioritic rocks tend to cluster tightly in terms 
of trace element composition (Table 3; see CDROM in back 
cover sleeve), but the quartz syenite samples show wide ranges 
in trace element composition, particularly Rb, Sr, Y, and V. 
This variability may be a function of lithologic heterogeneity. 

In the geochemical classification ofFrost et al. [2001], the 
syenitic rocks plot as magnesian, alkali-calcic to alkalic and 
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the Debaca rhyolite as magnesian, calc-alkalic to claciccalcic 
(Figure 4). Looking specifically at the three samples of the 
quartz syenite, we see that two of the samples (2664 and 2682 
m ) are borderline alkalic while the third (2987 m) is alkali- 
calcic (Table 3; see CDROM in back cover sleeve, Figure 4). 
Previous studies of the ca. 1.4 Ga granites of the area have 
established that outcrop samples from northern New Mexico 
are alkali-calcic (e.g., the Priest and Sandia plutons; Figure 4) 
[Thompson and Barnes, 19991. In contrast, the basement core 
samples from west Texas are alkalic to alkali-calcic (Figure 4) 
[M.A. Barnes et al., 1999,20021. Given that two of the three 
samples from the Mescalero 1 well plot on the compositional 
boundary between the two groups, it is not possible to say at 
this time to which affinity the Mescalero samples belong. 
Figure 4 also shows the compositional fields for circa 1.1 Ga 
alkalic granites of the Pikes Peak batholith [Smith et al., 19971 
and the Red Bluff granitic suite (RBGS) [Shannon et al., 
19971. These younger units are characterized by their ferroan 
compositions, unlike nearly all of the older felsic rocks of the 
basement. 

Two groups of mafic rocks were analyzed: 1) gabbroic sam- 
ples at depths of 1862,2063-87, and 2134-58 m, which 
intrude the Debaca sequence and are dated at 1105 Ma, and 
2) dioritic samples from depths of 3 140-70,3 170-3201, and 
32 10-22 m, from the underlying ca. 1340 Ma basement. Both 
groups are classified as alkaline on the basis of total alkalies 
vs. silica, but there are substantial differences in the geo- 
chemistry of the two mafic rock types that indicate they are 
distinct groups (Figure 5). The 1105 Ma gabbros have, for 
instance, lower values of SiO,, Ba, Zr, andY and higher con- 
centrations of Al,O,, Fe,O,, MgO, CaO, Sr, and Cr than the 
1330 Ma dloritic samples (Table 3; see CDROM in back cover 
sleeve). 

The compositions of mafic rocks from the Mescalero 1 
well are compared to mafic noritic rocks from the Pecos mafic 
intrusive complex [Kargi and Barnes, 19951, mafic dikes in 
the Red Bluff granite suite [Shannon et al., 1997; C. G. Barnes 
et al., 19991, and mafic samples from the northern Panhandle 
igneous complex of New Mexico and Texas [M.A. Barnes et 
al., 20021 in Figure 5. Such comparisons must take into account 
the fact that nearly all analyzed samples of the Pecos mafic 
intrusive complex are cumulates, so that their compositions do 
not represent melt compositions. We further note that Pecos 
mafic intrusive complex cumulates are rich in orthopyrox- 
ene, a mineral that is absent in all of the other mafic rocks. The 
Mg/(Mg+Fe) values of the Mescalero rocks (-0.45) are con- 
sistent with emplacement of evolved basaltic magmas, i.e., 
magmas that had undergone fractionation prior to emplace- 
ment. Further, in keeping with their alkaline nature, these 
rocks have Zr and TiO, contents that are identical to those of 
the Red Bluff granite suite mafic dikes and alkaline samples 

I 1.1 Ga Red Bluff I 

I Quartz Diorite 

Figure 4. Compositional plots for Panhandle intrusive complex rocks 
and the Debaca sequence rhyolite from Mescalero 1 using the clas- 
sification scheme of Frost et al. [2001]. Data from Panhandle intru- 
sive complex rocks in the Texas panhandle [Barnes, 20011 and fields 
for the Pikes Peak batholith, the Red bluff granite, and other 1.35 to 
1.40 Ga intrusives are shown for comparison. 

from the Panhandle igneous complex, but distinct from the 
tholeiitic rocks of the Pecos mafic intrusive complex (Figure 
5). 

The mafic rocks throughout the region show variable Nb 
content, which is significant because Nb has been used to 
interpret the tectonic setting of the rocks as either archack-arc 
or OIB-like. Following Norman et al. [I9871 and C. G. Barnes 
et al. [1999], M.A. Barnes et al. 120021 recognized that the 
mafic rocks can be either high Nb (2 12 ppm Nb) or low Nb 
(< 12 ppm Nb). Many of the Red Bluff granite suite mafic 
dikes are low Nb, while, for instance, the 1105 Ma dikes from 
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Figure 5. Compositional plots comparing 1.1 and 1.3 Ga mafic 
rocks from Mescalero 1 with the Pecos Mafic Intrusive Complex, and 
mafic rocks associated with the Red Bluff and Pikes Peak intrusives. 
Data from the Panhandle intrusive complex in Texas are also shown. 

the Mescalero 1 well are high Nb. Previous authors have inter- 
preted these signatures differently, with Norman et al. [I9871 
attributing a back-arc setting to the Red Bluff granite suite 
rocks, while C. G. Barnes et al. [I9991 argued that the low 
Nb signature is inherited from the source. Their reasoning 
was based on the extensional, A-type characteristics of the 
felsic magmatism in the Franklin Mountains at 1.1 Ga. C. G. 
Barnes et al. [I9991 also showed that the mantle source regions 
for circa 1.1 Ga magmatism were heterogeneous on a regional 
scale. Thus, one would not expect uniform compositions over 
regions as large as eastern New Mexico and western Texas. 
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Finally, little can be said concerning the analyzed rhyolitic 
sample from the Debaca sequence, except that it can be clas- 
sified as magnesian and alkali-calcic and is apparently more 
silica-rich and less alkalic than the ca. 1.34 Ga felsic mag- 
matism (Figure 4). Additional analyses will be necessary to 
determine its petrologic affinities. 

4.4. Well Log Analysis 

The total gamma ray and bulk density logs for the main 
portion of the Debaca sequence are shown in Plate l b  and a 
cross-plot of these physical parameters keyed to lithology is 
shown in Figure 6. The geophysical logs for the entire well, 
including the igneous rocks of the underlying Panhandle com- 
plex, are depicted in Figure 7. Each lithology encountered in 
the well has a distinctive log signature. Some of the rock units 
have very consistent log characteristics. For example, gabbro 
invariably has low gamma ray values (14-46 API) and high val- 
ues of density (-3.0 gm/cm3). Dolostone has a bulk density of 
2.7 - 2.8 gm/cm3 and low gamma values of 40 - 80 API. 
Argillite have low values of density and gamma (Plate 1 b), and 
syenitic to dioritic basement rocks have a density of 2.7 
gm/cm3 and gamma value of 116 API (Figure 6 and 7). In 
contrast, the volcaniclastic sediment shows highly variable 
values of gamma ray activity and density. Part of this vari- 
ability (between 2170 to 2200 m) can be attributed to wash out 
(excessive borehole diameter) during drilling. The remainder 
of the variability of physical properties is related to variations 
in the bulk composition and cementation of the sandstone. 
For instance, the tuffaceous sandstones have a low bulk den- 
sity and surprisingly low gamma activity (15 API, Plate lb). 
The green sandstones at -2205 m and -2400 m that are 
cemented by quartz have a significantly higher gamma activ- 
ity (1 32-140 API) than those cemented by carbonate at -2 170 
m and -2430 m (37-68 API). The carbonate portions of the 
Debaca sequence, the dolostone and sandy dolostone, also 
vary considerably in composition. Some sections have log 
characteristics indicative of nearly pure dolomite ( -2350 m 
and -2500 m), while other sections appear to contain a sub- 
stantial amount of sand (-2450 m and -2490 m). The lowest 
sandy dolostone, based on the gamma log (Plate lb), incor- 
porated a high amount of uranium, giving rise to smoky quartz 
in this interval. Thin sections from this interval indicate brec- 
ciation of the dolomite. 

The detailed analysis of the cuttings and logs from Mescalero 
1 allows lithologic correlation to neighboring wells. Labrador 
Oil State Mr. Jones 1 is located -5 km to the northeast of 
Mescalero 1. The cuttings for the State Mr. Jones 1 well unfor- 
tunately were destroyed, but a complete suite of geophysical logs 
is available. The gamma and density logs from State Mr. Jones 
1 are compared to those from Mescalero 1 in Figure 7. The 
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Figure 6. Cross-plot diagram showing the relationship between gamma 
ray activity and density for different rock types in Mescalcro 1. 

gabbros encountered in State Jones Mr. I are easily recog- 
nizable. A significant Pennsylvanian fault separates 
Mescalero 1 and State Mr. Jones 1 [Broudhead, 20011, drop- 
ping the State Mr. Jones 1 section down 160 m to the east ( 
Figure 2). 

The upper 400 m of the Proterozoic section in State Mr. 
Jones 1 is composed of gabbro; the hornfels and uppermost 
sedimentary package found in Mescalero 1 are not readily 
apparent on the log for State Mr. Jones 1 .  The distinctive 
gamma ray and density pattern of the upper Debaca, middle 
gabbro, and middle Debaca sequence in Mescalero 1 is also 
present in State Mr. Jones 1 (Figure 7). This package, partic- 
ularly the gabbro, is about the same thickness in both wells. 
The arkose (or lower Debaca sequence) appears to thin to the 
east between the two wells. 

The relative stratigraphic position and fairly constant thick- 
ness of the gabbros within the Debaca sequence suggest that 
these bodies may be sills (Figure 7). The gabbros located 
deeper in the drillholes within the Panhandle igneous complex 
vary in thickness and relative position with respect to the non- 
conformity, indicating that these bodies may be dikes (Figure 
7). The nature of the Panhandle igneous complex basement 
beneath the Debaca sequence in State Mr. Jones 1 appears be 
different than that in Mescalero 1. The quartz syenite in 
Mescalero 1 has an average gamma value of 116 APT and 
density of 2.7 gm/cm3. In contrast, the basement beneath the 
Debaca sequence in State Mr. Jones 1 has an average value of 
-80 API and an average density of 2.6 gm/cm3. Note that the 
density in State Mr. Jones 1 tends to increase downhole 
between the nonconformity and the top of the gabbro at -3000 
m and again below the gabbro to 3225 m. The gamma activ- 
ity trends parallel those in density, but the values decrease. 
The downhole increase in density and decrease in gamma 
activity is also recorded in the quartz syenite to quartz dior- 

ite to diorite pluton in Mescalero 1 .  These patterns reflect 
increasing mafic composition downward in these intrusions. 

4.5. Seismic Anal-ysis 

The well log data can be correlated to seismic reflection 
data on the basis of a synthetic seismogram generated from the 
sonic and density logs in the State Mr. Jones 1 well. The syn- 
thetic seismogram (Figure 8) shows that the top of Precambrian 
basement is characterized by an increase in acoustic imped- 
ance. The underlying Debaca sequence is quite reflective as 
would be expected from layers of sedimentary rocks. Below 
the base of the Debaca sequence, reflections in the synthetic 
seismogram come from the gabbroic sills inferred to intrude 
the Panhandle Igneous Complex. 

Correlation of the synthetic seismogram to a N-S trending 
seismic reflection profile (Figure 8) that lies approximately 15 
km northeast of the State Mr. Jones 1 well yields new infor- 
mation on the geometry of the Debaca sequence and the gab- 

Mescalero 1 State Mr. Jones 1 

Density (gmlcm3) Density (gmlcm3) 
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Figure 7. Correlation of gamma and density logs for Mescalero 1 and 
State Mr. Jones 1. 
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broic sills. The top of Precambrian basement is characterized 
by a strong, continuous reflection that is offset in places by 
Phanerozoic faults. A second south-dipping reflection 0.1 to 
0.3 s below is interpreted as the unconformity at the base of 
the Debaca sequence similar to that seen in the Mescalero 1 
well. We interpret the intervening package of reflectors as the 
Debaca sequence. The profile shows that the Debaca sequence 
both onlaps the unconformity and thins to the north. The 
Debaca sequence appears to pinch out toward the north end of 
the line. The location of the pinch out is consistent with the 
northern terminus of the sequence shown on Figure 2. 

The seismic data below the unconformity is largely unre- 
flective except for a bright reflector that dips to the south 
between 1.5 and 2.1 s on the south half of the line. We inter- 
pret this feature to be a mafic sill that intrudes the unreflec- 
tive Panhandle igneous complex. This interpretation is 
supported by the log data from the State Mr. Jones 1 well, 
which show a number of high density, high velocity layers 
within the Panhandle igneous complex. Industry seismic data 
throughout the Tucumcari basin exhibit similar reflections. 
[Eshete, 20011. On the basis of the well data presented here, 
we suggest that most of these reflections represent gabbroic 
sills that were intruded ca. 1 105 Ma. 

There are two major implications of these results for the 
interpretation of the CD-ROM NM line 1. First, the subcrop 
map (Figure 2) and the industry seismic data suggest that it is 
unlikely the Debaca sequence is a candidate for shallow reflec- 
tions on that line because the CD-ROM lies 40 km west of the 

Jones #1 

closest Debaca subcrop. Wells in the vicinity of the CD-ROM 
NM-1 line penetrate only metamorphic and igneous base- 
ment (Figure 2). Second the data presented here do suggest 
that gabbroic sills of ca. 1.1 Ga are common in the subsurface 
of this region and thus that it may be more reasonable to inter- 
pret many of the bright sub-horizontal reflectors (Eshete et 
al., this volume) as sills of this age. 

5. DISCUSSION 

5.1. Summary of Lithology, Age, and Basal Relationships 

Detailed petrologic and geochronological studies of base- 
ment rocks penetrated by the well Mescalero 1 indicate that 
the sedimentary and volcanic rocks in this drillhole most likely 
correlate with the Debaca sequence of west Texas and south- 
east New Mexico. The Debaca sequence in this well consists 
of arkose, sandstone, dolomitic sandstone, quartz-rich dolo- 
stone, volcaniclastic sediment, rhyolite, tuffaceous sediment, 
dolomitic marble, and hornfels. Several bodies of gabbro, 
both sills and dikes, intrude the sequence. As a result of the 
intrusion of gabbro, some carbonate-rich rocks were con- 
verted to marble and some volcanics were metamorphosed 
to hornfels. The U-Pb SHRIMP ages determined for eight 
detrital grains of zircon (from 1708 * 14 to 1308 =t 52 Ma) 
(M.A. Barnes, 2001) in the arkose suggest that the Debaca 
sequence was accumulated during a period in which regional 
erosion prevailed, resulting in deposition of zircons from 

Figure 8. Correlation of seismic reflection data in the Tucumcari Basin with a synthetic seismogram from the State Mr. 
Jones 1 well. Debaca sequence reflectors appear to onlap an unconformity and pinch out to the north. A bright reflection 
between 1.5 and 2.1 s is interpreted to be a mafic sill. Seismic data provided by Seismic Exchange Inc.; interpretation is 
that of the authors. Vertical exaggeration is 2: 1 assuming a velocity of 5 M s .  
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source rocks of different ages. The U-Pb zircon age deter- 
mined for the diorite (1332 * 18 Ma), which underlies the 
Debaca sequence, is coincident with the youngest age deter- 
mined for detrital grains of zircon from the arkose, suggest- 
ing that the underlying basement is one of the sources for the 
arkose. This interpretation is supported by petrographic analy- 
sis that identified a weathering profile in the quartz syenite 
below the arkose, and the presence of abundant fragments of 
quartz syenite in the arkose, especially in the lower portion of 
this unit near the contact with quartz syenite. This erosional 
contact shows up clearly on seismic reflection lines across 
the Tucumcari Basin (Figure 8). The Debaca sequence pinches 
out to the north. The association of immature volcaniclastic 
sandstones, carbonates, and felsic volcanics in upper part of 
the Debaca sequence suggest deposition in a shallow-water, 
extensional basin. 

5.2. Correlation With Other Mesoproterozoic Rocks in West 
Texas, New Mexico, and Arizona 

The rocks of the Debaca sequence in Mescalero 1 have 
lithologic and age affinities with surface exposures in the 
Franklin Mountains and the Van Horn area of west Texas 
(Table 4; see CDROM in back cover sleeve, Figure 9), as well 
as small outcrops in the Sacramento Mountains in south- 
central New Mexico. The Franklin Mountains contain a 
metasedimentary sequence of stromatolitic Castner Marble, 
which is overlain by Mundy Breccia, Lanoria Quartzite, and 
the Coronado Hills Conglomerate of the Thunderbird Group. 
A U-Pb zircon age for a volcanic ash layer within the Castner 
Marble yielded an age of 1260 *20 Ma [Pittenger et al., 1994; 
Bickford et al., 20001. Mapping of the basaltic Mundy Brec- 
cia has confirmed that it is syndepositional with the underly- 
ing Castner Marble [Ballard, 19971. The similarity in age of 
these units is significant in that it establishes a bimodal char- 
acter to magmatism at Debaca time. The contact between the 
Mundy Breccia and the Lanoria Quartzite is an erosional 
unconformity [Ballard, 1997, Seeley, 19991, as is the contact 
between the Lanoria Quartzite and the Coronado Hills Con- 
glomerate [Seeley, 19991. Detailed mapping of both contacts 
has led to the interpretation that the hiatus represented by the 
upper erosional unconformity is substantially greater than for 
the lower contact. Based of this interpretation, the Lanoria 
Quartzite may be more closely related to the Debaca sequence. 

Rocks of the Debaca sequence in Mescalero 1 may corre- 
late with Allamore and Tumbledown Formations in the Van 
Horn, Texas area [Bickford et al., 20001. The Allamore For- 
mation is dominated by carbonates with interbedded basalt 
and felsic tuff, while the Tumbledown Formation is made up 
of basalt flows with volcanic sandstone and felsic tuffs. U- 
Pb ages of rhyolites, tuffs, and ashes in the Allamore and 

Figure 9. Distribution of 1.1-1.3 Ga sedimentary rocks in the south- 
western U.S. shown in gray. Triangle is Red Rock granite in the 
Burro Mountains. Black oval is the Pecos Mafic Intrusive Complex 
(PMIC). Possible intracontinental extension directions and Grenville 
contraction direction from Timmons et al. [200 11 and Mosher [1998]. 
Figure modified from Timmons et al., 2001. Pahrump Group [Prave, 
19991 and Las Animas Formation [Tweto, 19831 shown for reference. 

Tumbledown formations are 1243 to 1256 Ma [Bickford et 
al., 20001. A small outcrop of basement rocks including 
quartzite, siltstone, and shale cut by diabase dikes at the west- 
em base of the Sacramento Mountains is assumed to be Debaca 
sequence [Denison and Hetherington, 19691, however, this 
assumption needs to be proved by geochronological study. 
Denison and Hetherington [I9691 note that north of an E-W 
line through the center of Otero County, New Mexico, car- 
bonates in the Debaca sequence are rare and the section 
becomes more argillacous and arkosic in New Mexico; how- 
ever, our results suggest that this generalization is not totally 
true. The Debaca sequence north of this line is not as strongly 
metamorphosed as it is to the south [Denison and Hether- 
ington, 19691. 

The age the gabbro in Mescalero 1 overlaps with the ages 
of other late Mesoproterozoic igneous rocks in west Texas. 
For example, the Pecos mafic igneous complex (PMIC) in 
Texas has a U-Pb zircon age of 1 163 *4 Ma, as reported by 
Keller et al. [1989]. PMIC magmatism was approximately 
coeval with felsic magmatism in the Franklin Mountain of 
west Texas and the Sacramento Mountains of New Mexico, 
where Shannon et al. [I9971 report a U-Pb zircon age of 1 120 
53.5 Ma for the Red Bluff Granite Suite, and Bickford et al. 
[2000] report a U-Pb zircon age of 11 1 1 *20 Ma for rhyolite 
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from the upper part of the Thunderbird Group. In addition, 
Mcscalero 1 contains 1.33 Ga syenitic and dioritic rocks that 
can be correlated temporally with rocks of similar composi- 
tion in the Texas panhandle [Barnes et ul., 20021, These cor- 
relations are important because these relationships establish 
three intervals of bimodal magmatism ( 1.33 Ga, 1.26 Ga, and 
1.1 Ga) during Mesoproterozoic time in New Mexico and 
wcst Texas. 

Mesoprotcrozoic exposures in Arizona (Figure 9) also have 
affinities with the section represented in the Mescalero 1 well. 
The Apache Group in Arizona has U-Pb zircon, K-Ar and 
Rb-Sr isochron ages that are similar to those in Mescalero 1 
(Table 4; sec CDROM in back cover sleeve). Wrucke [I9891 
published a U-Pb zircon ages of 1150 *30 Ma and 1 100 *15 
Ma for diabase in the Little Dragon Mountains, southern Ari- 
zona. A K-Ar age on biotite for the Sierra Ancha sill indi- 
cates an age of 1140 +40 Ma. U-Pb zircon on an ash bed 
within the Apache Group indicate that unit was deposited 
between 1300 and 1250 Ma * 10 Ma [George Gehrels, 2000, 
personal communication]. 

The ages of Cardenas basalt and basaltic sills that overlie and 
intrude the basal portion of Unkar Group located in the Grand 
Canyon region of Arizona are also ca. 1 100 Ma. McKee and 
Noble [1976] reported an RbISr date of 1090570 Ma for the 
Cardenas lava, which was followed by an estimate of 1070*30 
Ma by Elston and McKee [1982]. Larson et al. [I 9941 obtained 
four new RbISr data points and combined their results with 
those of Elston and McKee [ I  9821 to establish an-eruption 
age of 1 103*66 Ma. This geochronologic information, together 
with the field evidence reported by Timrnons et a/. [2001], 
indicate that the Unkar Group was deposited in an extensional 
basin created by a NW trending fault system related to tlie 
1.3 to 1.1 Ga Grenville collision. 

Two principal observations concerning the stratigraphic 
packages summarized in Table 4 (see CDROM in back cover 
sleeve) arise from this study. First, all of these sequences have 
two characteristic lithologic assemblages, an older -1 250 Ma 
sandstone-shale-carbonate-felsic volcanic assemblage and a 
younger -1 100 Ma gabbro-basalt-diabase (dikes and sills) 
assemblage (Table 4; see CDROM in back cover sleeve). Sec- 
ond the lithologic assemblages are essentially time-equivalent 
(with some data limitations). The 1250 Ma time interval was 
dominated by sedimentation and felsic volcanism (rhyolite 
and rhyolitic ash). During this period, carbonate deposition 
includes the Bass Limestone in the Unkar Group, the Mescal 
Limestone in the Apache Group, tlie Castner Marble in the 
Franklin Mountains, and carbonate units in the Debaca 
sequence. For the first three, a shallow marine paleodeposi- 
tional environment has been proposed based on the presence 
of stromatolites (Table 4; see CDROM in back cover sleeve). 
Stromatolites have not been identified in the Debaca sequence 

due to the fact that well cuttings do not readily preserve such 
structures. However, based on the similarities between the 
Debaca sequence and other areas discussed, we propose that 
the Debaca sequence in Mescalero 1 may also havc been 
deposited in shallow marine conditions. The 1100 Ma event 
was dominated by mafic igneous activity that resulted in 
emplacement of gabbro and diabase in all sequences examined 
in Table 4 ; see CDROM in back cover sleeve. 

Based on the lithologic and timing similarities we propose 
that all of these sequences were deposited in one or more 
large, northwest trending basins that extended from Arizona 
through New Mexico and west Texas. The NW-trcnd of the 
northern Debaca Basin penetrated by Mescalero I roughly 
parallels the trend of other Mesoproterozoic basins in the 
southwestern U.S. (Figure 9), and appears to be related to 
extension associated with Grenville contraction. Volcanism 
throughout the region resulted in the deposition of rhyolite 
and rhyolitic ash in intimate association with the carbonate 
units. The magmatic roots of a possible source of some of 
these rhyolitic ashes lies in the Burro Mountains of south- 
western New Mexico, where Ramo et al. [2003] have recently 
obtained an age of 1250 Ma on the Red Rock granite (Figure 
9). To test this hypothesis, more investigation is needed. 
Detailed stable isotope studies are recommended to deter- 
mine possible chemical similarities in the carbonate units. 
Similarly, trace element geochemistry is recommended to 
determine the composition and possible source of the rhy- 
olitic ash beds and to facilitate correlation of these beds 
between sequences. 

6. CONCLUSIONS 

Four major intrusive rock types (gabbro, quartz syenite 
grading to diorite, granite) and a sedimentary-volcanic 
sequence are present in Mescalero 1. The sedimentary-volcanic 
sequence fits descriptions of the Debaca sequence and the 
quartz syenite, diorite, and granite belong to the underlying 
Panhandle igneous complex discussed by previous workers 
in eastern New Mexico and west Texas. Seven gabbroic sam- 
ples yield analytically indistinguishable plateau ages with a 
combined weighted mean emplacement age of 110553 Ma. 
Because the gabbros intrude the other Proterozoic rock units, 
they appear to be the youngest units within the basement; 
therefore, the entire sequence of basement rock types cut by 
Mescalero 1 is older than 1.09 Ga. The diorite, which under- 
lies the Debaca sequence, yields a SHRIMP U-Pb zircon age 
of 1332 *18 Ma. These ages are similar to those found for 
correlative strata in the Franklin Mountains and the Van Horn 
area. The age and geochemical data from Mescalero 1, when 
correlated regionally to Mesoproterozoic surface exposures in 
the southwestern United States and to well data from the Texas 
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panhandle, can be used to identify three pulses of volcanism, 
one bimodal episode at 1.33 Ga, one felsic episode at -1.26 
Ma, and one mafic episode at 1.09 Ga. 

Detailed analysis of the cuttings in Mescalero 1 indicates that 
the basal arkose of the Debaca sequence rests on deeply weath- 
ered quartz syenite of the underlying Panhandle igneous com- 
plex. This erosional contact shows up clearly on a seismic 
reflection line across the Tucumcari Basin. The seismic line 
shows that the Mesoproterozic Debaca basin thins to the north. 
This interpretation agrees with our preliminary observations 
that only 10 to 30 m of Debaca sequence composed mainly of 
white carbonate-cemented sandstone is preserved in wells to 
the north of the Labrador wells, where the Debaca sequence 
sits on rhyolite or granite (see Figure 2). In addition, the cut- 
tings and well log analyses in Mescalero 1 can be tied to the 
seismic reflection line to document the geometry of gabbroic 
bodies within the basement (Figure 8). 

Each of the major rock units has a characteristic signature 
on the geophysical logs. For example, gabbro has a density of 
-3.0 gm/cm3 and low total gamma activity. In contrast, the 
quartz syenite has a density of - 2.70 gm/cm3 and a total 
gamma ray of - 115 GAPI. Analysis of natural gamma-ray 
spectral logs indicates that the volcaniclastic sediment generally 
has high uranium values. This type of analysis is usehl for cor- 
relating logs drilled into Proterozoic basement, as illustrated 
in Figure 7, and has the potential to help with our continuing 
efforts to map out the geometry of the Mesoproterozoic Debaca 
basin. The geometry of the basin may hold the key to under- 
standing the tectonic development of the basin and deposi- 
tional setting of the sedimentary package. 
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Background and Overview of Previous Controlled Source 
Seismic Studies 

Claus Prodehl', Roy A. Johnson2, G. Randy Keller3, Catherine M. Snelson4, 
and Hanna-Maria Rumpel' 

Controlled source seismic techniques offer useful tools to study the structure 
of the earth's crust and upper mantle in considerable detail. The seismic reflec- 
tion technique uses source-receiver offsets that are relatively small in compari- 
son to the intended maximum depth of penetration, and the goal is to form an 
image of the subsurface structure through sophisticated data processing. The 
seismic refraction technique uses source-receiver offsets that are large in com- 
parison to the intended maximum depth of penetration. Sophisticated interpretation 
methods have been developed to derive velocity models from these data. Reflec- 
tion and refraction data are traditionally gathered along profiles and produce 2- 
D results, but new instrumentation is making surveys with an element of 3-D 
coverage possible at a crustal scale. From the standpoint of seismic refraction and 
reflection surveys, coverage for the Southern Rocky Mountains and surrounding 
areas before the 1999 CD-ROM project was relatively poor. Reflection surveys 
targeting the deep crust were particularly sparse. Of the pre- 1999 refraction data, 
several profiles are at least partly unreversed, most have only a few widely spaced 
shotpoints, and for most profiles, the interval between recording stations is typ- 
ically >I0  km. The thickest crust in the region (-50 km) does not correlate 
directly with the highest topography. The Southern Rocky Mountains are bisected 
by the Rio Grande rift whose crust thins from north to south and is at least 5 km 
thinner than that of adjacent regions. There is also evidence for crustal thinning 
across southern Wyoming. 

' Geophysikalisches Institut, University of Karlsruhe, Karlsruhe, 1. INTRODUCTION 

Germany 
Department of Geosciences, University of Arizona, Tucson, Arizona The CD-ROM project offered a unique opportunity to delin- 
Department of Geological Sciences, University of Texas at El Paso, eate detailed crustal and upper mantle structure along a tran- 

El Paso, Texas sect of substantial length (- 1000 km, Figure 1) by applying a 
Department of Geoscience, University of Nevada Las Vegas, Las variety of seismic techniques including deep seismic reflec- 

Vegas, Nevada tion and refraction profiling using controlled seismic sources, 
as well as passive-source teleseismic tomography and receiver- 
function studies. In addition, there have been several recent 

The Rocky Mountain Rcgion: An Evolving Lithosphere seismic studies in the region besides CD-ROM. Understand- 
Geophysical Monograph Series 154 ing the results of such a variety of techniques requires at least 
Copyright 2005 by the American Geophysical Union. a basic appreciation of each of them. The purpose of this 
10.102911 54GM 14 paper is to briefly overview the aspects of controlled-source 
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Figure 1. Index map of seismic studies in the Rocky Mountain region prior to CD-ROM in 1999. Solid circles are shot- 
points used in these studies; stars denote major cities. Detailed information about these profiles can be found in Table 1 
(see CDROM in back cover sleeve). 

seismic techniques needed to understand their strengths and uppermost mantle. Detailed overviews of the various seismic 
weaknesses and to summarize the results of studies of this methods employed to study lithospheric structure, their advan- 
type in the Southern Rocky Mountain region prior to CD- tages and their limitations, have been published by Bvaile et 
ROM (Figure 1). Our goal is also to complement the overview ul. [I9951 and Mooney [1989]. Modern seismic studies using 
of passive seismic techniques provided by Sheehan et al. [this controlled energy sources such as underwater and borehole 
volume]. In general, seismic techniques offer the highest res- explosions, Vibroseis, and commercial quarry blasts are capa- 
olution geophysical methods to study the earth's crust and ble of excellent resolution to depths of several tens of kilo- 
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meters (the crust and uppermost mantle). In order to obtain 
optimal resolution, detailed controlled-source studies require 
hundreds of instruments and a coordinated program of reflec- 
tion (near-vertical-angle) and refraction (wide-angle) record- 
ing. Passive-source techniques provide valuable, but less 
detailed constraints on lithospheric structure, and the deeper 
we look into the mantle the more we must depend on these 
techniques. Controlled-source and passive-source techniques 
are highly complementary and can each provide information 
throughout the lithosphere. A quantitative integration of the h l l  
spectrum of these techniques would be a very powerful tool 
but has yet to be achieved. 

2. THE REFRACTION (WIDE-ANGLE REFLECTION) 
PROFILING TECHNIQUE 

As classically practiced, seismic refraction profiling has 
provided much of the data available on the crust, such as thick- 
ness, gross velocity structure, and uppermost mantle P-wave 
velocities (Pn). However, modern instrumentation provides 
the capability to resolve much more detailed information 
about crustal structure. Crustal-scale seismic refraction data 
are usually gathered along linear profiles several hundred 
kilometers in length. Up to the late 1980s, they were exclu- 
sively recorded in analog form. Since the mid-70s, major 
improvements have emerged for the analysis of crustal seis- 
mic refraction data because of rapidly increasing computing 
and graphics capabilities. In particular, the capability to dig- 
itize the analog traces enabled further processing of the dig- 
ital data and the application of numerical modeling algorithms 
for two and three-dimensional structures. Nowadays, all data 
is acquired in digital form. 

In the seismic refraction technique, the distance from the 
source to the most distant receiver is several times the maxi- 
mum depth of penetration intended while in reflection seis- 
mic surveys the depth of reflectors may be much larger than 
the extent of a recording array. Elementary texts on seismic 
exploration leave the impression that only critically refracted 
waves that travel along interfaces (i.e., head waves) are inter- 
preted in seismic refraction studies. However when employed 
in crustal structure investigations, the term refraction survey 
is misleading because many reflected phases are also inter- 
preted. As these surveys are directed toward the interpreta- 
tion of waves that intersect interfaces at angles greater than a 
few degrees, they are often termed wide-angle reflection 
experiments. Also, the so-called refracted waves are usually 
diving waves that do not travel strictly along a "refraction" 
horizon, but with increasing distance, penetrate or dive into the 
medium below the corresponding velocity boundary. This is 
particularly true if the boundary is not a sharp discontinuity, 
but rather a thin transition zone where the velocity does not 

jump discontinuously from the upper to the lower layer. In 
this case, the velocity gradient changes rapidly from a smaller 
to a larger value causing an increase of velocity over a limited 
depth range. 

Wide-angle surveys yield data that are not straightforward 
to interpret. The strength of such surveys is their ability to 
resolve in situ velocities, but ambiguities may arise when 
complex structures are encountered. The first step in inter- 
preting wide-angle seismic data is correlating the observed 
phases, and this subjective task may be difficult beyond the 
interpretation of first arrivals only. However, a thorough inves- 
tigation of the earth's crust and upper mantle requires the 
analysis and correlation of both first and later arrivals from 
seismogram to seismogram along a profile (Figs. 2 and 3). 
Digital data processing helps with this procedure by allowing 
for improvement of the original data and their readability. 
Such processing was cumbersome or impossible to apply to 
analog data. These processes include frequency and velocity 
filtering, slant stacking of traces, and various modifications 
to the display of traces such as automatic gain control and 
variable-area shading. 

To facilitate such a correlation of first and secondary arrivals, 
all seismograms along a profile are usually arranged into a 
record section according to their distance from the shot-point 
using reduced travel times (Figure 2). The reduced travel time 
Tr is defined as the observed travel time (T) minus distance 
(D) divided by the reduction velocity (Vr): Tr = T - DNr. For 
investigation of compressional (P) waves propagating in the 
crust, Vr = 6 km/s is a suitable and widely used reduction 
velocity, while Vr = 8 km/s is normally used for P-wave inves- 
tigations of the uppermost mantle. As examples of such record 
sections, a set of unpublished wide-angle seismic profiles are 
shown in Figures 2 and 3. These data were collected in 1965 
along a profile that approximately follows the meridian 107" 
W from southern Colorado to southern Wyoming, and were 
interpreted as part of a study by Prodehl and Pakiser [1980]. 
For comparison, Rumpel et al. [this volume], Snelson et al. [this 
volume], and Levander et al. [this volume] present much 
denser seismic refraction P-data obtained during the CD- 
ROM seismic survey. 

After the display and correlation of the recorded seismic 
waves, the next step is the inversion of the observed time- 
distance data into velocity-depth functions, V(z). The sim- 
plest case occurs when the correlated travel time curves are 
straight-line segments. Formulas have been developed to cal- 
culate depth and dip of corresponding layers under the assump- 
tion that the earth's crust consists of layers with constant 
velocities separated by discontinuities at which the velocity 
increases discontinuously from V(i) to V(i+l) [e.g., Bullen 
and Bolt, 1985; Steinhart and Meyer, 196 11. Curved segments 
of correlated travel time curves can occur in first as well as in 
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COCHETOPA->WOLCOTT 

S Distance (km) 

Figure 2. Previously unpublished refraction record sections along a N-S line parallel to the axis of the southern Rocky Moun- 
tains extending from Sinclair, Wyoming, to Lumberton, New Mexico. These data were recorded in 1965 [Prodehl and Pakiser, 
19801. Shotpoint locations are shown in Figure 1. The phases identified are labeled as: a - refraction from the upper crust 
(Pg); a-b - reflection from the upper crust; b -reflection from the middle crust (Pip); c -reflection from the Moho (PmP); 
d - refraction from the upper mantle (Pn). 
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later arrivals. Curved segments of first-arrival phases may 
indicate a vertical velocity gradient in the corresponding layer. 
When later arrivals are fitted by hyperbolic travel time curves, 
they are interpreted as reflections from first-order disconti- 
nuities or from thin transition zones with strong velocity gra- 
dients. A general method for inversion of travel time data into 
depth values is the Wiechert-Herglotz method [e.g., Giese, 
19761. This method can be applied to determine the complete 
velocity-depth function if the travel-time curve, T(D), forms 
a continuous function including cusps, and if the derivative, 
dD/dT, increases continuously along the travel time curve. 

However for many seismic refraction observations, the con- 
ditions required by the Wiechert-Herglotz method are not h l -  
filled. Fuchs and Landisman [1966] were among the first to 
use a less restricted method to calculate the velocity-depth 
model for a set of observed travel time data. They started with 
an initial model, which may be obtained from intercept times 
and apparent velocities for each travel time branch. Velocities 
and depths were then varied in a trial-and-error procedure 
until a reasonable fit between observed and calculated travel 
times is obtained. Giese [1976] discusses several other approx- 
imation formulas developed by various authors and describes 
a special approximation method to invert travel time data 
directly into velocity-depth values. This method was applied 
by Prodehl [I9791 to a large number of seismic refraction 
profiles throughout the western United States. Each of these 
methods allows for inclusion of velocity inversions, but gen- 
erally assumes homogeneity in the horizontal direction. 

Synthetic seismogram techniques using ray theoretical and 
reflectivity methods have been developed to include the analy- 
sis of observed amplitudes and waveforms and thus check 
and refine velocity models obtained by travel time analysis only 
[e.g., Fuchs and Mueller, 1971; Kind, 1976; Cerveny et al., 
1977; McMechan and Mooney, 1980; Kennett, 1983; Sand- 
meier and Wenzel, 19861. All these methods assume an elas- 
tic half space consisting of homogeneous, horizontal and 
isotropic layers. In the reflectivity method [Fuchs, 19681, the 
complete wave field is computed, including all shear waves, 
converted phases (P to S or vice versa), multiple phases, tun- 
nel waves, etc. For a system of homogeneous and parallel lay- 
ers, elementary seismograms can be computed exactly from 
ray theory [Mueller, 19701. The reflectivity method at present, 
however, can only be applied to one-dimensional velocity- 
depth distributions, which means that the method cannot be 
used directly if laterally varying structures have to be modeled. 
In practice, two-dimensional velocity distributions can be 
simulated by successive application of one-dimensional solu- 
tions at different points along a profile. 

The need for modeling complex structures in which the 
geometry is two-dimensional (and ultimately three- 
dimensional) and velocities vary laterally within layers, has 

driven a large amount of research on ray theory. In the ray 
theoretical approach, the wave field is separated into ele- 
mentary waves corresponding to groups of kinematically anal- 
ogous waves and the eikonal equation (whose solutions are 
approximate solutions to the wave equation) is solved. In prac- 
tice, this approach is limited to modeling body waves (P- 
waves and S-waves) and examples of ray tracing results can 
be seen in Levander et al. [this volume], Snelson et ul. [this 
volume], and Rumpel et al. [this volume]. Numerical tests 
have shown that an approximate ray method [Cerveny et al., 
19771 yields useful synthetic seismograms. With certain mod- 
ifications, this technique yields satisfactory results even near 
points of reversal or near critical distances. Using ray theory, 
computer methods have been developed that calculate travel 
times and amplitudes for rays traveling through laterally inho- 
mogeneous structures [e.g., Ceweny and P.sencik, 19831. A 
combination of 1-D and 2-D modeling and interpretation pro- 
cedures is usually most effective. The ray method has been 
further developed [e.g., Cerveny, 19851, and efforts have been 
made to include the effects of anisotropy and inhomogeneity 
on the propagation of high-frequency elastic waves in the ray- 
tracing method [e.g., Gujewski and Psencik, 19871. A graph- 
ically sophisticated and widely used ray tracing package 
(MACRAY) was developed by Luetgert [I9921 and allows inter- 
active modeling. 

Some authors have studied interpretation methods that 
were previously only applied to seismic reflection data and 
have applied them to densely recorded refraction data. For 
example, McMechun et al. [1982], Milkereit et al. [I9851 
and McMechan and Fuis [1987] applied normal movement 
(NMO) velocity analysis and common-midpoint (CMP) 
stacking methods. 
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Figure 3. Previously unpublished detailed refraction record section 
along a profile extending from Walcott, Colorado toward Lumber- 
ton, New Mexico. These data were recorded in 1965 [Prodehl and 
Pukiser, 19801. Shotpoint locations are shown in Figure I .  The phases 
identified are labeled as: a-b - reflection from the upper crust; Pip - 
reflection from the middle crust; c - reflection from the Moho (PmP). 



206 CONTROLLED SOURCE SEISMIC TECHNIQUES 

In order to speed the tedious process of deriving 2-D veloc- 
ity models from the many sources and receivers that charac- 
terize modern refraction surveys and provide estimates on 
resolution, Zelt and Smith [I9921 developed a travel time 
inversion method that simultaneously models reflection and 
refraction arrivals from a number of sources to multiple 
receivers. Numerous trial and error iterative forward model- 
ing steps are thus replaced by an effective minimization of 
travel time residuals by the least-squares method. In addition, 
the inversion method provides an estimate of resolution and 
uncertainty of the individual model parameters. A good start- 
ing model, which may be obtained by a careful application 
of the methods discussed above, is recommended in order to 
obtain a rapid and successfully converging inversion. This 
approach has been applied in many studies around the world 
including the CD-ROM [Levander et al., this volume; Rumpel 
et al., this volume] and DEEP PROBE (Figure 1) data [Gor- 
man et al., 20021. 

For a 3-D-approach, Hole [I9921 describes a non-linear 
high-resolution tomographic technique that exclusively uses 
first-arrival picks. In addition to the case of truly 3-D geome- 
tries [e.g., Guterch et al., 2001; Sroda et al., 20021, this 
approach is useful if first-arrival picks are available in large 
numbers and if the topography of the study area results in a 
crooked-line geometry of a profile. The Hole [I9921 code 
uses a finite-difference approximation to the eikonal equa- 
tion to calculate travel times [Vidale, 1988, 19901, and the 
model space consists of a 3-D velocity model defined on a uni- 
formly spaced grid. Ray paths are back-projected through the 
array of calculated travel times to obtain the travel time at 
any given receiver for a source in the model space. Snelson et 
al. [this volume] applied this method successhlly to the 1999 
CD-ROM data and updated the 3-D first arrival model by 
forward modeling of later arrivals (prominent reflections) 
using an enhancement of the Hole code that provides for the 
modeling of floating reflectors [Hole and Zelt, 19951. Zelt 
and Barton [I9981 and Zelt et al. [I9991 present a similar 3- 
D approach and show successful applications, and this code 
was applied to derive the tomographic model shown in Levan- 
der et al. [this volume]. 

In summary, there are important and restrictive assump- 
tions made in most seismic refraction interpretations as pointed 
out by Mooney [1989], Zelt [1999], and Zelt et al. [2003]. 
Planar and layered structures are valid approximations, at 
least for a starting model. Lateral velocity variations are usu- 
ally smaller than vertical ones and often occur on the same dis- 
tance scale as the shotpoint spacing. Principal crustal phases 
are usually correctly identified and have not been confused 
with multiples, phase conversions, and noise. Detailed com- 
parisons of interpretations of identical data sets have estab- 
lished that a final velocity model is more a function of the 

particular phase identification than of the interpretation method 
[e.g., Ansorge et al., 1982; Finlayson and Ansorge, 1984, 
Mooney and Prodehl, 19841. The lower crust is a region where 
ambiguity in how to correlate phases is common, and differ- 
ing interpretations of lower crustal phases for the CD-ROM 
data are presented in Levander et al., [this volume] and Snel- 
son et al. [this volume]. 

In addition to analyzing information such as ray coverage, 
the fit between observed and calculated travel times and ampli- 
tudes, and resolution estimates provided by inversion algo- 
rithms [e.g., Gorman et al., 20021, recent studies have used a 
combination of tomographic and ray tracing approaches to 
access the uncertainty in velocity models [e.g., Fuis et al., 
20031. Zelt [I9991 and Zelt et al. [2003] have formalized this 
approach, and it is applied to the CD-ROM data by Levander 
et al. [this volume]. Given the increasing gap in signal qual- 
ity, the number of sources, and the number of receivers between 
modern surveys and ones done prior to the emergence of 
instrumental resources provided through PASSCAL (-1990), 
it is hard to generalize about resolution of key elements of 
crustal velocity models. However, the uncertainties in the 
interpretation of most modern refraction data may be esti- 
mated as follows: 1) the velocity of the upper crust typically 
has an error of -3 percent; 2) the determination of the Moho 
depth and the upper mantle velocity for reversed profiles that 
are several hundred kilometers long has an error of 3-5 per- 
cent; and 3) deep crustal velocities often have an error of -10 
percent [Mooney, 19891. Since the lower crust turned out to 
be a major feature of interest in the CD-ROM project, it is 
important to note that better errors (-5%) for lower crustal 
layers will result if they are thick enough to produce clear 
first arrivals. 

3. THE SEISMIC REFLECTION TECHNIQUE 

The reflection technique, as practiced by industry primarily 
in the search for hydrocarbons, can produce very detailed 
images of the uppermost crust by recording nearly vertically 
traveling waves as they reflect off discontinuities in the earth. 
Fundamental aspects of this technique are reviewed in many 
books, such as Sheriffand Geldart [I9951 and Yilmaz [2001]. 
The goal of seismic reflection studies is to produce a clear 
image of the subsurface so its interpretation will be nearly 
self-evident. In addition, the velocities of intervals in the 
image can be estimated and subtleties in the data, such as 
amplitude variations with distance from the source, can reveal 
details about the composition and physical properties of rocks 
in the region imaged. Extensive petroleum exploration in the 
Rocky Mountain region has resulted in the recording of many 
1000's of kilometers of seismic reflection profiles and a small 
but very useful fraction of these data have been published 
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[e.g., Cline and Keller, this volume and Quezada et al., this 
volume] providing significant insight about specific geologic 
features. In spite of the considerable cost of data acquisi- 
tion, deep seismic reflection profiling of the entire crust 
emerged in the 1970's because geoscientists interested in 
deep earth structure and the processes at work in the earth 
recognized the value of reflection data early in the evolu- 
tion of the method. With modification of industry data acqui- 
sition parameters and the use of larger sources, organizations 
such as the Consortium for Continental Reflection Profiling 
(COCORP), which was funded by the National Science 
Foundation, initiated large-scale crustal profiling efforts in 
the US. Other national efforts for deep seismic reflection 
profiling were established soon after the formation of 
COCORP. These included the British Institutions Reflec- 
tion Profiling Syndicate (BIRPS), the Deutsches Kontinen- 
tales Reflexionsseimisches Programm (DEKORP), and 
LITHOPROBE, a Canadian effort that featured transects 
that were highly integrated with co-located geological and 
complementary geophysical studies and served as a model 
for the CD-ROM effort. 

Compared to the refraction method, the reflection technique 
is configured to record seismic waves (usually P-waves) at 
receivers that are closely spaced (< 50 m) and whose distance 
from the source is relatively small (0 - 15 km). Morozova et 
al. [this volume] and Magnani et al. [this volume, a, b] discuss 
recording parameters and interpretations of the CD-ROM 
profiles in Wyoming and New Mexico respectively. For effec- 
tive analysis of crustal velocities, the maximum desirable 
source-receiver offset is on the order of the depth to which 
the image is intended to extend. Reflections from deeper 
crustal or even upper mantle levels commonly are recorded and 
imaged well using shorter source-receiver offsets, but conse- 
quently, reliable velocity information for deep reflections gen- 
erally is lacking. Since the 605, common-midpoint (CMP, or 
sometimes CDP for common depth-point) profiling tech- 
niques [Sheriff and Geldardt, 19951 have been used with 
extraordinary success to improve S/N in reflection images. 
In this fundamental technique, many repetitive, closely spaced 
sources are employed and many 100's of groups of receivers 
are deployed. This multiplicity allows traces to be added to 
enhance the usually weak reflected signals and to determine 
the velocities that are needed to form an image via CMP pro- 
cessing. An individual seismogram on a typical seismic reflec- 
tion record section is in fact the sum of many 1000's of 
individual seismic pulses that have traveled through the earth. 
The massive processing effort required to create seismic 
reflection images far exceeds that required in other seis- 
mic methods. In fact, the high level of computations required 
has driven many important advances in computer technol- 
ogy over the decades. 

Ultimately, the goal is to recover the reflectivity of the earth 
and use it to solve for the velocity structure usually employ- 
ing the vertical-incidence reflection coefficient for each 
interface: 

R=(V,P, -V ,P , ) / (V ,P ,+V,P, ) ,~~~~~ 
V, is the velocity above the reflector, 
V, is the velocity below the reflector, 
p,  is the density above the reflector, and 
p, is the density below the reflector. 

Reflection coefficients are measures of the changes in phys- 
ical properties of juxtaposed rocks; large reflection coeffi- 
cients indicate large differences in rock velocities and/or 
densities and generally result in strong reflections on seismic 
profiles. Thus, along with reflection geometries, reflection 
amplitudes are important indicators of geological relationships. 

It is important to note that reflection and refraction tech- 
niques generally measure different aspects of the often highly 
complex velocity structure of the cmst. Refraction techniques, 
employing very large source-receiver offsets rely on criti- 
cally refracted arrivals whose measured velocities are deter- 
mined by relatively horizontal travel at the deepest point of the 
energy's penetration. In simple horizontally layered sequences, 
the measured velocities are predominantly those of the upper 
portions of higher velocity layers in which waves travel hor- 
izontally. In contrast, reflection techniques maintain relatively 
small source-receiver offsets (compared to the depths of sub- 
surface structures) and velocities are determined from changes 
in arrival times at increasing offsets for waves following 
roughly vertical travel paths. Despite the differences between 
the natures of the velocities measured using refraction and 
reflection techniques, reliable comparisons between, say, the 
depth to the Moho based on refraction and carefully designed 
reflection methods show considerable agreement. 

After appropriate processing, reflection times represent the 
time that seismic energy takes to travel from the surface to a 
reflector and back (i.e., two-way time) that is a consequence 
of the depth to the reflector and the average velocity between 
the reflector and the surface. Velocities determined from shot 
records or CMP gathers during processing remove the com- 
ponent related to simple average velocity in order to resolve 
a component that depends on a weighted average velocity 
known as stacking or RMS (Root-Mean-Square) velocity. The 
weighting comes from the fact that waves will spend more 
time (relatively) in thick layers than in thin layers, which in turn 
affects the total travel time. Stacking and RMS velocities, 
though technically distinct, are very similar (and indeed are 
identical for horizontal, homogeneous layers). Most impor- 
tantly, stacking or RMS velocities can be used to measure the 
velocity of the material in the interval between two reflec- 
tors, known as interval velocity [Dix, 19551, which is a major 
goal of the technique. Interval velocities determined from 
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seismic reflection surveys in sedimentary basins show very 
good correlation with more direct measurements in boreholes. 
However, interval velocities are best resolved where data qual- 
ity is very high and horizontal layers characterize the sub- 
surface. For crustal-scale reflection surveys, these ideal 
conditions do not exist and, in general, reflection velocity res- 
olution diminishes with depth. 

A common-midpoint-stacked (CMP) seismic profile sim- 
ulates what might be recorded if the experiment were con- 
ducted with a source and single receiver, both of which are 
located together (i.e., the offset is zero for each one-trace 
record), and the source and receiver are moved along the pro- 
file. This type of recording is of course not used in practice, 
but the coincident-source-receiver concept is useful for visu- 
alizing some of the distortions that arise in reflection profil- 
ing and that must be corrected in order to provide meaningful 
subsurface images. Most importantly, it's easy to envision 
that events recorded at the receiver in coincident source and 
receiver profiles result from reflections at normal incidence 
(perpendicular) to the reflecting boundaries. When reflectors 
are not horizontal, reflections will arrive at the receiver along 
paths that are not directly below it. However, regardless of 
the direction from which a reflection emanated, it will be plot- 
ted directly below the source-receiver position along the sur- 
face since that is where it was recorded. In essence, a reflection 
at a particular time on a single seismic trace could have come 
from anywhere on a surface (referred to as an aplanatic sur- 
face [Waters, 19871) defined by the distance between that 
reflecting surface and the receiver and by the average veloc- 
ity along its travel path. Because of this effect, dipping reflec- 
tions on CMP profiles are not in their true positions and must 
be corrected by the process of migration. Unmigrated reflec- 
tions appear to have less dip and are shifted in a down-dip 
direction laterally from the true position of the reflecting inter- 
face; migration steepens these events and shifts them to their 
proper up-dip spatial positions. In addition, diffracted energy 
from lateral discontinuities or structures with curvatures less 
than a Fresnel zone, which complicate unmigrated reflection 
images and disrupt resolution, can be collapsed back to a 
"point" through migration. 

Accurate migration is generally possible when the velocity 
structure along the reflection path is known. Even approxi- 
mately correct velocities often will produce migrations that 
improve structural resolution and, thus, migration has become 
a standard procedure in the processing of reflection data as 
computer capabilities have allowed. There are numerous 
approaches used to migrate seismic reflection data, many of 
which are detailed by Yilmaz [2001], including migration of 
time sections (time migration) and migration to form depth sec- 
tions (depth migration). Both time and depth migration can be 
applied either before or after CMP stacking depending on the 

algorithms used. Unfortunately, migrations become less accu- 
rate and even may introduce artifacts for the deeper parts of 
crustal reflection profiles due to lack of detailed velocity 
information at great depth, complex reflection travel paths, 
and loss of data from the bottoms and sides of profiles as the 
migration aperture increases with depth [Warner, 19871. Fur- 
thermore, two-dimensional reflection profiles can only be 
properly migrated if all of the reflections were generated and 
propagated within the plane of the profile. For deep crustal pro- 
files, for which the targets of the imaging are usually quite 
complex, this probably never is the case. Reflected energy 
from 3-D structures can only be correctly migrated with ade- 
quate 3-D data. While its use in industry is becoming standard, 
large crustal-scale 3-D reflection surveys have not yet been 
conducted. Present practice is to use both migrated and unmi- 
grated profiles to analyze and interpret deep crustal reflec- 
tion images, and the skill and experience of the interpreter is 
an important factor in avoiding incorrect interpretation of 
artifacts or improperly migrated features. 

Although seismic profiles look enticingly like geologic 
cross sections, the fact that they still are scaled in travel time 
means that they are inherently distorted, at least in a vertical 
direction. For example, a low-velocity part of the section 
might occupy just as much of the time scale as a thick, high- 
velocity zone. Furthermore, since velocities tend to increase 
with depth in the crust, deeper parts of the section are com- 
pressed in time profiles. One consequence of this effect is 
that a planar, dipping structure, such as a fault plane, can 
appear in seismic time profiles to be listric, so care in evalu- 
ating true dip relationships in time profiles is especially impor- 
tant. If the velocity in the subsurface is known from calculating 
stacking velocities, or from independent measurements such 
as a refraction survey, the seismic profile can be converted 
to depth and may, therefore, be interpreted more directly. As 
noted earlier, certain migration procedures do this conversion 
as part of the migration process. 

Interpretation of crustal seismic reflection profiles ulti- 
mately requires considerable geological insight and incorpo- 
ration of independent geological information to provide 
constraints on interpretations. To an important extent, inter- 
pretation is an interactive process between geophysical and 
geological interpretation and data processing [e.g., Johnson and 
Smithson, 19851 because choices made during data process- 
ing (e.g., velocity analysis, filter application, migration pro- 
cedures, etc.) affect the final images that will be used for 
interpretation. Within the context of broad regional geologic 
and tectonic analysis, interpretations often focus on groups of 
events or individual events with particular geometries, anom- 
alous amplitudes, juxtapositions or other characteristics that 
are interpreted to have geological significance. A crustal- 
scale seismic reflection image generally shows gross crustal 
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structure, which then is analyzed in more specific detail. Often 
initially categorized by their geometric relations, seismic 
events frequently are analyzed quantitatively to provide addi- 
tional information on factors such as reflection amplitude, 
true dip, spatial relationships with other structures, etc. As 
the papers in this volume show, such analyses can provide 
important insights about reflection coefficients and polari- 
ties (and thereby the nature of rocks juxtaposed in the sub- 
surface), whether certain events are noise or artifacts, and 
whether certain events have spatial relations that link them 
to other important geological structures and to other important 
aspects of the data or subsurface geology. Of course, where 
possible, comparisons with geologic analogues or direct ties 
with surface exposures are used to constrain possible inter- 
pretations, and this approach is a key focus of papers in this 
volume by Magnani et al., a, b; Morozova et al., Quezada et 
al., and Cline and Keller. 

In recent years, considerable resources have been expended 
by the exploration industry on efforts to record multicompo- 
nent seismic reflection data, which allows the recording of 
both P-waves and S-waves. A strong motivator for this inter- 
est is the fact that compressional waves and shear waves 
respond differently to the presence of fluids within fractures 
and pore spaces in rocks. Comparisons of the compressional 
and shear wave fields can be used to constrain volumetric 
estimates and determine likely pore-fluid compositions in 
petroleum reservoirs. Furthermore, shear waves often can be 
used to image subsurface structures that are obscured to P-wave 
imaging such as "gas chimneys" above reservoirs, which 
strongly affect P-wave propagation, but which have a limited 
effect on S-waves. In practice, industry-related multicompo- 
nent surveys are most commonly conducted in marine envi- 
ronments as a means to enhance production success, and 
involve ocean-bottom cables that record one vertical- and two 
horizontal-components along with the pressure wave field 
(often referred to as Ccomponent or 4C recording). 

In crustal reflection and refraction profiling, the use of mul- 
ticomponent recording (generally acquiring one vertical com- 
ponent and one or two horizontal components) has become 
more common, but is more the exception rather than the rule. 
In these larger-scale crustal studies, the principle advantage of 
multicomponent recording is that better constraints on crustal 
compositions can be determined by evaluation of Poisson's 
ratios or, equivalently, VpNs ratios [Kern and Richter, 198 1 ; 
Domenico, 1984; Fountain and Christensen, 1989; Holbrook 
et al., 1992; Christensen, 1996; Satarugsa and Johnson, 20001. 
Although P-wave velocities are sensitive to rock composition 
(e.g., the velocity of granite generally is significantly less 
than that of gabbro), many very different crystalline rocks in 
the crust have velocities that fall within ranges that overlap 
[Christensen and Fountain, 1975; Christensen, 1979; Hol- 

brook et al., 1992; Christensen and Mooney, 19951, making 
interpretation of compositions based solely on P-wave veloc- 
ities problematical. Because S-waves respond differently to 
rock compositions and fabrics, inclusion of S-wave veloci- 
ties in interpretations often can be used to distinguish between 
crustal lithologies that would be unresolvable using P-wave 
velocities alone. For example, in analysis of compressional- 
wave reflection and refraction data beneath the Ruby Moun- 
tains in northeastern Nevada, Satarugsa and Johnson [I9981 
interpreted crustal compositions that had large possible vari- 
ations; later analysis that included shear-wave data [Satarugsa 
and Johnson, 20001 constrained the crustal composition 
beneath the Ruby Mountains from seventeen possible rock 
types in the middle and lower crust to just six. As part of the 
CD-ROM experiment, limited 3-component data were acquired 
along most of the northern profile and were used by Shoshi- 
taishvili [2002] to constrain near-surface lithologies beneath 
the surface location of the Archean-Proterozoic suture in the 
Sierra Madre Mountains (Cheyenne Belt). 

In addition to compositional resolution, multicomponent 
data provide information on velocity anisotropy due to meta- 
morphic fabrics [Brocher and Christensen, 1990; McDon- 
nough and Fountain, 19931 and stress-aligned fractures 
[Crampin, 19851. Johnson and Hartman [I9911 interpreted 
low values of Poisson's ratio in the Colorado Plateau near 
Flagstaff Arizona to be related to closure of fluid-filled frac- 
tures in the upper crust, and Satarugsa and Johnson [2000] 
found that crustal anisotropy beneath the Ruby Mountains 
metamorphic core complex was significantly lower than found 
in laboratory measurements of mylonitic rock samples from 
the area [McDonnough and Fountain, 19931. Satarugsa and 
Johnson [2000] also noted that the measurements of anisotropy 
from the S-wave data were consistent with a fast shear-wave 
orientation aligned approximately parallel to the regional max- 
imum horizontal stress in the Nevada part of the Basin and 
Range Province, suggesting that bulk anisotropy in the upper 
crust is controlled by stress-induced fractures. Multicompo- 
nent data also provide the ability to detect seismic-event arrival 
azimuths to help distinguish events that arrive from below a 
profile from those that might arrive obliquely from the side of 
a profile. This is especially important to help constrain inter- 
pretations in complex structural environments. 

While nearly always seen as highly desirable, multicom- 
ponent recording frequently is not feasible in crustal-scale 
academic surveys because appropriate equipment is not avail- 
able, or because of the increase in cost that such recording 
often entails. Using 3-components at a single station, rather 
than the more common use of a single vertical component, 
requires three times the number of recording channels to cover 
the same distance. Often there is a trade-off between greater 
surface coverage (profile length) and the benefits of full- 
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wavefield recording. Furthermore, extra field effort is needed 
to ensure correct and consistent alignment of the horizontal- 
component geophones. However, differences in wave- 
propagation mechanisms, and thus velocities, also make 
inclusion of shear-wave data non-trivial. Shear waves propa- 
gating through rocks with Poisson's ratios of 0.25 travel with 
velocities that are nearly half those of the corresponding com- 
pressional waves (VplVs = 1.73). Consequently, shear waves 
always arrive after the compressional waves, and often are 
difficult to resolve in the presence of P-wave codas, scattered 
energy, and converted P- to S-wave reflected and refracted 
energy. Thus, significant care is required in the analysis of 
such data. Nevertheless, as larger numbers of new-generation 
recording systems become available (for example, through 
IRIS - Incorporated Research Institutions for Seismology), 
more surveys are taking advantage of the benefits of multi- 
component profiling. 

4. RESOLUTION 

When discussing seismic data, resolution is a major con- 
sideration. Technically, this concept is somewhat different in 
the refraction and reflection techniques, but as a practical 
matter, resolution refers to the ability of a measurement to 
detect the presence of some feature and the accuracy to which 
this feature can be located and its velocity determined. In 
lithospheric studies, the main parameters obtained by 
controlled-source seismic measurements are thickness of the 
crust, average velocity of the major layers that constitute the 
crust and uppermost mantle, geometry of structures such as 
faults, uplifts, and sedimentary basins, and major velocity 
discontinuities in the uppermost mantle. Because of uncer- 
tainties in determining crustal velocities, an inherent ambiguity 
exists between the arrival time of an event and its depth, and 
this ambiguity increases with increasing timeldepth. As a 
result, it would be hard to argue that any existing controlled- 
source data set in a continental area resolves the position of 
the Moho to better than 5 2 km [e.g., Zelt et al., 20031. On the 
other hand, the depths to shallower structures are generally 
much better constrained. Refraction studies so far provide the 
best constraints on large-scale crustal and upper mantle (Pn) 
velocities; modern studies usually determine this later param- 
eter to + 0.1-0.2 kmis with shallower velocities determined 
with this resolution or better. In general, the depths of events 
in both refraction and reflection profiles may not be deter- 
mined precisely, but reflection data generally show struc- 
tural details on a scale much less than the depth uncertainty, 
and thus, the relative resolution is often on the order of 10s 
to 100s of meters. 

Natural attenuation in the earth increases as frequency 
increases, and this fact is a fundamental limitation in seis- 

mology that limits resolution because high frequencies are 
needed to "see" small (relative to wavelength) features. For typ- 
ical seismic frequencies, anelastic attenuation is an approxi- 
mately linear hnction of frequency. In addition to this physical 
phenomenon, the quality of a data set is usually considered to 
be a function of the strength of the signal relative to noise 
(usually expressed as signal-to-noise ratio - SiN) and the 
number of seismograms recorded. The interval between record- 
ing sites is also an important factor if phases are to be corre- 
lated along a recording array in refraction studies and if 
high-quality images are to emerge from reflection surveys. 
Up to a point, the more data one has, the higher the resolution 
obtained will be. 

The strength of a signal depends not only on the quality of 
the energy produced by a controlled-source signal (i.e., an 
underwater or a borehole explosion, an airgun, a mechanical 
source such as Vibroseis, or a quarry blast) but is also a func- 
tion of local geology as manifested by scattering and attenu- 
ation. In reflection studies, the number of traces that share 
common midpoints is a major contribution to producing a 
high SiN. In principle, S/N increases by the square root of 
the number of traces added together for a single midpoint 
location in the processing sequence. On the other hand, increas- 
ing source energy increases SIN roughly linearly, but with 
the common effect that larger impulsive sources tend to pro- 
duce lower dominant frequencies. Thus, there often is a trade- 
off between signal penetration and frequency content. 
Empirical experience [Brocher and Hart, 19911 suggests that 
impulsive sources (e.g., dynamite) may produce better reflec- 
tion images than Vibroseis sources, but other studies indicate 
that Vibroseis signals can be used for wide-angle recordmg to 
offsets of 100 km or more [Kubichek et al., 19841. Most com- 
monly, the choice of sources is dictated by cost and logistical 
factors. The lesson from the excellent results obtained in many 
of the Lithoprobe transects [e.g., White et al., 1994; Clowes, 
1998; Cook et al., 1998; Snyder, 20021 is that a low-noise 
environment (away from cities, roads, and other human activ- 
ity) perhaps is the most important factor in producing high SiN 
in crustal reflection profiles. For this reason, some surveys 
are recorded at night when ambient noise conditions are lowest. 

Experience in the exploration industry has demonstrated 
clearly the efficacy of obtaining dense, 3-D subsurface data to 
improve resolution and enhance geological interpretations. 
Such efforts require very large numbers of recording channels 
and source points and can be extraordinarily expensive; this 
has limited their use, so far, mainly to petroleum develop- 
ment and smaller-scale petroleum exploration work, although 
small-scale 3-D surveys have been acquired by some aca- 
demic groups. Use of similar 3-D techniques in crustal-scale 
reflection experiments has been limited by cost and avail- 
ability of appropriate equipment, but greater numbers of newer 
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IRIS recording systems are making the prospect for such 
large-scale experiments more likely. However, the inherent 
loss of resolution with depth will likely require somewhat dif- 
ferent deployment strategies and processing techniques, and 
will inherently result in lower resolution images of deep crustal 
targets than can be obtained for exploration targets in sedi- 
mentary basins. 

Different interpretation techniques can often lead to mod- 
els that appear to be different results, and this situation arises 
more as the quality and quantity of data, and thus resolution, 
decreases. For refraction studies in the 1960s and early 70s, 
most of the lines in the Southern Rocky Mountains had a sta- 
tion spacing of 15 km and more (Table 1; see CDROM in 
back cover sleeve), but this value generally decreased over 
the years reaching 800 m in the CD-ROM profiles. Early 
workers appreciated the value of closely spaced recordings 
and locally employed 500-m spacing [e.g., Steeples und Miller, 
1989; Prodehl and Pakiser, 19801. The CD-ROM refraction 
profile is a recent example of a refraction profiling experi- 
ment [Levander et al., this volume; Rurnpel et al., this volume; 
Snelson et al., this volume] with relatively high resolution, 
and the POLONAISE797 [Sroda et al., 20021 and CELE- 
BRATION 2000 experiments [Guterch et al., 20011 are exam- 
ples where a significant degree of 3-D coverage was obtained. 

Independent from the number of availablc instruments, 
physical laws limit the resolution of even a perfect data set. The 
earth strongly attenuates high frequencies; thus, signals that 
penetrate deeply into the earth will, by definition, be domi- 
nantly low frequency in nature. The effects of this phenome- 
non can be best demonstrated using reflection and refraction 
signals. An estimate of resolution can be obtained by apply- 
ing the relationship: velocity = frequency x wavelength. A 
typical crustal velocity is 6 kmls, and a typical dominant fre- 
quency for a deep-crustal signal is 10-15 Hz (cyclesls). Thus, 
a typical dominant wavelength is on the order of 0.5 km. A 
common rule of thumb employed in reflection surveys is that 
the tops and bottoms of layers thinner than 114 of a wave- 
length cannot be resolved individually, and thus such data 
cannot easily detect features smaller than about 120 m in 
thickness. Signals that penetrate to the Moho probably have 
dominant frequencies of no greater than 5-15 Hz, and their 
limit of resolution would be about 300-100 m. These esti- 
mates probably are optimistic, especially for refraction profiles. 

A bigger factor in the limitation of resolution for deep 
crustal reflectors is the fact that reflections result from inter- 
actions with an area on a reflecting surface rather than simply 
reflecting from a point. This area is known as the Fresnel 
zone, and its dimension is a function of signal frequency, 
average velocity above the reflector, and depth [Sherifand Gel- 
dart, 19951. For an average crustal velocity of 6 k d s ,  reflec- 
tions from a depth of 20 km arise from areas of about 5 km; 

for reflections from 30 km, the area is about 6 km. Reflections 
from structures at lower crustal depths with continuous areas 
less than these form diffractions b road ly  arcuate events that 
generally will produce complex, interfering "reflection" pat- 
terns. Outcrops of deep crustal rocks generally show highly 
complex structures, few of which could be considered to form 
a planar area on the scale of a reflecting Fresnel zone. Thus, 
resolution of individual deep crustal reflectors from most seis- 
mic profiles is very difficult. In principle, migration should col- 
lapse diffractions to a point, and thus provide lateral resolution 
on the order of a wavelength, but accurate migration is depend- 
ent on a precise knowledge of the crustal velocity structure, 
and further requires that the reflector have no dip perpendicular 
to the seismic profile. Migration of relatively shallow crustal 
data is highly effective in improving structural resolution, but 
migration of deep crustal data requires very large migration 
apertures [Warner, 19871, and optimal conditions for migra- 
tion seldom exist for deep data. Often, a suite of migrations 
using different velocities and other parameters provides some 
improvement in deep seismic data, and such an approach is 
useful as an interpretive tool. Alternatively, migration of line 
segments can provide improvements in evaluating structural 
trends in very deep data. Most commonly, deep crustal reflec- 
tions form interfering patterns from complex geological struc- 
tures. However, large-scale features often are resolvable when 
regional layering or through-going deformation causes reflec- 
tion andlor diffraction patterns to align. Thus, in spite of the 
inherent difficulties in resolving individual, very-small-scale 
features, reflection profiles provide remarkable resolution of 
larger-scale structures often of fundamental structural or tec- 
tonic significance. Many such structures are described and 
interpreted in the papers in this volume [e.g., Magnani et al. 
a and b; Morozova et al.]. 

5. PREVIOUS SEISMIC REFRACTlON PROFILES 

Surprisingly few deep seismic surveys have been under- 
taken in the Rocky Mountain region prior to 1999, consider- 
ing the high level of geologic interest in the area. In addition, 
the early surveys (prior to 1980) were generally of low reso- 
lution. Thus, interpretations of them [e.g., Toppazadu und 
Sanjbrd, 1976; Prodehl and Pukiser, 1980; Prodehl and Lip- 
man, 19891 led to simplified earth models, in particular con- 
cerning the upper crust. However, the early studies provide a 
general picture of crustal structure in the region, but few 
details have been resolved. Figure 1 shows all major seismic 
refraction profiles of crustal dimensions that were recorded in 
and around the southern Rocky Mountain region of the United 
States before 1999. 

In the 1960's the U.S. Geological Survey recorded a large 
number of seismic refraction profiles in the western United 
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States, but only a few touched the Rocky Mountain area [e.g., 
Stewart and Pakiser, 1962; Jackson et al., 1963; Jackson and 
Pakiser, 1965; Willden, 19651 (Fig. 1). Most of these data 
were reinterpreted by Prodehl [1970, 19791, Prodehl and 
Pakiser [1980], and Prodehl and Lipman [1989], but previously 
unpublished profiles are shown in Figures 2 and 3. The South- 
ern Rocky Mountains and adjacent Great Plains region were 
the focus of two campaigns, in 1961 (two lines from Lamar, 
Colorado [Jackson et al., 19631) and in 1965. In addition, in 
1964, two large explosions at the Climax Molybdenum Mine, 
Colorado were used to record a 360 km unreversed S-N line 
that followed the Front Range [Jackson and Pakiser, 19651. The 
1965 campaign was comprised of a long N-S line extending 
from Sinclair, Wyoming to Lumberton, New Mexico, tra- 
versing primarily the ranges in western Colorado [Prodehl 
and Pakiser, 19801. In addition, two E-W lines extended from 
the Great Plains into the mountains [Prodehl and Lipman, 
19891, a northern line in Wyoming (Guernsey to Sinclair) and 
a southern line in Colorado (Agate to Wolcott). The 1965 sur- 
vey also included a line in the Great Plains east of Denver 
that extended from Agate, Colorado to Concordia, Kansas 
[Steeples and Miller, 19891. Two lines through the Middle 
Rocky Mountains (American Falls, Idaho to Flaming Gorge, 
Utah) and through the Colorado Plateau (Hanksville, Utah to 
Chinle, New Mexico) were part of the U.S. Geological Survey 
effort in 1963 [Prodehl, 19791. The American Falls-Flaming 
Gorge line was later supplemented by an unreversed line 
extending from the Bingham Canyon copper mine near Salt 
Lake City, Utah to the northeast [Braile et al., 19741. The Yel- 
lowstone - Snake River Plain experiment of 1978 and 1980 also 
extended into the Middle Rocky Mountains region in north- 
western Wyoming [Smith et ul., 19821. 

In Wyoming, controlled source seismic data on crustal struc- 
ture are very sparse. A particularly interesting observation is 
that, according to interpretations of the older data, the crust 
thins rather strongly (about 10 km) from northern Colorado to 
southern Wyoming. Although detail is lacking, the refraction 
profiles (Fig. 1) extending from Wolcott, Colorado to Sin- 
clair, Wyoming, from Sinclair, Wyoming to Guernsey, 
Wyoming, and northward from Climax, Colorado to Laramie, 
Wyoming all show evidence of this effect [Jackyon and Pakiser, 
1965; Prodehl and Pakiser, 1980; Prodehl and Lipman, 19891. 
Johnson et al. [I9841 used these data and gravity modeling to 
derive a crustal model of the Cheyenne belt region that shows 
this effect extending into central Wyoming. In westernmost 
Wyoming, refraction profiles show abrupt thickening from 
the Basin and Range province into Wyoming [Willden, 1965; 
Prodehl, 1979; Bmile et al., 19891. The DEEP PROBE results 
[Henstock et al., 1998; Snelson et al., 1998; Gorman et al., 
20021 show that crust thickens in central Wyoming and remains 
thick (-50 km) across Montana, which is in agreement with 

earlier work in Montana [McCamy and Meyer, 1964; Asada 
and Ald~ich,  1966; Prodehl and Lipman, 19891. 

Other than DEEP PROBE, crustal refraction surveys in 
Montana consist of the very early investigations in 1959 
[Meyer et al., 19611 and a deep investigation of the LASA 
array area [Warren et al., unpublished U. S. Geological Sur- 
vey data]. These data covered the area of the Northern Rocky 
Mountains and were also discussed by McCamy and Meyer 
[I 9641, Asada and Aldrich [1966], and Prodehl and Lip- 
man [1989]. 

The central Rio Grande rift area is only covered by a few 
unreversed lines with large station spacing [Olsen et al., 1979; 
Toppozada and Sanford, 19761, and there is no refraction data 
in the Colorado portion of the rift. Data recorded in the south- 
ern Rio Grande rift in the 1980's are denser, but were recorded 
by analog systems and are only partly reversed. These exper- 
iments are summarized by Sinno et al. [1986], Keller et al. 
[I9901 and Schneider and Keller [1994]. 

The lithospheric structure of the Colorado plateau has been 
the subject of much recent interest. The old refraction pro- 
file of Roller [I 9651 indicated a crustal thickness of -42 km. 
However, subsequent surface wave [Keller et al., 19791 and 
COCORP deep reflection profiles [Hauser and Lundy, 19891 
indicated that it was somewhat thicker (at least 45 km). The 
PACE project (Pacific to Arizona Crustal Experiment) pro- 
duced a data set for the southern plateau that has been inter- 
preted in two ways. Wove and Cipar [I9931 show the crust to 
be nearly 50 km thick and to have a fast lower crustal layer (Vp 
- 7.3 kmls) just above the Moho. However, Parsons et al. 
[1996] derived a similar model for the portion of the profile 
north of the Grand Canyon but found the crust to be about 
the same thickness as suggested by Roller [I  9651 to the south. 
This issue is important because of the geologic similarities 
between the plateau, the Southern Rocky Mountains and the 
adjacent Great Plains and will be addressed further in Keller 
et al. [this volume]. Northeast of Flagstaff, Arizona, Johnson 
and Hartman [I9911 recorded densely-sampled P- and S- 
wave data from the PACE shots to develop an upper crustal 
model of Poisson's ratio on the Colorado Plateau that indi- 
cated shallow crustal (<4 km) values were -0.24, which 
decreased between 6 and 1 5 km depth to -0.2 1. 

None of the refraction profiles mentioned above, except 
for the PACE project, have the close station spacing (1-3 km) 
and shot spacing (<50 km) that is nowadays the norm. Par- 
ticularly in the Southern Rocky Mountains, maximum record- 
ing distances of 360 km were reached, but the average 
recording station interval was close to 16 km (Figs. 2 and 3), 
[Prodehl and Pakiser, 19801. Exceptions are the early Great 
Plains lines from Lamar, Colorado, and the Agate - Concor- 
dia line, where, over offsets of several 10s of kilometers, geo- 
phone spacings of 500 m were obtained and the recent Jemez 
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Tomography Experiment (JTEX) experiment in northern New 
Mexico. However, the JTEX experiment focused on the upper 
crust of the Valles caldera rather than the determination of 
crustal structure in the region [Keller et ul., 19981. The only 
recent long refraction profile recorded in Colorado and 
Wyoming before 1999 was the DEEP PROBE experiment 
whose particular purpose was to probe the upper mantle along 
a line travers~ng the western United States from Canada almost 
to Mexico approximately along I 1 OOW. It was recorded with 
dense station spacing ( 1.25 km). Because of the goals of this 
experiment, it involved only a few large shots at very large 
spacing (about 750 km); one located at the U.S.1Canadian 
border, one in central Wyoming (SP 43 in Fig. 1), one in south- 
western Colorado (SP 37) and one in southwestern New Mex- 
ico (SP 33) [Henstock et a / . ,  1998; Snelson et al., 1998; 
Gorman et ul., 20021. 

6. PREVIOUS SEISMIC REFLECTION PROFILES 

A few deep seismic reflection surveys have been carried out 
in the Southern Rocky Mountain area. The Consortium for 
Continental Reflection Profiling (COCORP) recorded a series 
of profiles near Socorro, New Mexico [Brown et al., 19801 
in the central portion of the Rio Grandc rift, and these results 
agreed very well with the refraction results of Olsen et al. 
[1979] that showed a crust that was -35 km thick with a very 
strong mid-crustal reflector. COCORP also conducted two 
surveys in Wyoming. One consisted of a profile that crossed 
the Wind River uplift [Smithson et ul., 1979, 19801 providing 
an excellent image of the Wind River thrust to mid-crustal 
depths. In southeastern Wyoming, COCORP [Allmendinger 
et a/ . ,  1982; Brewer et al., 1982; Johnson and Smithson, 
1985, 19861 and the University of Wyoming [Smithson et 
al., 1977; Gohl and Smithson, 1994; Speece et al., 1994; 
Templeton and Smithson, 19941 also conducted surveys in 
the Laramie region. These surveys provided interesting images 
of the structural fabric of the crust but only modest con- 
straints on deep crustal structure. 

Thanks to exploration for oil and gas, a number of seismic 
reflection profiles have been released for publication and pro- 
vide important information about the upper crust. The data 
published prior to 1988 where summarized by Smithson and 
Johnson [I 9891. The Rocky Mountain Association of Geolo- 
gists and the Denver Geophysical Society published an atlas 
of seismic data for the Rocky Mountain region [Gries and 
Dyer, 19851. In addition, there are a few record sections, and 
cross-sections derived from them, in a volume edited by Low- 
ell and Gries [1983]. Finally, a volume edited by Keller and 
Cather [ I  9941 contained a considerable number of reflection 
profiles in the Rio Grande rift region. In addition to the deep 

seismic reflection data produced by the CD-ROM project, 
two papers in this volume contain significant amounts of 
newly released seismic reflection data [Cline and Keller, this 
volume; Quezada et al., this volume]. 

7. DISCUSSION 

Our overall knowledge of crustal and uppermost mantle 
structure of the United States, as based on geophysical stud- 
ies, was last summarized in a comprehensive volume "Geo- 
physical Framework of the United States" [Pakiser and 
Mooney, 19891. Smithson and Johnson [1989] reviewed seis- 
mic reflection studies in the Rocky Mountain region in this vol- 
ume. In addition, Prodehl and Lipman [I9891 reviewed the 
results of previously published interpretations of crustal pro- 
files mentioned above and added a few reinterpretations. In 
particular, they summarized the main features of crustal struc- 
ture in a generalized cross section traversing the Southern 
Rocky Mountains and Rio Grande rift at approximately 106"W 
and in several contour maps. The full set of these contour 
maps is provided on the CDROM in the back cover sleeve 
along with page-sized versions of all of the record sections 
from Prodehl and Lipman [1989]. Keller et al. [I 9981 updated 
their synthesis and added crustal thickness estimates in Col- 
orado and New Mexico from receiver-function determina- 
tions [Murphy 1991, Sheehan et al., 1995, Kilbride, 20001. 

In brief, the results of seismic reflection and refraction 
studies of the crust and uppermost mantle conducted prior 
to the CD-ROM effort provide the following general view 
of lithospheric structure. From a physiographic point of 
view, the Southern Rocky Mountains occupy the crest of a 
broad uplift [Eaton, 19861 and the Rio Grande rift is an 
extensional feature that follows the crest of this uplift 
[Cordell, 19821. Thus, it seems clear these features share 
much in terms of their tectonic evolution. In the Rio Grande 
rift, distinct crustal thinning (about 5 km relative to adjacent 
areas) has been documented from Albuquerque, New Mex- 
ico, southward. The area of thinned crust widens south- 
wards as does the physiographic expression of the rift. Its 
gradual thinning from the rift shoulders to the rift valley 
may reflect the t'hermal regime that existed prior to rifting. 
The thickest crust in the region appears to be associated 
with both the Southern Rocky Mountains in Colorado and 
the Great Plains in Colorado and New Mexico and does not 
correlate directly with topography. These observations indi- 
cate that the mantle is playing a significant role in the attain- 
ment of isostatic balance in the area [e.g., Sheehan et al., 
19951. In Colorado, major magmatic modification of the 
crust during the Phanerozoic appears to have been limited 
to the San Juan Mountains region in the south and the Col- 
orado Mineral belt [McCoy et al., this volume]. The San 
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Juan Mountains are associated with a very large gravity 
low [Plouff and Pakiser, 19721 and are traversed by the 
Cochetopa - Lumberton refraction profile that indicates the 
presence of a low-velocity anomaly [Fig. 2b - delay of phase a; 
Prodehl and Lipman, 19891. There is evidence of the crust thin- 
ning by about 10 km northward from Colorado into Wyoming 
(e.g., Fig. 2a). This thinning could be a relic of the Proterozoic 
rifting of the southern margin of the Archean Wyoming craton. 
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New seismic reflection data from the CD-ROM project (Continental Dynamics of 
the Rocky Mountains) show that the Archean-Proterozoic suture in Wyoming, the 
Cheyenne belt, consists of a crustal-scale, conjugate thrust wedge, where Archean 
and Proterozoic crust were thrust into each other. Moderately S-dipping reflections 
extend to depths of 15-1 8 km and surface at the mapped shear zones of the Cheyenne 
belt; these terminate close to a north-dipping reflection that extends to about 24 
km depth and converges at the surface at the Farwell-Lester Mountain (FLM) area 
with several strong, south-dipping reflections. The FLM zone is marked by dis- 
membered ophiolites suggestive of an ocean basin and may represent a back-arc 
basin subsequently closed by continued south-dipping subduction, resulting in a 
cryptic suture. Arcuate criss-crossing reflections in Archean basement to the north 
of the Cheyenne belt are related to folding, inferred conjugate thrusting and an 
antiformal duplex stack. This stack formed during Paleoproterozoic suturing in 
supracrustal rocks comprising at least the upper 24 km of the crust. Our analysis of 
wide-angle seismic data does not reveal a 7 krnls lower crustal layer that could be 
interpreted as underplate in southern Wyoming or northern Colorado. A suture, 
marked by complex interwedging of crustal blocks, was probably steepened by con- 
tinued convergence to the south. 

INTRODUCTION ical methods. The target of our study is the Cheyenne belt 
(CB) suture in southeastern Wyoming, the long-lived bound- 

The question of how Precambrian lithosphere formed and ary between the Archean craton to the north and accreted Pro- 
evolved is well posed by the rocks of the uplifts of the central terozoic island-arc blocks to the south (Figure 1). The CB has 
Rocky Mountains, which were well studied geologically but, been the focus of detailed geologic studles in the Sierra Madre, 
until recently, were poorly surveyed using modern geophys- Medicine Bow, and Laramie Mountains because it is a well 

The Rocky Mountain Region: An Evolving Lithosphere 
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exposed Precambrian suture. Tectonic models have suggested 
that the 1.78 Ga Green Mountain arc in northern Colorado 
was sutured against the Archean craton along north-verging- 
thrust shear zones of the CB from 1.78-1.76 Ga [Hills and 
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DPS 
2 enne ' 

Figure 1. Geologic map of study area after Love and Christensen (1995) and Tweto (1979) shows the location of the CD- 
ROM seismic profile. Main geologic units are indicated. DPS- Divine Peak synclinorium; MB - Medicine Bow Mountains; 
QP- mylonite, Quartz Peak thrust fault; BL - Battle Lake thrust fault, cataclastic fault of the CB; Sc-Fc - Soda-creek - Fish 
creek shear zone. 
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Houston, 1979; Houston et al., 1979, 1989, 1993; Dueben- 
dorfer and Houston, 1986, 1987, 1990; Karlstrom et al., 1983; 
Karlstrom and Houston, 1984; Karlstrom and Humphreys, 
1998; Houston and Graj,. 1995; Chamberlain, 19981 (Figure 
1). Recently, the CB became a major scientific target of a 
large multidisciplinary research project, Continental Dynam- 
ics of the Rocky Mountains (CD-ROM), which brought 
together geoscientists from 18 institutions. The project com- 
bines refraction, reflection and passive-source seismic data 
as well as surface geology and xenolith studies. The seismic 
line in SE Wyoming and NE Colorado is the first deep crustal 
reflection profile recorded on land in the U.S. in the 8 years 
since the last COCORP survey line. 

REGIONAL GEOLOGIC SETTING 

The two main areas of exposure of the CB are in the Med- 
icine Bow Mountains and the Sierra Madre. In both ranges, 
Archean crystalline basement of the Wyoming craton is over- 
lain by Archean and Early Proterozoic supracrustal rocks and 
intruded by 2.1- to 2.0 Ga mafic sills and dikes. The Early Pro- 
terozoic rocks and dikes record rifting and development of a 
passive margin, with an attenuated margin and a network of 
S-dipping normal faults that became inverted during sutur- 
ing [Hills and Houston, 1979; Karlstrom et al., 1983; Karl- 
strom and Houston, 1984; Houston et al., 19891. Just soutl~ of 
the Cheyenne belt is the Green Mountain block, an island- 
arc terrane accreted to the Wyoming craton at about 1.78-1.76 
Ga. (Figure 1). This block contains amphibolite-grade vol- 
canic rocks and turbidities and associated intermediate and 
gabbroic plutons that represent somewhat deeper levels of the 
island arc, all intruded by synkinematic granites. 

There is a significant lateral variation in the CB between its 
two main exposures. In the Medicine Bow Mountains, the 
zone is about 10 krn wide and consists of mylonitic strands 
within Proterozoic gneisses, plus more discrete thrusts in the 
miogeoclinal Snowy Pass Supergroup. Shear sense indicates 
northward vergence which, combined with the absence of 
Proterozoic arc magmatism to the north, suggests a south- 
dipping Proterozoic paleosubduction system for the suturing 
[Hills and Houston, 1979; Karlstrom and Houston, 1984; 
Houston et al, 1993; Duebendorfer and Houston, 19901. Avail- 
able (,, values from isotope studies in the Medicine Bow 
Mountains have been interpreted to suggest a relatively shal- 
low southward dipping subduction zone because of the pres- 
ence of older material incorporated into younger docked 
terranes to the south of the suture zone [Ball and Farmer, 
19911. 

In contrast, the CB in the Sierra Madre is narrower, and 
the surface expression of the CB in the Sierra Madre is marked 
by a shear zone that is steep and mylonitic in the east and 

moderately dipping and cataclastic in the west where our seis- 
mic profile crosses it. The eastern segment is correlative with 
the CB in the Medicine Bow Mountains. The western cata- 
clast~c segment is a moderately dipping thrust fault (50-1 50 
m wide), which has been interpreted to have overridden, trun- 
cated, and dismembered an earlier continuous ductile shear 
zone [Duebendorfer and Houston, 19901. Thus, the continent- 
island arc suture exposed on the surface in the Sierra Madre 
may be detached from its root by this later thrusting. (,, data 
from the Sierra Madre suggest mainly juvenile materials to the 
south implying a steeper suture zone and a more abrupt lithos- 
pheric transition [Chamberlain, 19981. 

THE RESULTS OF PREVIOUS 
GEOPHYSICAL STUDIES 

In the Laramie Mountains, a reflection dipping southeast 
at 55" was recorded by COCORP to a depth of 12 km; this 
was interpreted as the Archean-Proterozoic suture [All- 
mendinger et al., 19821. The lower crust on both sides of this 
reflection is non- reflective below 7s (-22 km) at pre-critical 
and normal-incidence geometries. No distinct Moho reflec- 
tions were found by either common-depth-point [All-  
mendinger et al., 1982; Smithson et al., 1980; Speece et 
al., 19941 or wide-angle studies [Gohl and Smithson, 19941. 
A broad range of lower crustal reflections appears at large 
offsets on wide-angle data [Gohl and Smithson, 19941, inter- 
preted as generated by relatively small steps in velocity. 
These characteristics coupled with lower crustal velocities 
of 6.5 to 7.5 kmls, were interpreted as evidence for lower 
crustal, layered mafic intrusions in an island arc setting 
[Gohl and Smithson, 19941. 

A similar survey in the Medicine Bow Mountains revealed 
that two south-dipping reflectors extend to depths of about 
14 km, at - 60° true dip and project to the surface at the loca- 
tions of mylonitic zones that mark the Cheyenne belt [Tem- 
pleton and Smithson, 19941. Minor, discontinuous reflectors 
in the lower crust were interpreted as possible mafic under- 
plate; no Moho was imaged at near vertical incidence [Tem- 
pleton and Smithson, 19941. 

Wide-angle data across the Cheyenne belt in southern 
Wyoming have been interpreted to indicate an increase in 
crustal thickness from 4 0 4 6  km in the southern Archean 
Wyo~ning craton to 48-50 km in the central Colorado Province 
[Prodehl and Pukiser, 1980; Prodehl and Lipman, 1989; Hen- 
stock et al., 1998; Snelson et al., 20011. A step in Moho bound- 
ary at the CB has also been proposed based on gravity data 
from the Laramie Mountains, Medicine Bow Mountain, and 
Sierra Madre [Johnson et al., 19841, and 53-km thick crust in 
central Colorado is supported by teleseismic receiver-function 
analysis [Sheehan et ul., 19951. 
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NEW SElSMIC DATA FROM THE CD-ROM PROFILE 
ACROSS THE CHEYENNE BELT 

The CD-ROM Sierra Madre seismic profile starts in the 
southern Wyoming Archean craton and continues south across 
exposed Archean supracrustal rocks of the Sierra Madre, per- 
pendicularly crossing the Cheyenne belt and the accreted 
1.78-1.76 Ga Green Mountain block (Figure 1). The overall 
N-S orientation of the seismic line follows the axis of Sierra 
Madre, parallels the strike of Laramide uplifts, and b' w e s  a 
well situated cross section of the Proterozoic crustal assem- 
blage. The seismic data were collected in the fall of 1999 with 
four 50,000-lb-force vibrators, 25-m station intervals, 100- 
m source intervals and a 4 ms sample interval into 1000 chan- 
nels giving a 25-km recording spread. Data collection resulted 
in 21 24 records with 25- to 30-s record lengths and a nomi- 
nal fold of 125. 

Two crustal blocks characterized by different types of reflec- 
tivity can be identified (block A and P) from the seismic sec- 
tion (Figure 2 and 3). The first (blockA) is associated with the 
Archean craton in the northern part of the profile (to the north 
of the CB suture) and the second (block P) is to the south of 
the CB and is related to accreted island arc terranes of the 
Green Mountain block. Most continuous seismic reflections 
(length> 1 km) dip at > 10" (Figure 2) except for the short 
possible Moho reflection in the northern part of the profile and 
several discontinuous reflections (4, 14, 15 in the Archean 
and 24 in the Proterozoic part of the section). 

SEISMIC REFLECTIVITY OF THE WYOMING 
ARCHEAH CRATON 

The upper 20 km of the crust of the Archean craton (block 
A on Figs 2 and 3) is densely reflective with numerous north- 
(1 2 and 13 in Figure 2) and south-dipping, numbered (2, 5, 8, 
9, 10, 1 land 14 Figure 2), arcuate, criss-crossing events form- 
ing a complex unmigrated reflection pattern (Figure 2). Most 
of the dipping upper crustal reflections project to the surface 
and correlate well with the surface geology (Figurel, 2 and 3). 
The dominant feature is a crustal-scale antiform mapped by 
Houston and Graff (1995), which coincides with a change in 
dip of the surface foliation and a refolded antiformal axis just 
north of the Divide Creek synclinorium, indicated by reflec- 
tion 5 (Figures 2 and 3). We interpret this as an antiformal 
duplex stack of south-verging thrusts and recumbent folds 
because most prominent reflections are north-dipping (num- 
bered 5 , 8 , 9  and 10 on Figures 2 and 3) to a depth of 15 km. 
At about 18-20 km depth, the reflections become horizontal 
(numbered 15 on Figure 2), and a discontinuous series of 
south-dipping, strong reflections (numbered 16 and 17 ) appear 
in the middle and lower crust. Deeper events in this northern 

part of the profile include a weakly reflective Moho at about 
13 seconds (40 km) and weaker north-vergent, sub-parallel, 
steeply dipping events between 9 and 16 s (1 6 and 17 on Fig- 
ures 2 and 3). 

SEISMIC REFLECTIVITY OF THE PROTEROZOIC 
GREEN MOUNTAIN BLOCK 

The reflectivity changes immediately adjacent to and south 
of the CB. The reflections in this area form a complex pattern, 
dominantly south-dipping, but they are much weaker (this 
contrast is not related to differences in signal penetration 
[Morozovu et al., 20021, and less continuous presumably 
resulting from strong, steep foliation in the Proterozoic rocks. 
Two sub-parallel, south-dipping weak events just to the south 
of the CB (6 and 7 on Figures 2 and 3) dip at about 40 degrees 
(migrated in Figure 3) and when correlated with moderately 
dipping events 6a and 7a extend to depths of 15 to 18 km 
(Figure 3) and can be correlated directly with two major faults 
associated with the surface expression of the CB, the Quartzite 
Peak and Bottle Lake faults [Duehendorfer and Houston, 
19901. Weak criss-crossing events (19 and 20 on Figure 3) 
may truncate the S-dipping events. Another discontinuous 
weak reflection dips to the north to a depth of about 24 km 
(numbered 2 1 on Figures 2 and 3) and strong, more continu- 
ous reflections, (numbered 23) dip to the south to a depth of 
23 km and, if correlated with the reflection numbered 23a, 
extended to a depth of 33 km. The above reflections together 
with the south-dipping reflection 22 converge to the surface 
in the Farwell-Lester Mountain (FLM) zone. The interpreta- 
tion of the reflections alone could be questionable. Mapped dis- 
continuities in geochronologic age and metamorphism suggest 
an isotopic-metamorphic break at the point where reflections 
approach the surface. Dismembered ophiolites, sillimanite 
nodules, and ore mineralization are suggestive of a former 
ocean basin. These combined observations indicate the pres- 
ence of a cryptic suture zone and the reflector geometrics 
described above are consistent with such an interpretation. 
Note that with only either the geology or geophysics, inter- 
pretation of this zone is incomplete, but together they make 
sense. Because of the narrowness of the exposed Green Moun- 
tain block and the implied presence of sea floor, we interpret 
the FLM zone as a former back-arc basin that closed after 
renewed subduction. The greater abundance of south-dipping 
reflections in this zone suggests later continuation of south- 
dipping subduction. 

The distinctive change in reflectivity between the Archean 
and Proterozoic crustal blocks coincides with a prominent, 
north-pointing, mid-crustal wedge that is formed by con- 
necting the strongest reflections beneath the CB (reflections 
1,2,  3 and 4 on Figs 2 and 3). This boundary could be con- 
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tinued to the surface by connecting the wedge to the south- 
dipping reflection l a  (Figure 3), resulting in a steep zigzag 
boundary between two crustal blocks. We interpret this zigzag 
boundary as the image of the present-day CB suture 

DISCUSSIONS AND CONCLUSIONS 

The new reflection data offer a dramatic new view of the 
geometry and tectonic history of the Cheyenne belt suture. 
The suture itself is imaged as a complex series of wedges 
(Figures 2-4) resulting in an interdigitization of the Archean 
and Proterozoic crust, similar to "crocodiles" of Meissner 
[1989]. We interpret this pattern to imply that a process of 
crustal wedging [Oxburgh, 1972; Beaumont et al., 19941 is 
responsible for the present geometry of the CB suture. A sim- 
ilar process has been proposed by Cook et al. (1 998) and Sny- 
der et al. (2002) for the collision between Archean and 
Proterozoic blocks across the Slave (northwest Canada) and 
Baltic margins. This crustal wedging is accomplished by a 
series of north- and south-vergent thrust faults in the upper 
20-25 km of the crust that take up the strain at different or 
overlapping times. The ca. 1.78 Ga suturing of the Green 
Mountain block to the Archean craton was followed by 150 
m.y. of shortening from 1.74 to 1.63 Ga as additional island- 
arc terranes were docked to the south [Chamberlain et al., 
1993; Tyson et al., 20011. This continued regional shortening 
may have produced far-field strain to steepen the CB suture. 
This interpretation differs from the more traditional view of 
the CB suture in which a thick band of sub-parallel, moder- 
ately dipping faults is conceived to mark a suture. 

We interpret the FLM zone as a back-arc basin that broke 
up the original arc. This explains the oceanic affinities and 
the narrowness of the Green Mountain block, much narrower 
than typical arcs. The southern fragment then incorporated 
into the newly accreted arcs to the south and may be repre- 
sented by the Salida terrane identified by Reed et al., (1987), 
who earlier proposed a back-arc basin in this area. This basin 
then closed along south-dipping subduction which is correlated 
with the more numerous south-dipping reflections that proj- 
ect to the FLM zone. Several interpretations [Dueker, 2001, 
Tyson et al., 20021 proposed a flip in subduction resulting in 
a north-dipping subduction zone north of the CB. Such inter- 
pretations are not supported by primary features of the reflec- 
tion wavefield. Their interpretation extrapolates the 
north-dipping FLM reflections for 40 km and continues the 
north-dipping subduction zone right through south-dipping 
reflections (16 and 17 on Figures 2 and 3) in the Archean 
lowermost crust. Our interpretation agrees better with the 
available data, and we suggest that the positive tomography 
anomaly, interpreted as a high-velocity mantle slab [Dueker 
et al., 20011, is delamination of eclogite "caught in the act". 
The older Archean crust may have been thicker and had more 
time to pass through a favorable temperature-viscosity window 
[Jull and Kelemen, 20011 to promote delamination; to the 
north, Archean crust is even thicker [Gorman et al., 20021. 
Several compelling lines of evidence suggest long-term south- 
dipping subduction early in CB development. These obser- 
vations include: the lack of Proterozoic arc magmatism north 
of the Cheyenne belt, south-dipping lower crustal reflections 
north of the CB (features 16 and 17 on Figure 2), lack of 

C PROTERC 
ARCHEAN f GREENMI 

0, __._-_ 
3ZOiC s 
' BLOCK RAWAH BLOCK 

N WYOMING CRATON = 1790 -1780 :; 1760 -1 745 
> 2500 

S 6 2  ~1 co LLN 

- 
Moho ? 

Figure 4. Interpretation of crustal structure across the CB area. Proterozoic island- arc terrane (labeled P) is wedged into 
the Archean Wyoming craton (labeled A). Crust thickens from 40 under the Archean Wyoming craton to -45 km beneath 
the Proterozoic. 
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reflectivity in the lower crust south of the CB, and the north 
vergence of Cheyenne belt shear zones. 

The Proterozoic arc crust to the south of the CB is distinctly 
less reflective, and similarly low reflectivity has been found 
for some modern arc crust [Snyder et al., 1995; Makovsky 
and Klemperel; 19991. Beneath the CB, the Moho boundary 
is poorly reflective at vertical incidence except for a small 
segment in the northern part of the section (Figure 3). 

We have modeled the northern part of the wide-angle seis- 
mic data across the CB earlier presented by Snelson et al., 
(2001) in order to reconcile the two seismic datasets. We inter- 
preted a short reflection in CDP data at about 42 km depth 
north of the CB as the Moho, and wide-angle data suggested 
that the Moho is deeper. The wide-angle PmP reflections, 
however, do not have depth points underneath the CB and 
don't overlap. Nor do the CDP and wide-angle profiles coin- 
cide over most of their length. In addition, a Moho uplift indi- 

cated by the curvature of the PmP arrivals (Figure 5) occurs 
just north of the CB and may account for part of a positive 
tomographic anomaly [Dueker et al., 20011. Also, as indi- 
cated by first arrivals (Figure 5) and PmP asymptotes with 
velocities not higher than 6.5 km/s (Figure 5), no 7 km/s layer 
is found in the lower crust in southern Wyoming and north- 
ernmost Colorado. Our short reflection at 13.5 s (about 42 
km) in the Archean is interpreted as the Moho rather than the 
top of a lower crustal underplate because our analysis of the 
wide-angle, reflection-refraction profile (Figure 5) does not 
reveal the presence of a so-called 7xx layer [Snelson et al., 
20011 in this area. 

The paucity of lower crustal reflections south of the CB 
(except for the ones associated with the FLM zone and Home- 
stake area, Figure 3) is not related to the signal-to-noise ratio 
[Morozova et al., 20021, but here is attributed to small veloc- 
ity contrasts. This is similar to the corresponding Proterozoic 
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Figure 5. Travel time curves for shot points (SPs) 8 and 10 are shown with observed (triangles and circles) and calculated 
(dashed line) times using the RAYINVR program (Zelt and Smith, 1992). Reduction velocity is 7 kmls. We use a veloc- 
ity model very close to the one used by Snelson et al., (2001) that well fits observed first arrivals from upper and middle 
crust up to an offset of about 180-200 km (the fit is not shown to avoid complicating the figure). This model has a high 
velocity lower crust of about 7.1 kmls (called 7X layer by Snelson et al., 2001). Note the absence of observed first arrivals 
with a velocity of about 7 km/s and thus a misfit between calculated first arrivals from a 7X layer and observed arrivals. 
If a layer with a velocity of about 7.1-7.2 kmls were present in this area (Snelson et al., 2001) we would have observed 
this as a first arrival at offsets of about 200-250 krn. The presence of a high velocity layer is also not supported by the post- 
critical PmP event that has a velocity asymptote not greater than 6.6 km/s rather than 7 kmls. All arrivals from SP 10 are 
very similar to arrivals of the Deep Probe SP 43 to the south, detonated at the same location as SP 10, and that resulted 
in an interpretation without a high velocity lower crust just to the north of the CB suture (Snelson et al., 1998). Also note 
the extreme curvature of PmP reflections at near offsets from both SPs and thus a misfit between calculated and observed 
travel-times curves at near offsets. Uplift in Moho boundary between SPs 8 and 10 is necessary to fit the PmP arrivals at 
near offsets. 
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terrane to the northeast where no lower crustal reflections 
were found at vertical incidence [Speece et al., 19941, but 
where coincident high reflectivity was found at wide angles 
of incidence. This may also be interpreted in terms of lentic- 
ular scatterers in the lower crust [ Levander and Holliger, 
19921. 

In particular, Moho reflectivity beneath the Proterozoic 
Green Mountain block is very weak or not imaged at all, 
although an increase in average amplitude is attributed to a 
defuse Moho zone (Figure 3). Lack of Moho reflectivity sug- 
gests that gradient zones or layers with low contrast in acoustic 
impedance (or both) characterize the crust-mantle boundary 
beneath the Proterozoic part of the profile. 

The steepening of foliation and shear zone segments, due to 
protracted shortening along and south of the CB suture, 
decreased the overall reflectivity of the arc rocks and caused 
further inter-wedging. The complex nature of the suture was 
likely conditioned by a pre-existing geometry involving listric 
normal faults on the rift margin. 
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A new seismic reflection profile of the Precambrian lithosphere under the Jemez Lineament 
(JL) (northeastern New Mexico, USA) shows impressive reflectivity throughout the crust. The 
upper crust is characterized by a 2 km thick undeformed Paleozoic and Mesozoic sedimen- 
tary sequence above the Precambrian basement. At a depth of 5-8 km, undulating reflec- 
tions image a Proterozoic nappe cropping out in the nearby Rincon Range. To the south the 
upper crust is seismically transparent except for south dipping reflections at 2-10 km depth. 
The middle-lower crust, from 1 0 4 5  km depth, shows oppositely dipping reflections that 
converge in the deep crust (35-37 km) roughly at the center of the profile. To the north the 
reflectivity dips southward at 25' to a depth of 33 km before fading in the lower crust. In the 
southern part of the profile a crustal-scale duplex structure extends horizontally for more 
than 60 km. We interpret the oppositely dipping reflections as the elements of a doubly ver- 
gent suture zone that resulted from the accretion of the Mazatzal island arc to the southern 
margin of the Yavapai proto-craton at - 1.65-1.68 Ga. Subhorizontal high amplitude reflec- 
tions at 10-1 5 km depth overprint all the reflections mentioned above. These reflections, the 
brightest in the profile, are interpreted as mafic sills. Although their age is unconstrained, we 
suggest that they could be either 1.1 Ga or Tertiary-aged intrusions related to the volcanic activ- 
ity along the JL. We further speculate that the Proterozoic lithospheric suture provided a 
pathway for the basaltic magma to penetrate the crust and reach the surface. 

1.  INTRODUCTION had a persistent influence on the tectonic and magmatic evo- 
lution of the Southern Rocky Mountain lithosphere for as 

Geologic and geophysical investigations in the southwest- long as 1.8-1.6 Ga since initial continental assembly. Here, the 
ern US suggest that Proterozoic accretionary boundaries have northeast-striking fabric established during cratonic assembly 

The Rocky Mountain Region: An Evolving Lithosphere 
Geophysical Monograph Series 154 
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has provided, to varying degrees, a preferred path for the mod- 
ification of the lithosphere during the various Phanerozoic 
orogenic and magmatic events that modified the western mar- 
gin of the North American plate. 
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During cratonic assembly, tectonic elements of various 
scales up to lithospheric-scale were incorporated in the Lau- 
rentia super-continent and the boundaries between these ele- 
ments persisted as shallowly to steeply dipping structural and 
chemical boundaries, some of which appear to have been 
reactivated during subsequent magmatism orland tectonic 
deformation. Geophysical, geological and geochemical data 
show that these northeast-striking boundaries influenced the 
sedimentation throughout the Paleozoic, for example, con- 
trolling the location of mineralization and mantle-derived 
magmatism in the Tertiary (see Colorado Mineral Belt, Jemez 
Lineament as examples) [Tweto and Sims, 19631. 

Despite the long-lived influence of some of these assembly 
boundaries, the details of the nature, structure, and tectonic role 
of these features have not been determined clearly. The south- 
ern segment of the Continental Dynamics of Rocky Mountains 
(CD-ROM) active source seismic experiment [Prodhel et al., 
this volume] targeted the boundary separating the Yavapai 
and Mazatzal terranes, two Paleoproterozoic island arc ter- 
ranes with different geochemical signatures. As discussed 
below, the location and nature of this boundary is still hotly 
debated. We have interpreted from the reflection profiles that 
the Yavapai-Mazatzal boundary in central New Mexico rep- 
resents a doubly vergent accretionary suture and that it coin- 
cides with the modern-day Jemez Lineament, a 
Tertiary-Quaternary volcanic trend stretching from Arizona 
across New Mexico to southern Colorado. From the regional 
point of view the geometry of the features recognized in the 
seismic data provides an explanation for the elusive and dif- 
fuse character of this boundary. More generally the coinci- 
dence of the Proterozoic suture with the Tertiary volcanic 
centers of the Jemez Lineament suggests that collision zones 
play a persistent (and active) role in the evolution of the lith- 
osphere. In the case of the Proterozoic suture studied, the 
weakness zone in the crust, and likely in the mantle, acted as 
a locus of tectonism and provided a preferred pathway for the 
mantle to penetrate the crust. The seismic data document a 
multifaceted tectonic history with crustal scale structures that 
have survived since continental accrction, and Tertiary igneous 
structures that are an expression of the processes that'modify 
the lithosphere today. 

2. THE YAVAPAI-MAZATZAL TRANSITION-ZONE 

The Southern Rocky Mountains region has experienced a 
complex geologic history recording lithospheric assembly 
during Paleo-Proterozoic time (1.8-1.6 Ga), intracratonic 
magmatism during the Mesoproterozoic (1.441.35 Ga), incip- 
ient rifting (1.1-0.5 Ga), development of the ancestral Rock- 
ies during the Paleozoic (350-290 Ma) and, more recently, 
Laramide tectonism during the Cretaceous-Paleogene ( 7 5 4 5  

Ma) and Tertiary extension, magmatism and uplift [see Karl- 
strom and Humphreys, 1998 for a review]. 

The Proterozoic continental assembly produced an area of 
accretion -1200 km wide that includes major crustal provinces 
defined on the basis of their composition and age: the Archean 
Wyoming Province (with protoliths and deformation between 
2.5-3.5 Ga), the Mojave Province (pre-1.8 Ga crustal mate- 
rial to a 1.75 Ga arc), the Yavapai Province (1.76-1.72 Ga 
juvenile arc crust deformed during 1.70 GaYavapai orogeny) 
and the Mazatzal province (1.7-1.6 Ga supracrustal rocks) 
(see Karlstrom et al., [this volume] for a review). The exposed 
boundaries separating these provinces have a general north- 
east strike but exhibit extremely different characters. Unlike 
the Cheyenne belt, which abruptly separates the Archean and 
Proterozoic crust, boundaries between the Proterozoic ter- 
ranes of the Mojave and Yavapai and Yavapai and Mazatzal are 
diffuse and transitional zones where changes include isotopic 
(Pb and Nd) differences of the crust, timing of deformation 
(before 1.7 Ga for the Yavapai Province, between 1.66 and 
1.60 Ga for the Mazatzal Province), and character of crustal 
xenoliths (P-T paths and rock types). The Yavapai-Mazatzal 
crustal boundary in the Southern Rocky Mountains is a 300 
km wide region with tectonically intermixed rocks of the two 
provinces. The northern edge of the transition zone is defined 
by the northern limit of the Mazatzal-age (1.7-1.65 Ga) defor- 
mation in southern Colorado [Shaw and Karlstrom, 19991. 
The southern margin of the transition zone coincides approx- 
imately with the Jemez Lineament in northern New Mexico. 

3. THE JEMEZ LINEAMENT 

The Jemez Lineament is defined on the basis of the NE- 
trending alignment of Tertiary-Quaternary volcanic centers 
[Muyo, 19581 of variable-width extending more than 800 km 
from the White Mountains-Springerville, Arizona, volcanic 
field at the southern margin of the Colorado Plateau, through 
the Jemez Mountains [Aldrich, 19861, to the Raton-Clayton 
center and into the western Great Plains of New Mexico. The 
volcanic rocks along the lineament range in age from 16.5 
Ma to 1200 B.P. [Gardner and Goft 19841 and are domi- 
nantly basaltic with a few silicic volcanoes. The alkali basalts 
show great petrologic variation along the lineament, attrib- 
uted to distinct source zones in the mantle, different crustal 
contaminants and variable differentiation. Petrologic obser- 
vations on the alkali basalts at the northeastern end suggest a 
cratonic mantle source that is distinct from the asthenospheric 
signature of the magmas in the southern end of the lineament 
[Perry et ul., 19871. The volcanic activity along the Jemez 
lineament exhibits no time progression: volcanism began at 
13.2 Ma in the middle of the lineament, at about 9.8 Ma at the 
southwestern end, and at 8.2 Ma at the northeastern limit. 
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Karlstrom and Daniel [I9931 have proposed that the Jemez 
Lineament is a broad zone coinciding with the southern edge of 
the Yavapai-Mazatzal crustal boundary in northern New Mex- 
ico, as it also corresponds to a band of northeast-trending mag- 
netic highs located south of the volcanic centers [Zietz, 19821 that 
exhibit right lateral offsets across north-striking faults. 

Tomographic studies of the mantle underneath the Jemez lin- 
eament in New Mexico show a pronounced low-velocity 
anomaly of 1-2% within the regional 5-7% low-P-wave- 
velocity zone. The anomaly is 200 km long and 100 km wide 
and lies in the depth range of 50-160 km [Spence and Gross, 
19901 suggesting the presence of melt in upper mantle rocks. 
Similar conclusions come from a Dueker et a1.B [2001] tomo- 
graphic investigation, which also images a south-dipping low- 
velocity anomaly between depths of 100 and 300 km. 

Tectonic activity along the Jemez Lineament is also recorded 
by incisions along the Canadian River in northeastern New 
Mexico. These geomorphic features support a Plio-Pleistocene 
arching and flexure along the Jemez Lineament with uplift 
rates of -0.06-0.07 mmlyr [ Wisniewski and Pazzaglia, 20021. 

4. CD-ROM YAVAPAI-MAZATZAL TRANSITION- 
ZONE PROFILE 

One of the two CDROM reflection profiles collected in 
1999 [Prodhel et al., this volume] was designed to investi- 
gate the crust of the Jemez Lineament and the transition zone 
between the Yavapai and Mazatzal Provinces. The profile 
extends north and south of the town of Las Vegas, New Mex- 
ico, which sits at the southern edge of the Jemez Lineament. 
The data were acquired with VibroseisB sources and 1001 
active recording channels on a 25 km-long seismograph array, 
with a 25 m group interval, and 100 m source interval. Nom- 
inally the array configuration was a 10 km/15 km split spread. 
Sweep frequencies ranged 8-60 Hz and sweep time was 20 s. 
A "listening" time of 45 s resulted in record lengths of 25 s. 
The profiles extend north-south for approximately 170 km, just 
to the east of the Front Range Fault that borders the Protero- 
zoic outcrops of the Sangre de Cristo Mountains (Figure l), 
and between the volcanic centers that define the Jemez Lin- 
eament and the band of magnetic highs. Exposures of uplifted 
Precambrian rocks in the Sangre de Cristo Range west of the 
seismic line show complex polyphase deformation and meta- 
morphism that include several episodes of Paleoproterozoic 
shortening and Mesoproterozoic emplacement of plutons at 
middle and upper crustal depths. 

4.1. Seismic Data Processing 

The seismic processing sequence (Table 1) focused on 
improving the S/N ratio by removing organized noise. In order 

to account for differences in outcrops north and south of Las 
Vegas, we chose different filter parameters for the two seg- 
ments of the southern CD-ROM profile. However the pro- 
cessing parameters of the two seismic segments are very 
similar, permitting the combination of the final migrated sec- 
tions into a composite display. 

The seismic data generally exhibit good SIN ratio with 
reflections visible at offsets up to 14 km and up to 10 s time 
on shot gathers. The most commonly identified noise on the 
data includes reverberations generated in the subsurface, sur- 
face (Rayleigh) waves, air waves, 60 Hz electrical power-line 
noise, and incoherent ambient or cultural noise. 

After correlating the data, we resampled to 6 ms and 
assigned a crooked-line geometry. The common-midpoint bin 
size is 12.5 m. Careful trace editing and air-wave mutes pre- 
ceded a frequency-wavenumber filter applied to mitigate sur- 
face wave noise. We applied prestack static elevation 
corrections to source and receivers using a constant replace- 
ment velocity of 3800 m/s shifting the traces to a final refer- 
ence datum elevation of 2200 m. 

We applied predictive.deconvolution to the data in order to 
reduce the surface and inter-bed reverberations present in the 
seismic records. Trace autocorrelations indicated that the dom- 
inant period of the main reverberation was about 70 ms for the 
northern part of the profile (north of Las Vegas) and about 
65 ms for the southern part (south of Las Vegas). Our tests 
showed that a prediction distance of 42 ms and 30 ms gave the 
best results for the northern and the southern sectors respec- 
tively, with deconvolution-operator lengths of 500 ms (north) 
and 200 ms (south) and a white noise level of 0.1%. 

A time-variant bandpass filter (8-12-45-55 Hz at t=0-3 s, 8- 
12-38-42 Hz at t= 3-6 s to 8-12-32-36 Hz at t=6-20 s) atten- 
uated power line noise and frequencies outside the bandwidth 
of interest. We applied an automatic gain control (AGC) h c -  
tion with a time gate of 1 s in order to increase the amplitude 
of weak reflections and to gain deeper portions of the data. 

We performed velocity analysis using common velocity 
stacks (CVS) and common-midpoint (CMP) velocity spec- 
trum analysis in order to determine normal move-out correc- 
tions (NMO). We used CVS to develop a preliminary stacking 
velocity field, which we then refined with velocity-spectrum 
measurements made every 600 m along the profile. Velocity 
estimates deteriorate below 8-10 s. Data were then NMO- 
corrected and stacked. On the stack section, we identified 
several prominent reflections then computed and applied 
surface-consistent residual static corrections to prestack data, 
followed by another velocity-spectrum analysis to further 
refine the stacking velocity field. The results of the process- 
ing are shown in Figure 2. 

We depth migrated the stacked section to 60 km using a Kirch- 
hoff algorithm. For depth migration we converted the final stack- 
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Figure 1. Location map showing the two segments of the CD-ROM seismic lines, the Jemez Lineament and the Protero- 
zoic outcrops in the area of investigation. M.T.V.F.- Mount Taylor Volcanic Field, J.M.V.F.- Jemez Mountain Volcanic Field, 
0.V.F.- Ocate Volcanic Field. 

ing velocities to interval velocities in depth. This velocity field 
was then smoothed and reduced in magnitude. We performed sev- 
eral migrations, testing different fractions (90% - 80%) of the 
migration velocity field. We also migrated the data with the 
refraction velocity model obtained from the CD-ROM seismic 
refraction profile recorded almost coincident with the reflec- 
tion profile [Snelson, 2002; Levander et al., this volume; Prod- 
he1 et al., this volume]. Migration with the refraction velocity 
model led to overmigration of shallow ((r20 km depth) events 
while correctly migrating the deeper portion of the profile. The 
final velocity function resulted in the integration of both fields 
(velocity field determined by CMP analysis reduced by 10% 
from Cb35 km and refraction velocities for depths >35 km). The 
section was adequately migrated to 60 km, with an aperture of 
20 km. For display purposes, traces were equalized along the 
seismic profile, amplitudes were squared and the absolute value 
of each sample was plotted (Figure 3). 

4.2. Observations 

Figure 3a is the depth-migrated profile shown to a depth of 
50 km. The seismic image exhibits impressive reflectivity at 
upper-middle crustal depths with conflicting dips, some reflec- 
tions at lower crustal depths, and a reflection-free upper man- 
tle. This structurally complicated image is consistent with the 
long and complex geologic history of this area. Reflectors 
are identified as A-E in Figure 3b. 

At shallow depth (2 km), a single high-amplitude, subhor- 
izontal and laterally continuous event crosses the northern 
half of the profile (Figure 3b: Event A). Above this marker is 
an almost undeformed sedimentary section that gradually 
thins southward until it disappears south of -CDP 8000. At the 
very southern end of the profile (-CDP 0-2000) the same 
sedimentary packages are visible again at a depth of 2 k m  for 
a distance of 25 km. 
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Figure 2. Comparison between the same shot gather pre a) and post b) seismic processing. Air-wave as well as low frequency 
surface-wave noise is removed from the processed data and reflections emerge throughout the middle and lower crust. 

In the north beneath the discontinuity (A) and extending 
to 8 km depth are other continuous strong reflections that 
depict a gently to strongly folded and faulted structure (Bl, 
CDP 9500-13500). Figure 4 shows the northern end of this 
feature and the overlying unconformity (A). To the south, this 
reflectivity dies out into a featureless region south of CMP 
9500. South of Las Vegas, NM (-CDP 7000, Figure 3), the 
upper crust appears mostly transparent except for three south 
dipping reflectors at 3-10 km depth (E, Figure 3) at the south- 
ern end of the profile (CDP 0-2500). 

At 8-14 km depth is a system of bright nearly continuous 
reflections (C, Figure 3) that form an arch extending more 
than 100 km with an apex beneath Las Vegas (CDP 7000). 
In the north these bright reflections are visible at CDP 
10000-12500 at 14-25 km depth, where they overprint an 8 
km-thick band of south-dipping reflectors (Dl). The Dl reflec- 
tors extend from 10 km depth at the northern edge of the pro- 
file, to -33 km depth near CDP 11000, a distance of about 34 
km. No additional reflectivity is observed at lower and mid- 
dle crustal depths in the north. To the south, the entire middle 
and lower crust is occupied by continuous north-dipping bright 
reflections (D2) that delineate what we interpret to be a crustal 

duplex. The structure has a maximum thickness of 27-30 km 
and extends more than 50 km (CDP 1500-6800), thinning to 
10 km at about 33 km depth at CDP 6800. South of the crustal 
duplex, another set of north-dipping reflectors enters the pro- 
file at 25 km depth and is traceable down to a depth of 43 
km at CDP 2000 (D3). 

Despite careful processing and analysis (see discussion 
below) no clear and continuous reflections from the Moho 
discontinuity were detected. To the south, the reflectivity dies 
out uniformly at about 40-45 km whereas to the north only 
scattered reflectors can be traced below 33 km depth. 

4.3. Interpretation 

The interpretation (Figure 3b) of reflectors A and B is based 
on borehole data, surface outcrops and projections from geo- 
logic maps [Baltz, 19991. Reflector A can be interpreted with 
certainty as the Great Unconformity, above which is an almost 
undeformed section of Phanerozoic sedimentary sequences 
[Powell, 18761. The Great Unconformity and the overlying 
sedimentary rocks exhibit almost no deformation for a distance 
of 90 km except for the southward thinning of the Phanerozoic 
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Figure 3. a) Seismic profile migrated displayed to a depth of 50 km; b) Interpretation. A) Great Unconformity; B1) 
Allochtonous Proterozoic supracrustal rocks; B2) top of the "granitic" crust; C) Proterozoic (1.1 Ga) or Tertiary mafic intru- 
sions; Dl, D2, D3) Proterozoic doubly vergent suture associated with the arc-continent collision during the 1.68-1.65 Ga 
Mazatzal orogeny; E) Manzano thrust belt (1.60 Ga). 

sequences due to the uplift associated with the Sierra Grande 
arch. The uniformity of the Great Unconformity and overly- 
ing sediments shows that little deformation occurred this far 
east after the Pennsylvanian-Mississippian. The absence of 
shallow, well-organized reflections between CDP 1800-5000 
is partially due to late Paleozoic high-angle faults that dis- 
sect the sedimentary cover and the underlying Precambrian 
rocks [Broadhead and King, 19881, obliterating the seismic sig- 
nal. The base of the shallow reflectivity (B2) is interpreted 
as the contact between the Precambrian basement and the 
inferred granitic crust (see below). 

We interpret the undulating horizon and overturned fold 
(B l), imaged just below the Great Unconformity at a depth of 
3-5 km, as the subsurface expression of Proterozoic nappes 
that were uplifted by Laramide thrusts in the Rincon Range 
(southern Sangre de Cristo Mountains) to the west (Figure 
1). Exposed in these ranges is the lower limb and part of the 
hinge of a north-facing fold-nappe that is imbricated by sev- 
eral south-dipping, top-to-the-north ductile thrusts, and that is 
cored by the 1.68 Ga Guadalupita granitic gneiss [Riese, 1969; 

Read et al., 19991. The granite, exposed at the Guadalupita and 
El Oro domes, intruded the supracrustal rocks and deformed 
synchronously with the overturned fold [Read et al., 19991. The 
seismic image (Figures 3 and 4) exhibits remarkable corre- 
spondence with the surface geology, showing clearly the reflec- 
tions that compose the whole nappe on the northern end of the 
profile (CDP -9000-13700), with the overturned limb defined 
by a 1200 m-thick quartzite layer (Ortega Formation), a 
regional stratigraphic marker in the 1.69 Ga Hondo Group. The 
section exposed in outcrops shows that the bedding of the 
recumbent fold is pervasively deformed in tight parasitic folds 
and suggests that the structure imaged by the seismic section 
is, in fact, the envelope of these folds. This horizon is cut by 
several Precambrian age thrust faults that sole at depths of 
7-8 krn. The seismically transparent crust above the Ortega 
Formation is likely a result of a dominant vertical foliation 
that overprints and obscures any previous geometry, produc- 
ing a transparent or diffractive seismic response [Levander 
et al., 19941. Geobarometry and geothermometry data [Read 
et al., 19991 indicate that the nappe formed at a paleodepth of 
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Figure 4. a) Detail of the nappe structure; b) Interpretation. The nappe is outlined by the -1200 m-thick cross-bedded nearly 
pure quartzites of the Ortega Formation. The Proterozoic nappe shows a remarkable correspondence with the compressive 
structure outcropping at the Rincon Range, to the west. The Pennsylvanian-Mississippian Great Unconformity separates 
the Paleozoic and Mesozoic sedimentary rocks of the Las Vegas basin from the Proterozoic basement rocks. 

12-1 8 km (4-6 kbar pressure and 650 "C), making it a mid- 
crustal, likely brittle-ductile transition zone structure. 

Where the reflectivity loses coherence south of CDP 9000 
(Figure 3), the south-dipping Pecos Thrust ductile shear zone 
crops out above the -1.4 Ga Hermit's Peak granite [Read et 
al., 19991. Due to the lack of continuous Proterozoic out- 
crops south of Las Vegas, the extent of this magmatic body 
is unknown. However we suggest that the transparent upper 

crust imaged by the seismic profile from CDP 2000 to CDP 
8500 is made up of granitic bodies that intruded the crust 
during several Proterozoic tectonic events. Granitic plutons, 
1.4 Ga in age, are exposed in numerous locations in New 
Mexico and particularly in the Sandia and Manzano Moun- 
tains (Priest and Sandia plutons), 120 km west of the seismic 
profile. Although a 1.6 Ga age cannot be ruled out, we spec- 
ulate that the granitic bodies were emplaced during the 1.4 Ga 
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"anorogenic" magmatic event [Karlstrom and Humphreys, 
19981. 

Since none of the deep reflectors (Dl, D2 and D3) reaches 
the surface within the length of the seismic profile, or can be 
unambiguously associated with any nearby outcropping struc- 
ture, the interpretation of the deeper portion of the profile is 
based on the island arc collision model for growth of the 
southwest U.S. [Hamilton, 1981; Bowring and Karlstrom, 
19901 and mechanical models for development of doubly- 
vergent compressional orogens [e.g. Willet et al., 19931. The 
southward-dipping reflection package (Dl) and the crustal 
duplex structure (D2) define a doubly-vergent compressional 
orogen that we speculate formed during the 1.65 Ga Paleo- 
proterozoic collision of the Mazatzal island arc with theYava- 
pai proto-continent, synchronous with the mid to upper crustal 
nappe structure (events B 1) lying above its northern half. The 
main elements of the orogen, D l  and D2, are interpreted 
respectively as a north-verging, south-dipping shear zone sys- 
tem associated with the thrusting of Mazatzal supracrustal 
rocks above the Yavapai basement and as a north-dipping 
south-verging duplex structure that accommodates the back 
thrusting of the Mazatzal tectonic units. The suture zone occu- 
pies the present thickness of the crust for a length of 170 km 
and represents the crustal expression of the lithospheric bound- 
ary between the Yavapai and the Mazatzal provinces. Rocks 
above the suture are tectonically and magmatically mixed ele- 
ments of both the Yavapai and Mazatzal provinces, whereas we 
speculate that rocks below (Dl) are Yavapai basement. Such 
an interpretation is supported by exposures of the Fowler Pass 
shear zone in the Cimarron Mountains, north of the profile, 
which may be the projection to the surface of Dl  reflectivity. 

The Fowler Pass shear zone is considered a fundamental 
Proterozoic crustal boundary as it juxtaposes profoundly dif- 
ferent rock types characterized by diverse deformation his- 
tories: high-grade quartzites and syenites (interpreted as 
derived from a supracrustal passive-margin environment) to 
the south, and greenschist-grade calc-alkaline arc rocks and 
greenstones (associated with a convergent margin environ- 
ment) to the north [Grambling et al., 19931. The shear zone has 
a long history of reactivation (Carrick, 2002) and, although no 
constraints on activity before 1.4 Ga exist, the oldest fabric on 
both sides of the fault is ca. 1.7 Ga (Andronicos, pers. comm). 
According to surface geology, rocks above Dl  are mixed 
metasedimentary, meta-volcanic and meta-plutonic rocks 
related to both the Mazatzal and the Yavapai blocks, tectonized 
during large-scale thrusting of an island arc onto the southern 
edge of the proto-North American continent. To the south, 
the duplex structure is probably formed by Mazatzal base- 
ment rocks thrust to the south to accommodate shortening 
associated with the arc-continent collision. The north-dipping 
reflectivity labeled D3 could represent the deeper portion of 

an outer back thrusting system. At a much shallower depth, the 
three south-dipping reflectors (E) south of CDP 2500, under- 
lying the Great Unconformity reflector and truncated by it, are 
interpreted as the eastward continuation of the 1.65-1.60 Ga 
Manzano Thrust Belt [Thompson et al., 199 11, exposed at the 
Manzano Mountains and Pedernal Hills, 120 km and 60 km 
west of the seismic profile respectively. 

The interpretation of the complex set of bright reflections 
(C on Figure 3) relies mainly on their seismic character (high 
amplitude, continuity, depth range, etc.) and on observations 
from both surface exposures and well data. The reflections 
stand out clearly on individual field records as well as on the 
depth-migrated section, with amplitudes of 9-10 dB above 
the background reflectivity (Figure 6). We interpret them as 
mafic intrusions, based also on the evidence of many other 
seismic profiles around the world that imaged reflectors with 
similar attributes [e. g. Goodwin et al., 1989; Ross and Eaton, 
1997; Papasikas and Juhlin, 19971. The age of these intru- 
sions is more difficult to constrain and we propose two alter- 
native possibilities: Mesoproterozoic or Tertiary. Evidence 
for a major mafic magmatic episode in New Mexico of 1.1 Ga 
age comes from outcrops in the Pecos Mafic Intrusive Com- 
plex [Keller et al., 1989; Adams and Miller, 19951 and from 
well data where a 1.09 Ga gabbro intruded metasedimentary 
and metavolcanic rocks of the Debaca sequence [Arnarante et 
al., 20001. On the other hand, Tertiary to recent basaltic mag- 
matism is widespread in this region and is both associated 
with the Rio Grande rift and with the Jemez Lineament [Baltz, 
1999; Green and Jones, 19971. Although the Rio Grande rift 
magmatism has not affected the area where the seismic pro- 
file is located, the northern part of the seismic profile crosses 
into the Quaternary Ocate volcanic field one of the centers that 
define the Jemez Lineament. The composition of the exposed 
lavas ranges from alkali olivine basalts to dacites 8.0-0.3 my 
in age and indicates crustal contamination by mixing of a 
basaltic melt with a crustal granodiorite [Nielsen and Dungan, 
19851 suggesting that these magmas have ponded at several 
crustal levels during their ascent through the crust. We spec- 
ulate that they have used preexisting zones of weakness or 
faults of Precambrian orland Laramide age as conduits from 
the mantle. These observations indicate that the complex, lay- 
ered bright reflections could represent the intrusive counter- 
part of the extrusive rocks associated with the Jemez 
Lineament. Due to the very recent age of the magmatic activ- 
ity, it is also possible that the bright reflections correspond 
to molten magma. 

Lower crustal reflectivity changes along the profile and 
fades out at about 4 W 3  km south of Las Vegas. To the north, 
the reflective packages terminate shallower at about 33-35 
km and only intermittent reflectivity is observed in the lower 
crust. No reflections from the Moho are detected along the pro- 
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Figure 6. Amplitude plot of the br~ght rcflcct~ons (C) roughly at 
CDP 5200 Amplitude decay curve 1s averaged over several traces of 
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tors labeled D2 In Flgurc 3) 

file. CD-ROM seismic refraction data, collected parallel to 
the reflection profile at a distance of 50 km, show a 4 3 4 5  km 
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thick crust [Snclson, 2002; Levunder ' t  al., this volun~e], in 
good agreement with the observation of the termination of 
the lower crustal reflectivity on the reflection profile. 

The absence of continuous Moho reflections was investi- 
gated through analysis of amplitude and frequency decay pat- 
terns [Burnes, 19941. Analyses were performed on shot gathers 
with minimal processing. Decay plots of the southern and thc 
northern segment of the profile show that amplitude values are 
above the noise levels down to 17 s time to the north and 
down to 18 s to the south, aftcr which no further decay is 
observed (Figure 5 a and b). Coincident refraction data detect 
the Moho at about 13.5 s (TWT) along the reflection profile, 
the depth at which the dcepest reflectivity is observed on the 
stacked section. Moho reflections are also visible at short off- 
sets in the refraction data at frequencies of 1 4  Hz, wcll below 
the frequency range of the reflection data. The analysis there- 
fore shows that signal penetration is adequate to image the 
Moho and upper mantle reflectivity and that the lack of 
strongly reflective zones or reflections at these depths is prob- 
ably a genuine geologic feature. 

5. DISCUSSION 

Interpretation of reflector (A), the Great Unconformity, and 
(B I), a remarkable Precambrian nappc structure, are well cor- 
related with local and regional geology. The Great Uncon- 
formity is a province-wide feature well documented in local 
stratigraphic studies [Bultz, 19991. The nappe is an accre- 
tionary structure in the paleo-middle crust that we discuss 
further below. 

The interpretation of deeper portion of the profile (i.e. 
reflection package (D), the Precambrian suture) is based on the 
accretionary inodel for the continents [Hamilton, 19811 and 
geodynainic models of bivergent orogens [Willet et ul., 19931. 
The interpretation of the almost flat bright events (C) as the 
Proterozoic or Tertiary-modern magmatic features is based 
on circumstantial geologic evidence and the reflection 
character. 

The accretionary model for the lithospheric growth of the 
southwestern US invokes the southward amalgamation of 
island-arc lithospheric fragments to the craton along a 
northeast-striking continental margin [Kurlstmm und Bowrir~g, 
19901. In this setting we interpret reflectors (Dl and D2) and 
the overlying nappe structure (B) as part of a lithospheric 
suture that resulted from the collision of the Mazatzal island 
arc and the Yavapai Province during the Paleoproterozoic. 
The north-verging structures (reflectors B and D 1) and the 
south-verging crustal duplex (D2 reflectors) define the dou- 
bly vergent orogen that identifies at depth the northeast- 
trending boundary between the Yavapai and Mazatzal Provinces 
as defined by Kurlstwtn und Bowring, [1988]. The nappe 
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Figure 5. Amplitude-decay curves of two different CDP locations of the profile in Figure 3, north (CDP 8244) and south 
(CDP 3350) of Las Vegas. No processing was applied on analyzed data. Amplitudes were horizontally stacked and plot- 
ted. Amplitudes appear to flatten at about 17 s, well below the time of the Moho (-13.5 s) detected by the nearby CD-ROM 
refraction profile [Levander et al., this volume; Snelson et al., this volume]. An increase of reflectivity is observed at 14.5 
s in the southern segment (CDP 3350) corresponding to the refraction Moho boundary. The bright reflections (C) are vis- 
ible at -5 s on CDP 8244. 

structure, formed at paleo-midcrustal levels, deformed in the 
brittle-plastic region, and was probably at least partly decou- 
pled from the deeper suture structures (Dl) by a series of 
thoroughgoing thrust faults that deepen beneath the nappe 
into broader shear zones with decreasing seismic signature 
as the rheological regime becomes more ductile. Surface out- 
crops suggest that the uppermost part of the suture (above 
D l  and D2) is composed of intermixed metasedimentary, 
metavolcanic and metaplutonic rocks of both the Yavapai and 
Mazatzal terranes that were pervasively deformed in the duc- 
tile regime during the Mazatzal orogeny [Conway and Silver, 
19891. The geometry of the low angle accretionary structures 
that propagate throughout the crust provides an explanation for 
the diffuse character of the Mazatzal-Yavapai boundary. 

The seismic fabric of the imaged Proterozoic suture resem- 
bles in scale and geometry that of younger doubly vergent 
orogens like the Alps. Similarly to the Alpine orogeny we 
infer that the collision between the Mazatzal arc and the 
Yavapai continent followed the subduction of the Yavapai 
passive margin and that the bivergent geometry was achieved 
through the continuous convergence after the collision 
[Schmid et al., 19961. 

The data presented here suggest that the region of penetra- 
tion of the original Paleoproterozoic suture may have per- 
sisted as a crust-mantle weakness zone, acting as a conduit for 
magma ascent into the crust. The interpretation of zone (C) as 
a series of ponded mantle-derived basaltic intrusions is based 
on surface geology, the proximity of a source, as well as the 
strength and geometry of the reflections. In agreement with 
these seismic data, surface geology, and the teleseismic man- 
tle seismic results [Humphreys and Dueker, 1994; Zurek and 
Dueker, this volume] we speculate that the Proterozoic suture 
has provided a mantle-crust pathway for recent magmatism, 
which developed the overprint of bright reflectivity (C). 

6. CONCLUSIONS 

The seismic data examined here cross the Cenozoic Jemez 
Lineament in northern New Mexico and show two Proterozoic- 
age crustal structures, forming what we interpret as part of a 
major bivergent accretionary suture, that have largely sur- 
vived subsequent tectonism. The Proterozoic suture marks 
the boundary between the Yavapai crust below, and tectonically 
mixed yavapai-Mazatzal crust of the transition region above. 
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We interpret the overprinting reflections as basaltic intru- 
sions, spatially coincident with the extrusive rocks of the 
Tertiary-Quaternary Jemez Lineament volcanic centers and 
with the bivergent orogen, suggesting that the suture has per- 
sisted in the crust as a zone of weakness for magma penetra- 
tion until the present. Telcseismic results [Dz~eker et al., 20011 
show low velocities in the upper mantle to 120 km depth sug- 
gesting that the suture persists into the mantle, providing a 
source for basaltic magma generation. 
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New seismic reflection images and structural analyses of the Laramide front in the 
Sangre de Cristo Mountains of northern New Mexico indicate the importance of listric 
faulting and basement weaknesses in basement-involved foreland structures. At the 
surface, recumbent fault-propagation folds with west-tilted backlimbs indicate that the 
fiontal Laramide structures in this region are west-dipping reverse faults that shallow 
with depth. Minor fault lunematics indicates a combination of fold-perpendicular short- 
ening and regional ENE shortening. Seismic reflection images show that these listric 
faults extend to depths of at least 12 km. Continued westward tilts beyond the seismic 
coverage suggest that these faults eventually flatten into a middle crustal detachment 
zone underneath the center of the range. Although this geometry could seem to be 
consistent with neoformed Laramide thrusts that developed in response to ENE hori- 
zontal shortening, several lines of evidence suggest this geometry was at least partially 
guided by pre-existing basement weaknesses. Firstly, strong but diffuse reflectivity in 
the middle crust about 10 krn below the Laramide thrusts mimics the shape of the 
Laramide frontal faults. These are not likely to be a Laramide blind thrust system 
because no Laramide deformation is seen where they would surface to the east under 
the Great Plains. Secondly, N- and NNE-striking folds and faults are cut by numerous 
discordant structures, indicating oblique slip on pre-existing faults during transpressive 
deformation. We suggest that the thrusting of basement rocks of the Sangre de Cristo 
Range over Paleozoic sedimentary rocks was guided by pre-existing basement struc- 
tures of probable Precambrian age. 

1. INTRODUCTION 

The Rocky Mountain Region: An Evolving Lithosphere 
Geophysical Monograph Series 154 The Laramide orogeny is commonly associated with stresses 
Copyright 2005 by the American Geophysical Union. generated by the low-angle subduction of the Farallon and 
10.10291154GM17 Kula plates under North America [Engebretson et al., 1985; 
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Cross, 1986; Coney, 1987; Stock and Molnar, 1988; Bird, 
1998; and Humphreys et al., 20011. This deformation in the 
Rocky Mountain foreland began at about 80-75 Ma and ended 
in the northern and southern Cordillera at about 56 Ma and 35 
Ma, respectively [Dickinson et al., 19881. Laramide contrac- 
tion resulted in formation of variously oriented basement- 
cored arches that are bounded by narrow zones of faulting, 
folding, and overturning of Paleozoic and Mesozoic strata 
(Figure 1). Some puzzling aspects of the basement-involved 

thrust faults is that they strike in a wide range of directions and 
vary in dip from high to low angle (Figure 1). 

The controls on Laramide deformation have been the sub- 
ject of extensive debate [e.g. Erslev, 1993, 200 1 ; Woodward 
et al., 1997; Bird, 1998; and Cather, 19991. Surface studies 
indicate abundant evidence for reactivation of earlier faults 
[e.g., 12 examples cited by Brown, 19881 suggesting that pre- 
existing weaknesses play an important role in localizing 
Laramide structures, particularly high-angle faults. Pennsyl- 

Figure 1. Simplified Laramide tectonic map of the southern Rocky Mountains showing basement exposures (gray), 
Laramide sedimentary basins, and the extent of the Colorado Plateau (coarse stipple). 
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vanian faults generated during the Ancestral Rocky Moun- 
tain orogeny were reactivated in numerous areas in the south- 
ern Rockies [e.g. Tweto, 1975; and Stone, 1986). Marshak et 
ul. [2000] postulated that Ancestral Rockies and Laramide 
faults resulted from tectonic inversion of a Precambrian nor- 
mal fault system. Timmons et ul. [2001] showed that NW- 
and N-striking normal faults in basement formed at I .  I and 0.8 
Ga respectively. However, the role played by pre-existing 
weaknesses at deeper structural levels has not been thoroughly 
investigated due to the scarcity of deep crustal data. 

Direct observations of deeper Laramide fault geometries 
have been very limited, and the presence of mid-crustal detach- 
ments where faults may merge is debated [Erslev, 1993; Tikoff' 
and Maxson, 200 I]. The overall geometry of Laramide arches 
suggests the presence of detachments or a fault-propagation 
folding mechanism at depth [Lowell, 1983; Oldow, 1989; 
Erslev, 19931. Only at one location, the Wind River thrust, 
Wyoming, has the deep geometry of a Laramide fault system 
been imaged to middle crustal depths [Smithson et al., 1978, 
1979; Lynn et ul., 1983; Sharry et al., 19861. The most recent 
seismic interpretations of Sharcv et al. [I 9861 show a NE- 
dipping fault to 22 km depth where it appears to merge with 
a complex set of duplexes reaching a depth of 26 km. Grav- 
ity information [Hurich and Smithson, 19821 suggesting no 
Moho offsets combined with the minimum 2 1 km of slip on 
the fault strongly indicates that the Wind River fault flattens 
at depth into a subhorizontal detachment. In addition, a listric 
fault geometry that flattens into a detachment can explain the 
minimal deformation and remarkably uniform tilt of the NE- 
dipping backlimb of the Wind River arch [Erslev, 19861. 

This paper presents the results of one of the seismic reflec- 
tion experiments of the Continental Dynamics - Rocky MOun- 
tain project (CD-ROM) carried out in north-central New 
Mexico. The experiment targeted the subsurface continuation 
of the frontal thrust faults underlying the Sangre de Cristo 
mountain range (Figure 2). This location provides an ideal 
opportunity to test for the influence of pre-existing faults 
because Baltz and Myers [ 19991 documented numerous struc- 
tural highs and depocenters associated with the Pennsylvan- 
ian Ancestral Rocky Mountain deformation on the flank of 
the Taos trough. Their mapping defines a series of back-rotated 
Laramide fault blocks, which suggest basement detachment at 
shallow levels (1 0-1 5km) using the basement block balanc- 
ing approach of Erslev [1986]. 

2. GEOLOGIC SETTING 

The eastern front of Laramide arches in the southern Rocky 
Mountains of Colorado and northern New Mexico is remark- 
ably linear (Figure 1) and trends N-S on average. In Colorado, 
this deformation front is dominated by NNW-striking thrust 

faults and folds that step right to the north, forming a ragged, 
sawtooth pattern of uplifted units. These structural steps range 
in size from 50 km between the en echelon Sangre de Cristo, 
Wet Mountain, and Front Range arches to 10 km along the 
margin of the northeastern Front Range. South of the Sangre 
de Cristo arch, the Laramide deformation front makes a major 
step to the west where Laramide structures are heavily over- 
printed by the more recent Rio Grande deformation. The study 
area (Figure 2) is located where the Laramide front makes an 
arcuate curve towards the west just north of this major step 
defining the end of the Sangre de Cristo Mountains. 

Recent minor fault measurements in Mesozoic strata along 
the eastern front of Laramide deformation (Figure 3b, and c; 
Erslev, 2001; Wawrzyniec et al., 2002; Erslev et al., in press) 
generally show ENE-WSW shortening by thrust and stnke-slip 
faulting, indicating transpressive deformation between the 
Colorado Plateau and the interior of the North American cra- 
ton. The amount of regional strike-slip displacement parallel 
to the N-S Laramide front is highly contested, with cumula- 
tive estimates ranging from minimal [ Woodward et ul., 19971 
to more than 100 km [Cather, 19991. The lack of strike-slip 
fault zones cutting the continuous Permian and Mesozoic 
strata which wrap around the southern end of the Sangre de 
Cristo arch suggests that major Laramide strike-slip faults, if 
they exist, must be west of the arch axis. 

Baltz and Myers [I9991 compiled their geologic mapping 
of the southeastern Sangre de Cristo Mountains (Figure 2) 
and the stratigraphic evidence for extensive Ancestral Rocky 
Mountain deformation in north-central New Mexico. Within 
the context of the complicated history of pre-Laramide defor- 
mation, the diverse arrays of Laramide faults and folds along 
the southeastern flank of the Sangre de Cristo arch (Figure 2 
and 4a) are not surprising. Fold axes and faults show trimodal 
distributions, with major NNW-SSE modes and lesser N-S 
and NNE-SSW modes. The close correlation of fault and fold 
patterns is expected because most of the folds are fault- 
propagation and detachment folds whose axes trend parallel 
to the strike of the underlying faults. Measurements of minor 
fault orientations taken from the Mora area (Figure. 3a and 4b) 
are oblique to fault strikes farther north (Figure 3b and c), 
suggesting anomalous ESE-WN W shortening and compres- 
sion. The fault localities, indicated by Xs in Figure 2, are, 
however, adjacent to NNE-trending folds and may not sample 
the full regional shortening direction. This is further indicated 
by the dominance of NW-striking left-lateral faults in the 
Mora minor fault data (Figure 3a). Some degree of oblique slip 
is required by the diverse fold axis orientations and the fact that 
folds and faults change orientation along strike. 

Along the NNE-trending fold and fault systems in the area 
(Figure 2), Baltz and Myers [I9991 mapped smaller SE-NW 
faults with left-lateral separations offsetting the traces of the 
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Figure 2. Simplified geologic map of the eastern flank of the Sangre de Cristo arch near Mora, New Mexico after Baltz 
and Myers [1999]. The heavy solid line shows the seismic acquisition line and the adjacent line segments show cross-sections 
in Figure 6. Localities sampled for minor faults are shown as Xs. Abbreviations for units are PC Proterozoic crystalline 
basement, IP Pennsylvanian and older sedimentary rocks, P -Permian sedimentary rocks, P-J - Permian to Jurassic sed- 
imentary rocks and K Cretaceous sedimentary rocks 

main faults and anticlines. In comparison, such offsetting dull and Davis [I9991 interpreted to be due to combined right- 
faults are rare along NNW-trending fold and fault systems. lateral and reverse slip on the underlying fault. Thus, we inter- 
Analogous cross-cutting faults were mapped along parts of pret the map pattern in the southeastern Sangre de Cristo arch 
the NNE-trending East Kiabab monocline in Utah, which Tin- as highly suggestive of ENE-shortening on NNW-striking 
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A. Sangre De Cristo Range near Mora, NM 
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B. Northeast Front Range, CO (plotted at 119 scale) 
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C. Southern Front Range, CO (plotted at 113 scale) 
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Figure 3. Minor fault measurements along the Lararnide deformation front near a) Mora, New Mexico [Bolay-Koenig and 
Erslev, 19991, b) Fort Collins, CO [Holdaway, 19981, and c) Canon City, CO [Jurista et al., 19961. An angle of 25" 
between the slickenline and ideal sigma 1 directions was used to calculate ideal sigma 1 axes. Rose diagrams are smoothed 
using a 10" window and show trends of linear elements whose plunge is less than 45". 

thrust faults and oblique slip on NNE-striking faults, which 
probably have both right-lateral and thrust components to 
their slip. 

The structural geometries defined by Baltz and Myers [I9991 
suggest listric Laramide faulting in 3D. In the area of the seis- 
mic line, minimal changes in Paleozoic stratigraphic thick- 
ness [Baltz and Myers, 19991 and minor post-Laramide 
reactivation of the faults indicate that the basement uncon- 
formity, which is well defined in the area (Figure 2), provides 
a good datum for evaluating the Laramide deformation. Cross- 
sectional profiles from Baltz and Myers [I9991 (Figure 5) of 
faults and the basement unconformity show the contractional 
nature of the fault-propagation fold structures. The consis- 
tent backward tilts of the basement blocks (Figure 5) indi- 
cates rotational fault-bend folding [Erslev, 19861 on listric, 

or concave upward, faults at depth The fact that backlimb tilts 
increase from west to east in nearly every hanging wall (Fig- 
ure 5) suggests that the fault curvature increases toward the sur- 
face, causing progressively more tilting of the hanging wall as 
the fault tip is approached. 

3. SEISMIC DATA AND INTERPRETATION 

One of the seismic lines acquired during the 1999 Conti- 
nental Dynamics of Rocky Mountains (CD-ROM) seismic 
experiment was collected with the goal of investigating the 
geometry of the Laramide thrusts in the southern Rocky Moun- 
tain. The surface trace of the 40 krn long profile (NM-2) (Fig- 
ure 2) extends from the Las Vegas basin in northern New 
Mexico into the basement-cored arch of the Sangre de Cristo 
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A. Rose Diagrams of Faults and Folds Mapped by Baltz and Myers (1999) 
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B. Stereonet Plots of Minor Fault Data 
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Figure 4. a) Smoothed (10" window) rose diagrams of faults and folds mapped by Baltz and Myers [1999]; b) Stereonet 
plots of fault planes, slickenlines and ideal sigma 1 directions for minor faults measured near Mora, NM. 

Mountains. It crosses nearly normal to the strike of the frontal 
Sapello Fault near Mora and oblique to the Quebraditas Fault 
that thrusts Proterozoic over Paleozoic units (Figure 2 and 6). 
Impassable mountains prevented the extension of the profile 
farther to the west. 

The seismic data were recorded with 4 large mass Vibroseis 
sources using 100 1 active recording channels on a 25 km long 
seismograph array. The source interval and the group interval 
were 100 m and 25 m, respectively. Sweep time was 20 s. 
Listening time was 45 s, giving a record length of 25 s. The 
seismic data were processed using the PromaxB processing 
software. Noisy traces were edited out of the dataset. Several 
filters were applied to attenuate and remove the surface waves, 
and amplitude corrections were performed to improve the 
SiN ratio. The processing sequence included predictive decon- 
volution, static corrections (refraction and surface consistent 

residual) to a 2200m datum plane, velocity analysis and stack- 
ing. The stack section was depth migrated with a variable 
velocity 2-D Kirchhoff algorithm using an attenuated veloc- 
ity field derived from the prestacking velocity analysis. Base- 
ment velocities vary from 4700-5800 mls and sedimentary 
rocks of the Las Vegas basin were migrated with a velocity 
ranging from 3300-4200 mls. The data were not depth 
migrated using the velocity field derived from the seismic 
refraction experiment [Levander et al., this volume] due to 
the different tectonic setting of the two profiles. 

The seismic image NM-2 (Figure 6 and 7) shows features 
that correspond well with the structures mapped at the surface. 
Each geologic unit exhibits a distinctive seismic reflectivity: 
the Proterozoic rocks (CDP 2300-2800) exhibit a very diffuse 
reflectivity, the Paleozoic rocks (CDP 1250-2300) show lay- 
ering, and Mesozoic sedimentary rocks of the Las Vegas Basin 
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Basement and Fault Geometries in Cross Sections from Baltz and Myers (1 999) 
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Figure 5. Top of basement and fault geometries from cross sections of Baltz and M y e ~ s  [1999]. Thcse unexaggerated section 
locations are in Figure 2. Composite cross section C-D' is highlighted because it is closest to the CD-ROM seismic line. 

(CDP 1-1250) exhibit a well-preserved sedimentary stratifi- 
cation that depicts a 2 km deep, nearly undeformed basin that 
thins southeastward. A west-dipping reflector at depth of 2 
km (A in Figure 8) marks the base of the Las Vegas Basin. 
Below, at a depth of about 5 km, a set of relatively bright, 
discontinuous reflectors (D, in Figure 8) is visible between 
CDP 1000-2000. 

The two reflectors A and D, are cut by a west-dipping zone 
of reflectivity labeled (C) at about CDP 1500 and CDP 2000, 
respectively. This west-dipping structure (C) surfaces at CDP 
1250 and corresponds with the Sapello fault, the frontal thrust 
of the Sangre de Cristo Mountains in this area. From the sur- 
face the reflectivity dips 30" west and flattens to a nearly hor- 
izontal orientation between 1&1 lkm. Two bright, west-dipping 
reflections (D,) at about 5 km depth (CDP 2300-2700) appear 
to coincide with the sharp bend in the line where it intersects 
the Quebraditas fault. Careful analysis on CDP and shot gath- 
ers ruled out the possibility of out of plane energy reflected on 
the fault plane and indicated that the bright reflections (D,) rep- 
resent the energy coming from an interface below the trace of 

the profile. The Quebraditas fault appears to correlate with 
weak reflections that surface at CDP 2350. 

The deeper portions of the seismic profile are dominated by 
highly reflective sets of west-dipping reflections (B) that 
appear to parallel the Sapello thrust, but at 10 km deeper lev- 
els. The structures appear to be characterized by two different 
sets of reflections. The shallower part is composed by two 
sharp, high amplitude reflectors (B, and B, at 10 km and 14 
km depth respectively) that converge from the eastern end of 
the profile to 16 km around CDP 1400. At greater depths the 
seismic character of the structure changes and a zone of dif- 
fuse but bright reflectivity (B) reaches the west end of the 
line at a depth of 23 km. Although the continuity and the char- 
acter of the reflections are variable as a function of depth, we 
consider these zones of reflectivity to be tectonically and 
genetically related, as shown below. A moderately west-dipping 
grain is also visible in the data at this depth, and is especially 
noticeable between the C and B reflections, where it seems to 
parallel both structures. The deeper lower crust is almost fea- 
tureless in the seismic profile except for few weak subhori- 
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Figure 6.  Cross section showing rocks and faults cropping out along the seismic profile NM-2 (above); first 3s of the stack 
section (below). The sedimentary rocks of the Las Vegas Basin are clearly visible down to 1 .  Is depicting a broad synclinc cut 
to the west by the Sapello Fault (CDP 1250). West-dipping bright reflectors at CDP 2400-2600 (2-2.5s) are interpreted as the 
Proterozoic supracrustal rocks in the hangingwall of the Sapello thrust. Seismic data are plotted with no vertical exaggeration. 

zontal reflections that are traceable at about 34-35 km depths, 
which is likely too shallow to be a Moho reflection based on 
the CD-ROM refraction data [Levander et al., this volume]. 

The interpretation of the upper part of the seismic line is well 
constrained by surface geology and borehole data in the area 
[Baltz and Mryers, 19991. The basement of the Las Vegas 
basin (A), on the easternmost end of the profile, is imaged 
at about 2 km depth. This depth corresponds to the depth of 
the Pennsylvanian "Great Unconformity" with underlying 
Precambrian basement [Powell, 18761 observed in boreholes 
[Baltz and Myers, 19991. The basin is almost undeformed and 
shallows eastward. To the west, the Mesozoic sedimentary 
units stop at the mapped position of the Sapello Fault (CDP 
1250), where they come in tectonic contact with the Paleozoic 
units that core the Sangre de Cristo arch. The Sapello Fault (C) 
is steeply dipping at the surface but quickly flattens to appar- 
ent dips of -30°W and further shallows to a lo0 apparent dip 
at I0 km depth (relative to 2200m average surface elevation) 
in the westernmost end of the profile. In spite of its weak sig- 
nal, the Quebraditas fault can also be traced to a depth of 5 km. 

The two bright reflectors, visible in the hanging wall of the 
Sapello Fault (Dl)  and the highly reflective packages (D,) 
beneath the Las Vegas basin likely represent the Proterozoic 
supracrustal rocks that make up El Oro Mountains on the 

southern end of the Rincon Range (Vadito, Ortega and Hondo 
Group) (Read et al., 1998) and that crop out immediately 
northwest of the profile. This intcrprctation is corroborated 
by the observations on a N-S reflection profile, acquired just east 
of the Sapello frontal thrust [Magnani et al., this volume], that 
images the highly reflective, nearly pure quartzites of the Ortega 
Fm. folded by several south-dipping ductile shear zones at a 
depth of 5 km beneath the Great Unconformity. 

The interpretation of the structure (B) and the above west- 
dipping reflectivity, imaged at middle crustal depth below the 
Sangre de Cristo uplift, the frontal thrust and the Las Vegas 
basin, is not constrained by any surface and subsurface obser- 
vation and is, therefore, conjectural. At first glance this west- 
dipping grain looks like a master detachment surface to which 
the Sapello and other Laramide faults would sole to the west. 
However, the sedimentary rocks in the Las Vegas basin above 
the Great Unconformity appear to be entirely undcformcd by 
this fault system, suggesting that the age of the system is 
greater than Pennsylvanian-Mississippian and that the west- 
dipping fabric in the middle crust is an inherited feature rather 
than a Laramide structure. It is possible that this zone was 
reactivated during the Laramide, as suggested below in the 
discussion of structural balancing, as a mechanism to raise 
the western part of the basement unconformity, but the strength 
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Figure 7. Energy plot of the depth-migrated reflection seismic section (see Figure 2 for location), with depth from 2200 
m average surface elevation plotted versus horizontal distance. 

of the reflector is inconsistent with the minimal Laramide 
slip actually forming the reflector itself. To the east this zone 
of reflectivity shallows to -1 5 km depth and continues into the 
two sharp bright reflectors (B,) and (B,). The interpretation of 
these reflectors relies on the observations along the north- 
south tie profile [Magnani et al., this volume] that show a 
system of high-amplitude, subhorizontal reflectors at 10-15 
km depths that match the depth and seismic character of the 
two reflectors (B,) and (B,) observed in the N M 2  profile. The 
bright amplitude is indicative of a large impedance contrast 
that, at this depth (10-15 km) can be explained by the pres- 
ence of fluids or mafic material intruded in the granitic crust. 
Reflectors with similar characteristics, imaged in many seis- 
mic profiles worldwide, have been interpreted as crustal mag- 
matic intrusions [e. g. Goodwin et al., 1989; Jarchow et al., 

19931. Due to their bright reflectivity, the remarkable lateral 
continuity along the north-south profile and the evidence of 
repeated magmatic activity in this area throughout the geologic 
history [Keller et al, 1989; Aldrich, 19861, we interpret them 
as mafic sills of Proterozoic or Tertiary age, therefore sug- 
gesting that the reflectors (B,) and (B,) on the NM-2 line are 
also mafic sills. The age of these mafic intrusions is more 
difficult to constrain but because they seem to cross cut a 
broad zone of inferred Paleoproterozoic reflectivity in the 
cross line, we interpret them to be of either Neoproterozoic (1.1 
Ga) or Tertiary-Quaternary age. Also, in this line of section, 
they seem to parallel the broad zone of reflectivity (B), sug- 
gesting that the sills were emplaced parallel to zones of weak- 
ness in the Precambrian crust, possibly exploiting pre-existing 
structural weaknesses. 
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Figure 8. Geologic interpretation of the seismic data. A - Great Unconformity, B' and B" - Mafic sills of Proterozoic or 
Cenozoic age, B - Proterozoic (?) zone of weakness, C - Sapello thrust fault, D - supracrustal Proterozoic rocks (Hondo 
and Vadito Group). 

4. RESTORATION OF LARAMIDE STRUCTURES 

The proposed geometries of the Sapello and Quebraditas 
faults, as determined from surface geology [Baltz and Myers, 
19991 and the seismic data, were tested by 2D restorations of 
the basement unconformity using the 2DMove program of 
Midland Valley Exploration. An east-west, composite cross- 
section (C-D' from Baltz and Myers, [1999]) was simplified 
to show minimal footwall basement folding and extended to 
depth by projecting the seismic reflectors interpreted as exten- 
sions of the Sapello and Quebraditas faults into the plane of 
the cross-section (Figure 9a). Points on the postulated fault 
zone reflections were projected parallel to each fault and cor- 
rected from depth relative to 2200 m (Figure 7) to depth rel- 
ative to sea level (Figure 9). 

Restoration of this simplified cross-section (Figure 9b) 
was accomplished using fault-parallel flow [Egan et al., 
19971, which provides a close approximation for basement 
deformation on arcuate faults. Fault-propagation folding of 
the hanging wall near the shallow fault tip area was not 

restored because folding in Rocky Mountain basement- 
involved structures is largely limited to shallow levels in the 
crust and does not appear to influence the deeper levels [Erslev, 
199 11. Any simple shear components parallel to the fault zone 
will likewise not influence the deeper geometry of the faults 
and the larger-scale rotational fault-bend folding of the over- 
lying basement blocks [Evslev, 19861. 

The restoration in Figure 9b shows the general viability 
of the listric fault geometries indicated by both the base- 
ment block tilts and the deep crustal reflections. Two weak- 
nesses in the restoration stand out, however. First, the 
non-planarity of the basement unconformity on the block 
backlimbs, which show antiformal shapes, suggests that fault 
curvatures are greater closer to the surface than were inter- 
preted in this section. Secondly, restoration of the faults does 
not flatten the basement unconformity overall, with the 
western side of the section still substantially higher than 
the eastern side of the section. This latter problem can be 
explained in two ways. The excess elevations of the basement 
unconformity to the west can be remedied by steepening 
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a. Simplified C - D' Section with Seismic Data on Faults b. Restoration of 9 krn of Fault Slip in Fig. 9a 
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5km , Quebraditas Fault Saoello Fault 5 km 5 kin 

Sealevel 

-5 km 

-10 km -10 km 

-- Sealevel 

- -5 km 

-10 km 

- 
No Vertical Exaggeration 

Figure 9. a) Simplified unexaggerated section C-D' with all basement folding put into the hanging wall and fault trajec- 
tories at depth projected parallel to the faults from the seismic interpretation in Figure 8; b) Restoration of simplified sec- 
tion C-D' using fault-parallel flow and neglecting shallow fault-propagation folding in the hanging wall; c) Simplified section 
C-D' modified to allow optimal restoration by fault-parallel flow; d) Improved restoration of modified simplified section 
C-D' using fault-parallel flow and neglecting shallow fault-propagation folding in the hanging wall. 

the faults, which when restored, drop the basement uncon- 
formity to lower levels. This interpretation is not inconsis- 
tent with the seismic interpretation because an 
underestimation of the seismic velocity of the basement as 
well as edge effects during the depth migration processing 
could have resulted in incorrect depths to the reflectors in 
Figure 7. Alternatively, the excess elevations of the basement 
unconformity to the west could be due to blind duplexing at 
depth, an option that is consistent with the geometry of the 
deep reflections under these faults. This option is acknowl- 
edged, but was not pursued any further because deeper 
structural involvement was not necessary to balance the 
sections. 

Simplified cross-section C-D' was further modified 
according to the above observations so that faults have 
increased curvature near the surface and steeper dips at 
depth (Figure 9c). This results in a better, although admit- 
tedly non-unique, restoration (Figure 9d), with a more uni- 
form restored elevation of a more planar basement 
unconformity. This interpretation has the faults continuing 
to flatten to the west, and is consistent with the westerly 
tilt of the basement unconformity from the western edge 
of the cross-section all the way to the Pecos Valley, 14 km 
to the west. 

5. DISCUSSION AND CONCLUSIONS 

The Laramide faults and shear zones that bound the Pro- 
terozoic uplifts are notorious for their complicated deforma- 
tion history and their geometry at depth is still hotly debated. 
The seismic line images listric Laramide basement thrusts 
that can be traced from surface outcrops to a depth of 10-1 5 
km below sea level where they appear to sole into an upper- 
crustal zone of reflectivity. These thrusts appear to dip up to 
5&55" in surface exposures, rapidly shallow to 30' dips in the 
shallowest part of the seismic section, and then more gradu- 
ally flatten to 20-10" at the western end of the seismic profile. 

The interpretation of the deeper structure is more specula- 
tive. The reflectors in the middle crust at 22-24 krn beneath 
the Rockies ramp up to 14 km beneath the eastern front of 
the range and extend under the Great Plains. The character 
of the reflectivity along the structure appears to change from 
being a 2 km thick zone of scattered short reflectors to two nar- 
row and sharp reflectors. Based on our interpretation of a 
crossing seismic line, we interpret the brightness of the shal- 
low features as resulting from mafic sills that intruded sub- 
sequent to the development of the detachment system. 

The age and origin of the pre-existing west-dipping struc- 
ture along which the sills intruded are difficult to define. We 
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suggest three alternative explanations. (1)  It formed during 
the Laramide deformation and represents a Laramide master 
detachment fault. ( 2 )  It formed during Pennsylvanian Ances- 
tral Rocky Mountain deformation and possibly reactivated 
during the Laramidc deformation. (3) It formed prior to the 
Ancestral Rockies and Laramide events during the early- 
middle Proterozoic accretionary stages [Bowring and Karl- 
strom, 19901 and thus any Phanerozoic movement represents 
fault reactivation. The first two hypotheses are supported 
by its flat-ramp-flat geometry, parallelism to the Sapello 
Fault and depth (from 10-1 5 km to the east to 23-25 km to 
the west). 

Model 1 might also be compatible with the middle crustal 
flow model of McQuarrie and Chase [2000], which envisions 
a 10 km wedge of middle crust (at about this depth) flowing 
eastwards from the Sevier highlands to the west, under the 
Colorado Plateau and Rocky Mountains and causing surface 
uplift of the region. However intracrustal flow from the Sevier 
highlands should have disrupted the seismic signature of pre- 
existing structures and this is in disagreement with the avail- 
able observations on seismic profiles. Moreover, the absence 
of any Laramide upliftlanticlineldome in front of the deep 
structure makes the presence of a mid-crustal master detach- 
ment fault unlikely. It seems unlikely that the feather edge of 
the injected wedge material would have no surface expres- 
sion; instead, if such features existed, they might be analo- 
gous to blind thrusts in front of thrust belts that are expressed 
at the surface as broad upwarps and anticlines [Fermor and 
Price, 19871. 

The only mapped structure in the Great Plains comparable 
in scale to the imaged middle crustal seismic feature (B) is the 
Sierra Grande Uplift [ Woodward, 19881. The Sierra Grande 
uplift is considered Pennsylvanian in age and developed dur- 
ing the Ancestral Rockies deformation, although later motion 
may have occurred in Laramide time. Reactivation ofAnces- 
tral Rockies arches and basins during mid-Cretaceous - Eocene 
time has been recorded for Las Anirnas dome, which may 
represent the continuation of the Sierra Grande uplift to the 
north [ H ~ l k ,  1972; T ~ ~ e t o ,  1983; Merewether, 19871. 

The third hypothesis, a possible Precambrian origin for the 
structure, provides an alternative explanation for the absence 
of a major uplift associated with the observed structure. The 
Rockies expose 1.4 Ga middle crustal rocks that were 
emplaced at 34kbar,  whereas the same age rocks in the Great 
Plains are rhyolitic volcanic and sedimentary materials that 
have never been buried to great depths. The timing of this 
post- 1.4 Ga differential uplift is not well constrained. Some 
uplift, perhaps several km, took place in the Laramide as the 
Rockies went up relative to the Great Plains; some uplift, 
again perhaps several kilometers, took place in the Ancestral 
Rockies event, but some may also have taken place during 

1.1 and 0.8 Ga extensional faulting along the Rocky Moun- 
tain front. This Precambrian faulting may have been the time 
of initiation of the N-S Rocky Mountain trend [Karlstrom 
and Humphreys, 19981. If so, the deep reflectors may repre- 
sent pre-1.4 Ga faults responsible for this uplift, consistent 
with the Proterozoic inheritance for mid-continent arches of 
Ancestral Rockies age suggested by Marshak et al. [2001]. 

We speculate that the deep crustal structures observed on our 
line probably represent shear zonesibasement faults that formed 
during the Proterozoic and were reactivated in Ancestral Rocky 
Mountains andlor Laramide deformation. They appear to have 
been exploited as a minimum strength surface by mafic sills 
during the Precambrian andlor the Tertiary. By analogy to the 
north-south tie profile [Magnani et al., this volume], mafic 
bodies could have been emplaced during the magmatism that 
accompanied the rifting event at 1.1  Ga [Karlstrom and 
Humphreys, 19981 or during the Tertiary magmatic activity 
associated with the Jemez Lineament in New Mexico and 
Arizona [Aldrich, 1986; Gardner and G o j ;  1984; Perry et 
al., 19871. 
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An Integrated Geophysical Study of the Southeastern 
Sangre de Cristo Mountains, New Mexico: Summary 

Oscar Quezadal, G. Randy Keller, and Christopher Andronicos 

Department of Geological Sciences, PACES, University of Texas at El Paso, Texas 

The Sangre de Cristo Mountains in northern New Mexico $06' 1 osO 
are the uplifted eastern flank of the Rio Grande rift and expose Fx~lanation 

a number of important geologic features whose origins are Younger Cover 

of great geologic interest (Figure 1). We have investigated 
this area, and here we present an integrated analysis of a vari- 
ety of geophysical data that features almost 100 km of newly 
released seismic reflection data (Figure 1). The southeastern 
Sangre de Cristo Mountains are the site of a pronounced and 
yet poorly understood gravity minimum. By integrating dif- 
ferent geophysical and geological data, we have focused on this 
gravity anomaly hoping that modeling the major upper crustal PPF - Pecos-Picuris Faun 

structures related to it aid in unraveling the complex tectonic 
~ ~ ~ : ~ ~ ~ ~ ~ ~ a ~ ~ ~ ~ ~ u "  

evolution of the southern Rocky Mountains. FRF - Front Range Fault 
The seismic reflection profiles provide many insights about 

the evolution of the upper crust in this region. For example, the 
faulting interpreted from the northernmost SC1 (Figure 2) 
seismic profile is radically different than the relatively unbro- 
ken base of the Paleozoic section seen hrther south. Due to 
their relatively low dip angle, these faults could be related to $06 

east-verging Laramidemage compression and were later reac- Figure 1. Tectonic index map of the Sangre de Cristo Mountains 
tivated by Tertiary extension (Adam Read, personal COmmu- region, New Mexico. The solid lines labeled SCI-SC6 are the seis- 
nication). Modeling of Bouguer gravity anomalies shows that mic reflection lines presented and interpreted in this paper. 
the presence of a low density Guadalupita pluton (1.68 Ga) and 
the combined effects of adjacent Tertiary (Las Vegas basin) and W E 

Paleozoic (Rainsville trough) strata agrees best with the seis- 
mic and geologic data. The seismic reflection data rule out 
the presence of an extensive sub-horizontal detachment in the 
first 1 CL12 km of the crust (as had been previously suggested) 
and show that there is a high degree of deformation in the 
Precambrian basement underneath the Paleozoic strata of the 
Sangre de Cristo uplift. The high amplitude intra-basement 
reflectors interpreted in the seismic data reveal the NE-SW 
trending features that illustrate a section of the amalgama- 4'  100 Zoo 300 500 600 

I 

scales ace approx,matev 1 1 CDP 406)C. Precambia,n Okm5 
Pz - Paleozoic 

Now at Anadarko, Houston, Texas 
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Figure 2. Interpreted version of seismic reflection line SC 1. The 
numbers along the horizontal axis are Common Depth Point numbers. 
The black, sub-horizontal line is the interpreted top of the Precam- 
brian basement. The lighter gray lines are interpreted faults and 
intrabasement reflectors. 
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tion and subsequent deformation of the shallow crust in north- 
ern New Mexico. 

The major structures interpreted in this integrated study 
can be classified into two distinct deformational episodes. 
(1) Proterozoic accretion (1.7-1.6 Ga), which we propose is 
represented by the imbricate-like intra-basement reflectors 
on the seismic reflection profiles, as well as, intrusion and 
1.6 Ga metamorphism of the Guadalupita pluton in the Rin- 
con Range; (2) Laramide-age compression with late Tertiary 
reactivation. Paleozoic basin and uplift deformation associated 
with the Ancestral Rocky Mountains was not directly observed 

in the seismic data. However, previous studies as well as our 
gravity modeling indicate that the Taos and Rainsville troughs 
were created during this period. 

The complete version of this paper including color diagrams can 
be found in the CDROM in the back cover sleeve. 

Christopher Andronicos and G. Randy Keller, Department of Geo- 
logical Sciences, University of Texas at El Paso, 500 W. University 
Ave., El Paso, TX, 79968. 

Oscar Quezada, Anadarko, Houston, TX. 
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Southwestern Wyoming is located at the margin of the in the Archean basement that have not been recognized 
Archean Wyoming craton but has experienced signif- previously. The basement northeast of the Wind River 
icant deformation as a result of both the Sevier and 
Laramide orogenies. This study focuses on the nature 
and extent of this deformation and its interactions with 
structures within the Precambrian basement. We used 
about 350 km of newly released industry seismic reflec- 
tion data along with gravity data, satellite imagery, and 
drilling information in an integrated analysis focusing 
on the north-south trending Rock Springs uplift, the 
northwest-trending Wind River uplift and the west-east 
trending Sweetwater uplift. These features form arches 
that are bounded by the Green River, Wind River, Great 
Divide, and the Washakie basins (Fig. 1). An example 
of the seismic data is shown in Figure 2 displays struc- 
tural complexity at the northeast boundary of the Great 
Divide basin involving high-angle reverse faults with 
northeast dips. The fault that lies roughly in the mid- 
dle of the line is interpreted to be the southeastern 
extension of the Wind River thrust, and the fault at the 
northeast end of the line is interpreted to be the Mor- 
mon Trail thrust. A gravity profile was modeled as a 
medium to integrate all of the data. This model of the 
upper crust indicates the presence of inhomogeneities 

The Rocky Mountain Region: An Evolving Lithosphere 
Geophysical Monograph Series 154 
Copyright 2005 by the American Geophysical Union. 
10.1029/154GM19 
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Figure 1: Index map of the southwestern Wyoming region. The out- 
lines of Precambrian outcrops (dark gray) and uplifts (stippled) and 
thmst faults (lines with teeth) were digitized from the literature. The 
deepest portions of the basins were also digitized from the litera- 
ture and are shown as light gray areas enclosed by a contour line 
that represents depth (feet) below sea level. WRT-Wind River thrust; 
ETT-Emigrant Trail thrust. The dashed line is the location of the 
integrated earth model constructed in this study. The seismic reflec- 
tion profile shown in Figure 2 covers most of the southwest portion 
of this model. 
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thrust contains considerable reflectivity indicating fold- 
ing or fabric that either reflects or controls Laramide 
structures. The interweaving of reflectors in one line 
resemble imbricate structures shown in the CD-ROM 
Cheyenne belt deep reflection profile and could be 
related to an ancient structural boundary within the 
basement. Our analysis shows that the multiple thrusts 
bounding the Sweetwater uplift occur near major inho- 
mogeneities in the Precambrian basement. Spatial rela- 
tions we observe are consistent with the hypothesis 
that anastomosing arches characterize Laramide fore- 
land deformation because the large positive gravity 
anomalies associated with the Wind River and Sweet- 
water uplifts smoothly merge. 

Figure 2: Interpreted version of seismic Line 4b that shows the The complete version of this paper including color diagrams can 
southern extension of the Wind River thrust. Krs-Rock Springs For- be found in the CI3ROM in the back cover sleeve. 
mation (Upper Cretaceous); Kb-Baxter (Cody) Shale (Upper Cre- 
taceous); Jm-Momson Formation (Jurassic); Mn-Madison Formation Veronica J. Cline, ChevronTexaco Energy Technology Co., 
(Mississippian). WRT-Wind River thrust; MTT-Mormon Trail thrust. 4800Fournace PI., Bellaire, TX 7740 1 
This record section extends to a depth of about 10 km. Vertical exag- G. Randy Keller, Department of Geological Sciences, University 
geration is -3.4. of Texas at El Paso, El Paso, TX 79968 



Results of the CD-ROM Project Seismic RefractionIWide- 
Angle Reflection Experiment: The Upper and Middle Crust 

Hanna-Maria Rumpel and Claus Prodehl 

Geophysical Institute, Karlsruhe University, Germany 

Catherine M. Snelson 

Department of Geoscience, University of Nevada, Las Vegas 

G. Randy Keller 

Department of Geological Sciences, University of Texas at El Paso, El Paso 

During the field experiments of the Continental Dynamics Rocky Mountains Pro- 
ject (CD-ROM) in 1999, a 950 km long refraction / wide-angle reflection seismic 
profile was acquired in the southern Rocky Mountains. This 950 km long seismic 
line extended from northern New Mexico to central Wyoming. The sedimentary 
thickness along the line varies between 4 0 0  m near the Arkansas River, Colorado 
and > 3 km in the North Park basin, Colorado. The Precambrian basement in New 
Mexico is -2 km deep. In Colorado and Wyoming, portions of the line are located 
on basement exposures intervened by basins up to 2.5 km in depth. The velocities 
at the top of the upper crust vary between 5.75 W s  and 6.15 W s  and increase grad- 
ually to (v,,~ = 6.35 W s )  at 25 km depth. The data suggest that the uppermost 
Precambrian basement consists of late Proterozoic volcanic and sedimentary rocks 
or felsic intrusions. The northern Wet Mountains are underlain by high velocities in 
the upper crust, and Cambrian mafic rocks crop out in these mountains. The Col- 
orado Mineral belt correlates with a broad zone of relatively low velocities in the Pre- 
cambrian crust indicating the presence of felsic intrusions. The average thickness of 
the upper crust is 20 km in the Great Plains and 25 km in the Rocky Mountains 
region. Strong lateral velocity variations occur in the upper crust. Major vertical 
velocity steps are prominent at the upper to middle crust. The middle crust veloci- 
ties increase from 6.60 to 6.75 W s  and its average thickness is -10 km. 

1. INTRODUCTION [this volume]. Its complex tectonic history has lead finally 
to the present-day configuration which we see geophysically. 

The lithosphere of the southern Rocky Mountain region Previous studies of crustal structure based on active source 
formed in Precambrian time, as discussed by Karlstrom et al. studies [Prodehl et al., this volume; Keller et al., 19981, and 

passive source studies [Sheehan, this volume] provide a valu- 

The Rocky Mountain Region: An Evolving Lithosphere able regional framework and foundation for our more detailed 

Geophysical Monograph Series 154 work. The main aim of the interdisciplinary CD-ROM project 
Copyright 2005 by the American Geophysical Union. is to study the Proterozoic assembly of southwestern North 
10.1029/154GM20 America, which is a challenge because of overprinting by 
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Phanerozoic orogeny processes such as the Ancestral Rocky but the reader should keep in mind that many wide-angle 
Mountain orogeny [Kluth and Coney, 19811, the Laramide reflections were recorded and modeled. This profile was 
orogeny, and the formation of the Cenozoic Rio Grande rift designed to provide a crustal and uppermost mantle velocity 
[Keller and Baldridge, 19991. model that would be both a useful result in its own right and 

A major element of the CD-ROM seismic effort was a a source of velocity control for the passive seismic and deep 
refraction / wide-angle reflection profile (Figure 1). For the seismic reflection groups. With a total length of -950 krn, 
sake of brevity, we refer to this result as a refraction profile, the refraction profile parallels and connects the shorter and dis- 

Figure 1. Index map showing Precambrian basement exposures and tectonic provinces for the Rocky Mountain region. Black 
stars are shotpoint locations for the CDROM refraction I wide-angle reflection profile, the thin black line represents the 
seismic stations of the profile. The thick black lines are the reflection profiles, the gray diamonds are the passive array. Areas 
of industry reflection lines are marked by quadrangles. The shot points are Fort Sumner (I), Wagon Mound (2), Gardner 
(3), Canon City (4), Guffey ( 5 ) ,  Fairplay (6),  Kremmling (7), Walden (8), Rawlins (19) and Day Loma (10). 
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continuous seismic reflection lines [Morozova et al., this vol- 
ume] and teleseismic profiles [Zurek and Dueker, Yuan and 
Dueker, this volume] which were directed perpendicular to 
the strike of the Proterozoic provinces. 

In New Mexico, the refraction profile is located on the 
Great Plains (Figure 1, shot point (SP) 1-2), and it enters the 
Rocky Mountains south of the Wet Mountains around Gard- 
ner, CO (SP3). From this point, it extends through South Park 
(SP 4-6) and North Park (SP 7-8) that are located between the 
Front and Park Range. In Wyoming, it crosses the Sierra 
Madre continuing north to the Rawlins uplift (SP 9) and ter- 
minates in the Gas Hills region (SP 10). More than 1200 sta- 
tions were deployed along this 950 km long transect. The 
receiver spacing was 800 m and the shot point spacing aver- 

aged 100 km (less in Colorado and more to the north and 
south). The charge sizes varied between 900 kg for the shot 
points in the center of the profile to 4.5 t at the northern end 
(Day Loma, Wyoming; SP 10). 

We chose to interpret the data from the refraction pro- 
file from two different perspectives and thus employed two 
different modeling and interpretation scenarios. The first 
scenario resulted from the fact that the CD-ROM was not 
funded to acquire passive seismic and deep seismic reflec- 
tion data in central Colorado, and thus, the refraction exper- 
iment was configured to collect more detailed data in this 
region. This extra effort required additional seismic sources 
and seismic recorders and was made possible by a grant 
from the German Science Foundation. In this paper, we 

GARDNER (SP 3) 

DISTANCE [km] 

Figure 2. Seismic record section for south and north of Gardner (SP 3). Travel time reduction velocity is 6.0 km/s. The- 
oretical travel time curves calculated from the shot point to the receiver locations are overlayed. Phases seen on the sec- 
tion are first arrivals (Pg) and intracrustal reflections (Pip). 
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CANON CITY (SP 4) 

DISTANCE [km] 

Figure 3. Seismic record section for south and north of Canon City (SP 4). Travel time reduction velocity is 6.0 km/s. The- 
oretical travel time curves calculated from the shot point to the receiver locations are overlayed. Phases seen on the sec- 
tion are first arrivals (Pg) and intracrustal reflections (Pip). 

emphasize the results of our attempt to extract as much 
detail as possible from the refraction data. Because of the 
design of the experiment and the nature of the data, we will, 
to some extent focus on the upper and middle crust and the 
central portion of the profile. Our approach in this paper 
involved picking numerous crustal phases, most of which 
were reflections. This approach introduces an element of 
subjectivity because some phase correlations could be ques- 
tioned. However, we were able to correlate our phase arrival 
picks across several record sections while honoring con- 
straints such as reciprocity. In spite of our effort to extract 
as much detail as possible, the model that we derived 
undoubtedly portrays a structure that is considerably 
smoother than reality. The second scenario took a more 

regional view of our data set and emphasized the lower- 
most crust and upper mantle. The results of this effort are 
described by Snelson et al. [this volume]. 

2. ANALYSIS 

The seismic refraction / wide-angle reflection data set was 
recorded with a sampling rate of 4 ms. The seismic data were 
processed using the SeismicHandler processing software 
[Stammler, 19931. The raw data shows a low signal to noise 
ratio which can be much improved by applying a filter. The 
main frequency content is below 30 Hz. Noise peaks can be 
found at 60 Hz (powerline), 90 Hz (instrument noise) and 10 
Hz (either subtone of the 60 Hz peak or cultural noise like a 
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GUFFEY (SP 5 )  

DISTANCE b] 

Figure 4. Seismic record section for south and north of Guffey (SP 5). Travel time reduction velocity is 6.0 kmls. Theo- 
retical travel time curves calculated from the shot point to receiver locations are overlayed. Phases seen on the section are 
first arrivals (Pg) and intracrustal reflections (PIP). 

water pump). ARer some experimentation, we found that a 4 
- 15 Hz bandpass filter along with a very narrow bandstop at 
10 Hz produced the best results. Data examples can be found 
in Figure 2 4  for the shot points in Colorado. The sections 
for the shot points in New Mexico and Wyoming can be found 
in Snelson et al. [this volume]. 

In a further step, the arrival times for the different phases in 
the P-wave sections were picked. The following phases were cor- 
related: First arrivals, which represent the diving waves through 
the crust (pg) and intracrustal reflection (Pip and PIP for the 
deepest one); reflection from the crust-mantle boundary (PrnP) 
and the rehcted wave through the upper mantle (Pn). Since this 
paper focuses on the upper to middle crust PIP, PmP and Pn are 
not discussed here. The overall data quality is good. The first 

arrivals are very clear and can be followed for a long distance 
(200 krn or more). The Pip reflections are weaker but can be 
found throughout a large portion of the data. 

To ensure a pick consistency for the weaker phases we com- 
pared every picked phase with their counterpart of the reversed 
shot. Our confidence in our phase correlations is reflected in 
our estimates of the uncertainties for the phase picks. We used 
k0.05 s for the Pg and (0.1 s for the later arrivals (Pip). 

Following the phase identification 1D modeling was carried 
out for each shot point and the results were used to create a 2D 
model. Additionally, the thickness of the sedimentary cover 
known from other geophysically and geological data was inte- 
grated. The initial 2D model was then improved by ray trac- 
ing. We used the RAYINVR code by Zelt and Smith [I9921 and 
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KREMMLING (SP 7) 

DISTANCE [km] 

Figure 5. Seismic record section for south and north of Kremmling (SP 7). Travel time reduction velocity is 6.0 kds .  The- 
oretical travel time curves calculated from the shot point to receiver locations are overlayed. Phases seen on the section are 
first arrivals (Pg) and intracrustal reflections (Pip). 

modeled layer by layer from top to bottom in a forward rou- 
tine and verified the results by inversion. The inversion was car- 
ried out applying the DMPLSTSQR code by Zelt and Smith 
[1992], which uses the method of damped least-squares. For 
that the partial derivates of travel times with respect to model 
parameters and the travel time residuals were calculated. Care- 
ful modeling taking into account the data variations along the 
profile with topography and geology, the ray coverage for dif- 
ferent geologic features from various angles, shot and reverse 
shot constellations led to a final P-wave model, which explains 
more than 90% of our travel time data. The fit of the theoret- 
ical travel times is shown in Figures 2-6. Following our phase 
uncertainties, the adjustment for the upper and middle crust 
is good. We achieved a final P-wave velocity model that 

explains our data and will be discussed in detail in the fol- 
lowing paragraph. The introduced model uncertainties were 
k1.0 km for z-nodes defining the interfaces and k1.0 krnls 
for the velocity nodes. The used data points were 2765 from 
3003 picked arrival time (92%). The travel time residual TMs 
is 0.18 s and the X 2-parameter, which defines the over or 
under parametrization of the model is X 2  = 4.67 (0 < X2 < 12 
is recommended) [Zelt and Smith, 19921. 

3. P-WAVE VELOCITY MODEL 

The P-wave velocity model was set up to be 953 km long 
and 60 km deep. For this paper we zoomed in on the upper 1 
middle crust (Plate 1). It nominally consists of 9 layers where 
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WALDEN (SP 8) 

DISTANCE [km] 

Figure 6 .  Seismic record section for south and north of Walden (SP 8). Travel time reduction velocity is 6.0 W s .  Theo- 
retical travel time curves calculated from the shot point to receiver locations are overlayed. Phases seen on the section are 
first arrivals (Pg) and intracrustal reflections (Pip). 

sedimentary layers at the top locally vanish along Precam- 
brian basement out-crops. The elevation differences (1.30-3.50 
km above sea level) were also taken into account by an addi- 
tional 4 km at the top of the model space. In the following 
the abbreviation mkm refers to model kilometer and describes 
the distance from the southern end of the velocity model. For 
example Wagon Mound (SP 2) is located at mkrn 173. 

To answer the question of how thick the sedimentary cover 
along the profile is, we first have to define the top of the base- 
ment. One possibility is to define the depth at which the veloc- 
ity reaches the typical values of 6.0 kmls as seismic basement. 
However, we have both the geologic control and motivation to 
map the basement surface as carefully as possible. Published 
contour maps of the depth to the Precambrian basement [Mal- 
lory, 1972; Suleiman and Keller, 1985; Blackstone, 19931 

indicate that it occurs at a shallower depth than the 6.0 km/s 
isovelocity in our models (Plates 1 and 2). We therefore defined 
the top of the Precambrian basement along most of the model 
to occur where strong velocity contrasts occur above velocity 
values of 5.50 - 6.00 M s .  

In New Mexico the maximum thickness of the sedimen- 
tary cover reaches -2 km and it is -3 km in Colorado and 
Wyoming (Plate 2). There is at least a thin veneer of sedi- 
ments along most of the profile, but exceptions are the Wet 
Mountains in Colorado and the Sierra Madre in Wyoming 
(Precambrian basement out-crops). Large lateral velocity gra- 
dients are present in the sediments, detailed geologic inter- 
pretations are presented in the discussion below. 

For the purpose of our analysis, we will define the upper 
crust to consist of Precambrian basement material whose 
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Plate 2. P-wave velocity model for the upper 15km along the CD-ROM profile. The three segments are New Mexico, Col- 
orado and Wyoming from top to bottom. The numbers at the top of each part mark the shot points. The dotted line follows 
the Precambrian basement. The sediments show blue to green colors. The crystalline crust is in yellow to red colors. 
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velocity is < 6.60 kmls and the middle crust as the region 
where velocities lie between 6.60 and 6.90 M s .  At the top of 
the upper crust, a -2 km thick layer of low velocity material 
(5.60-5.95 kmls) is present in New Mexico and Colorado. 
This layer in part reflects the presence of volcanics and pos- 
sibly sedimentary rocks within the Precambrian basement. 
Including the top layer, the thickness of the upper crust is -20 
km to the south and increases over a short distance to 25 km 
at mkm 440. This continuity in velocity structure coincides 
with the northern edge of the Yavapai - Mazatzal transition 
zone as mapped by several authors [Karlstrom and Humphreys, 
1998; Shaw and Karlstrom, 19991. Upper crustal velocities 
increase with depth from 6.00 kmls up to -6.40 kmls and 
show smooth lateral variations. A distinct jump to -6.60 k d s  
marks the transition to the middle crust. To the south, veloc- 
ities in the middle crust vary gradually (6.60-6.75 kmls) and 
increase to a maximum of 6.85 kmls in Wyoming. The over- 
all thickness is -12 km in New Mexico and is influenced by 
the topography of the boundary between the upper and lower 
crust, which results in a thickening of the middle crust in 
southern Colorado by up to 16 km. The top of the middle 
crust (20 km in NM and 25 km in CO and WY) is furthermore 
close to the average depth for the Conrad discontinuity in 
Proterozoic crust as pointed out by Mooney and Braile [1989]. 

4. DISCUSSION 

Since the emphasis of this paper is on the upper crust, the 
discussion below begins by evaluating the relationships 
between the velocity model and known geologic features along 
the southern end of the refraction profile (New Mexico) and 
progresses northward to Wyoming. The lower crust along the 
CD-ROM refraction 1 wide-angle reflection profile is dis- 
cussed in detail by Snelson et al. [this volume]. 

4.1 New Mexico 

In New Mexico (Plate 2, upper part), the southern end of the 
profile runs through the Tucumcari basin (mkm &140), which 
is primarily filled with Mesozoic sedimentary rocks [Broad- 
head and King, 19881. Using our definition of the Precambrian 
basement described m the previous section, we would inter- 
pret the base of the Phanerozoic cover at Fort Sumner (SP 1) 
to occur at -2 km depth (i.e. -1 km below sea level) where we 
see a sharp veloclty contrast from 4.90 kmls to 5.75 kmls. 
This location corresponds well wlth the depth of the Pre- 
cambrian basement mapped from the drill hole data [Broad- 
head and King, 19881. From this basin, the basement rises 
gradually onto the Pennsylvanian Sierra Grande arch. 

Between mkm 140 to mkm 270 the basement was over- 
printed by magmatic events associated with the Jemez vol- 

canic lineament volcanism in the past 3 Ma and by magma- 
tism spatially associated with the Sierra Grande arch [Suleiman 
and Keller, 19851. The velocity model and drilling data 
[Suleiman and Kellel; 19851 show that the top of the base- 
ment rises approximately to sea level beneath Wagon Mound 
(SP 2, rnkm 173). There is also a slight increase in the veloc- 
ity of the upper 2 km of the Precambrian crust that corre- 
sponds to the Sierra Grande arch and a regional gravity high 
that indicates the presence of a considerable amount of mafic 
material in the upper crust [Suleiman and Keller, 19851. To the 
southeast along the trend of the Southern Oklahoma aulaco- 
gen, seismic and gravity data show that there has been large 
amounts of mafic material intruded into the upper crust [Keller 
and Baldridge, 19951. Near SP 2, the profile also crosses the 
Jemez Lineament. The small volcanic vents along this linea- 
ment are well beyond the resolution of our refraction data, 
but if this late Cenozoic volcanism was associated with large- 
scale modification of the upper crust, it should show up as 
lowered seismic velocities, which we do not see. 

North of the Sierra Grande arch, low velocities (3.65 k d s )  
are found near the surface and correlate with the southern 
portion of the Raton basin (mkm 270 - 370), which formed 
in Laramide time as a result of strong subsidence [Cather, 
19991 but has attained elevations between 2200 m and 2900 
m today. Velocities of sedimentary rocks in this basin increase 
with depth to 4.5 kmis at sea level where a velocity disconti- 
nuity is encountered. Drilling data shows that this basin pri- 
marily formed and filled in Laramide time and that it presently 
contains as much as 2.4 km of Tertiary and late Mesozoic 
sedimentary rocks [Tweto, 1980c; Applegate and Rose, 1985; 
Merin et al., 19881. The increase to velocities of about 5.70 
M s  would meet our definition of Precambrian basement and 
agrees well with the drilling results near the refraction profile, 
but there may be some fast Paleozoic strata present below 2 
km depth [Applegate and Rose, 19851. The velocity and grav- 
ity models derived for this area also agree well [Leandro 
Trevino, personal communication]. 

From the overall perspective of velocity model in New Mex- 
ico, the velocities near the top of the seismic basement range 
from 5.75 kmls to 6.00 kmls and are relatively low for typi- 
cal crystalline basement [Christensen and Mooney, 19951. At 
the NM-CO border the Precambrian basement is formed by 1.4 
Ga granites and 1.8 Ga metavolcanic gneisses [Tweto, 198Obl. 
Reflectors at -2.5 km depth along the CD-ROM north-south 
trending reflection line [Eshete, 2001; Magnani et al., this 
volume] are interpreted as the contact between Precambrian 
volcanic and/or sedimentary supracrustal rocks and the crys- 
talline basement. Although this reflection line is located -1 00 
km west of the refraction profile, other seismic reflection data 
in the region [Eshete, 20011 suggest that these rocks cover 
most of northeastern New Mexico. Below this 2-3 km thick 
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layer, the remainder of the upper crust has a more uniform 
velocity distribution with a gradual increase from 6.05 kmls 
to 6.30 kmls. 

4.2. Colorado 

The Raton basin extends -1 00 km into southern Colorado 
and merges with the Wet Mountains valley in the velocity 
model (mkm 370, Plate 2 middle part). The deep structure 
along this valley is poorly known, but it is probably underlain 
by Laramide structures. Low seismic velocities (< 5.7 kmls) 
along this valley extend to a total depth of -4 km, which is in 
agreement with the basement depth due to gravity modeling 
by Leandro Trevino [personal communication]. The particu- 
larly low velocities (3.40 - 4.10 kmls) at 0 - 2 km depth 
around mkm 370 support the idea that this valley represents 
a Neogene graben [Tweto, 1980~1 that is filled with Miocene 
alluvium deposits [Epis et al., 19801. 

Between mkm 400 to mkm 440, the northern Wet Mountains 
correlate with a block of high velocity (-6.20 kmls) material 
that extends from near the surface to a depth of about 10 km. 
Even though Precambrian rocks outcrop over most of this 
range (metavolcanic gneisses, 1.8 Ga, [Tweto, 1980b]), a thin 
layer (-1 km) of relatively low velocity material is probably 
due to fracturing and weathering observed at the swface. This 
region was uplifted in late Paleozoic during the formation of 
the Ancestral Rockies, during the Laramide orogeny, and again 
during the Neogene [Tweto, 1980al. Mafic intrusions of Cam- 
brian age are also found in the Wet Mountains [Larson et al., 
19851 and might be in part the explanation for the high seis- 
mic velocities and large positive gravity anomaly associated 
with this crustal block. Although the elevation decreases, Pre- 
cambrian rocks outcrop almost continuously from the north- 
ern end of the Wet Mountains through the Arkansas River 
Valley northward to mkm 460. 

The South Park basin extends from mkm 460 to mkrn 550. 
To the north, this intermountain basin is bounded by a struc- 
tural high exposing Precambrian basement and late Eocene 
intrusive rocks that are part of the Colorado mineral belt 
[Bryant et al., 19801. The P-wave model shows two low veloc- 
ity layers indicating the presence of sedimentary strata with 
thickness of -2.5 krn. Control on the deep structure of this 
basin is sparse, but it is associated with a distinct gravity low 
[Trevino and Keller, this volume]. Thus, the first modeled 
layer (low velocities around 3.95 - 4.25 lunls, blue on Plate 2) 
that is -1 km thick probably represents the Tertiary South 
Park Formation. Tweto [1980] estimates that the maximum 
thickness of the South Park Formation is -3.5 km in the area 
west of the CD-ROM refraction profile. Cretaceous sediments 
underlie this formation [Sawatzky, 1964; De Voto, 19711, and 
ow interpretation is that they are represented by the second low 

velocity layer that is -1.5 km thick (5.20 kmls - 5.50 kmls, 
green on Plate 2). These two layers are underlain by rather 
slow (-5.7 kmls) seismic basement. The Pike's Peak batholith 
is exposed in the Front Range adjacent to South Park on the 
east. This -1.1 Ga intrusion is dominantly siliceous granites 
[Tweto, 1980b1, which would have relatively low Vp veloci- 
ties [Christensen, 19961. Thus, we speculate that this batholith 
constitutes at least a portion of the Precambrian basement 
beneath South Park. 

The northeast-southwest trending Colorado Mineral belt 
(mkm -550) separates South Park from the less physio- 
graphically distinct Middle Park, which in turn merges into the 
broad North Park basin north of the Rabbit Ears Range (mkm 
675). The known geology of this portion of the model (mkm 
575 - 675) is very complex, and the refraction profile crosses 
large outcrops of Precambrian basement, a Tertiary volcanic 
field, and exposures of various Phanerozoic sedimentary strata 
[Tweto, 1980bl. This region is underlain by -2 km of low 
velocity material (-5.15 kmls) that we interpret to represent 
Phanerozoic sedimentary rocks and volcanics that mostly con- 
stitute the fill in Middle Park. Relatively low velocities char- 
acterize the upper crust beneath the South Park - Colorado 
Mineral belt region (mkm 450 -650). The velocities are con- 
sistent with a portion of the Pike's Peak batholith underlying 
the area to the south and a batholith associated with the Col- 
orado Mineral belt underlying the area to the north [Tvevino 
and Keller, this volume]. 

The nature of the sedimentary fill in North Park is better 
known due to the existence of a few deep dnll holes [Behrendt 
et al., 19691. Here the early work by Behrendt et al., [I9691 
has been supplemented by the work of Trevino and Keller 
[this volume]. In North Park, the Mesozoic and Cenozoic fill 
reaches a thickness of -3 km [Lunge and Wellborn, 19851, 
which is in good agreement with our velocity model. As in 
Middle Park the surface velocity is -4.40 kmls, and velocities 
do not exceed 4.80 kmls until the Precambrian basement is 
reached. The western end of a small-scale refraction profile 
recorded by the U.S. Geological Survey in North Park crosses 
the CD-ROM profile and agrees with ow velocity model. The 
northern boundary of North Park, the Sierra Madre, is mostly 
located in Wyoming and is thus discussed below. 

4.3. Wyoming 

The northern extension of the Colorado Park Range uplift 
in Wyoming (Plate 2, lower part), the Sierra Madre, is another 
structural block crossed by our profile and consists almost 
entirely of Precambrian rocks [Blackstone, 19931. The veloc- 
ity model shows high velocities of 6.00 to 6.20 kmls in the 
upper 10 km of the crust covered by a thin layer of lower 
velocity material (5.00-5.10 k d s )  that is due to weathering 
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and fracturing and sedimentary fill in small valleys that our 
profile followed. In the Sierra Madre, our profile crossed a 
major target of the CD-ROM effort, the Cheyenne belt. On the 
velocity model, this ancient suture is crossed at mkm 725 
where the uppermost sedimentary layer vanishes and the near 
surface velocity increases. South of the Cheyenne belt, our 
profile crosses Proterozoic volcanic and pelitic gneisses, and 
north of it, Archean metasediments are exposed [Houston et 
al., 1989; Forster et al., 19991. 

North of the Sierra Madre, the Kindt basin or Saratoga 
Valley is evident in the velocity model (mkm 790 - 840), 
and there is some control in this area provided by drill holes 
[Blackstone, 19931. The velocities range from 4.15 to 4.20 
kmls in the upper 1.50 km of Cretaceous sediments. A sec- 
ond sedimentary layer is -1 km thick with velocities of -4.90 
kmls. This basin deepens northward towards a small 
Laramide structure, the Rawlins uplift, that is associated 
with a small outcrop of Precambrian basement rocks (mkm 
840-875). The 3 km thick region with velocities of 5.50 to 
5.60 kmls mark this outcrop of late Archean ortho- and 
paragneiss [Houston, 19931. The modest signature of this 
uplift in the velocity model is consistent with it being 
bounded on the south by a low-angle reverse fault that is 
underlain by sedimentary rocks. 

To the north of the Rawlins uplift, the refraction profile 
crosses the westernmost extent of the Hanna basin where it is 
shallow. Seismic velocities range between 4.15 to 5.05 k d s  
indicate a sedimentary cover that is 1 to 1.5 km thick. The 
seismic control is weak on the far north end of the line due to 
the lack of reversed coverage. However, it indicates thinning 
of the sedimentary cover to the north onto the Sweetwater 
uplift [Cline and Keller, this volume], which corresponds well 
with the mapped basement depth [Blackstone, 19931. In 
Wyoming, Precambrian basement velocities are in general 
higher than in Colorado ranging from 6.00 to 6.20 kmls in 
the upper 10 km of the model. 

These results show very good correlation with geologic 
features that are exposed at the surface and with the sparse deep 
drilling results and other geophysical results in the vicinity 
of the profile. This fact greatly increases our confidence that 
the upper crustal features in velocity model correspond well 
with geologic reality. Thus, we feel that the structure shown 
in Plate 2 can be thought of as a smoothed version of a geo- 
logic cross-section of the upper crust. 

CONCLUSIONS 

We have shown that high resolution refraction 1 wide-angle 
reflection profiles are a valuable tool to map the internal struc- 
ture of the upper lithosphere. Dense instrument spacing as 
well as close spacing of shot points allows travel time mod- 

eling to reveal considerable details about the geometry of 
upper crustal features. The CD-ROM velocity model shows 
several layers of sediments and a complex upper and middle 
crust, which can be used as a basis for further studies and 
allows us to distinguish between differing geological and tec- 
tonic hypotheses. 

Along the CD-ROM profile the sedimentary thickness varies 
considerably. Low basement velocities (< 6.0 kmls) indicate 
that Precambrian metasediments and metavolcanics form an 
a major portion of the upper Precambrian basement. Strong lat- 
eral velocity variations also occur in the upper crystalline 
crust and indicate the presence of a batholith associated with 
the Colorado mineral belt. Major vertical velocity steps are 
prominent at the transition from upper to middle crust. It 
should be noted that the top of the middle crust (20 km in 
NM and 25 km in Colorado and Wyoming) is close to the 
average depth for the Conrad discontinuity in Proterozoic 
crust as pointed out by Mooney and Braile [1989]. The veloc- 
ity-depth model furthermore shows a distinct step in the top 
of the middle crust which evidently coincides with the north- 
ern edge of the Yavapai - Mazatzal transition zone as mapped 
by several authors [Karlstrom and Humphreys, 1998; Shaw and 
Karlstrom, 19991. 

We have modeled the velocity-depth structure for the CD- 
ROM profile in New Mexico and Colorado and revealed some 
interesting details that provide insight about the deep structure 
of several known geologic features. However, it must be 
emphasized that, due to major data gaps, the available data 
are not sufficient to reveal details for the upper crust under the 
Cheyenne belt with the same accuracy. Its particular struc- 
ture might be responsible for lower signal to noise ratio north 
of shot point Walden (SP 8), but further geophysical and geo- 
logical data are needed in this area. 
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The Continental Dynamics - Rocky Mountains project (CD-ROM) seismic refiac- 
tion data illuminate the architecture of the lithosphere along a profile that traverses 
the Southern Rocky Mountains. Velocity models derived using several techniques 
indicate that crustal thickness increases from -45 under New Mexico to 55 km in 
central Colorado and thins to 40 to 45 km under southern Wyoming. A high-velocity 
lowermost crustal layer (Vp = 7.0 to 7.4 km s-l) with a thickness ranging from 5 to 
10 km is evident in the Southern Rocky Mountains - Great Plains portion of the 
model. A very prominent mid-crustal interface lies at depths of -25 to 30 km within 
the crust and correlates with a similar discontinuity reported in the mid-continent 
region. Velocities increase to about 6.8 km s-' below this discontinuity so it can be 
thought of as the Conrad discontinuity. This observation, together with the CD- 
ROM deep reflection data, suggests that the main elements of crustal structure 
developed during initial assembly of the continent (ca. 1.76-1.6 Ga) and during 
extensive magmatism at 1.4 Ga. Subsequent modification of the crust was prima- 
rily local nature. For example, the areas of thickest crust do correlate well with the 
occurrence of Rocky Mountain uplifts, suggesting that mechanical thickening of 
Laramide age plays a role where crustal thickness exceeds a value of -45 km. Grav- 
ity modeling based on the velocity model shows that the isostatic compensation of 
the high Southern Rocky Mountains results from a complex interplay of low-density 
material in the crust, crustal thickening, and a transition fiom high to low-density 
mantle beneath the range. 
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1. INTRODUCTION 

The tremendous variety of tectonic activity that has occurred 
from the Precambrian to present increases the difficulty of 
understanding the processes at work during Precambrian 
assembly of the continent in the Rocky Mountain region. As 
several studies in this volume indicate, unraveling this tec- 
tonic history continues to be an ongoing challenge. Our major 
questions surround how the North American continent was 
accreted during Precambrian time and how the structures 
formed during accretion influenced Phanerozoic tectonism 
and magmatism. 

As discussed elsewhere in this volume, the geologic evo- 
lution of the Rocky Mountain region has included many diverse 
tectonic events. This evolution began with the Precambrian 
accretionary events that lead to the assembly of the North 
American craton (Laurentia). During the Proterozoic (1.4 
Ga), extensive felsic magmatism spread across the south- 
western portion of the North American craton (Laurentia) 
[Anderson, 19891. Towards the end of the Proterozoic (1.0 - 
1.1 Ga), the accretion of Laurentia was completed by the 
Grenville orogeny [Moshe~  19981 and was followed by wide- 
spread rifting [Adams and Keller; 19941. Globally, the Grenville 
orogeny was part of the final assembly of the supercontinent 
Rodinia [e.g., Karlstrom et al., 19991. Rodinia broke up near 
the end of the Proterozoic and passive continent margins 
formed along the rifted margins of Laurentia [e.g., Karlstrom 
et al., 19991. Early Paleozoic tectonic stability was followed 
by late Paleozoic deformation (Ancestral Rockies), Late Cre- 
taceous to early Tertiary shortening (Laramide orogeny), and 
Oligocene to Recent extension along the Rio Grande rift [e.g., 
Kluth and Cooney, 198 1; Sloss, 1988; Bird, 1998; Keller and 
Baldridge, 19991. 

As part of the Continental Dynamics - Rocky Mountain 
(CD-ROM) project, the University of Texas at El Paso and 
the University of Karlsruhe, Germany led the acquisition of 
seismic refraction data along a 950-km-long profile in 1999 
(Figure 1). This profile extended from central Wyoming to 
east-central New Mexico (Figure 1). The emphasis in this 
project was to study the Precambrian architecture of the con- 
tinent. Thus this profile crosses the major northeast-striking 
Precambrian structural trends at a high angle (Figure 1). 

The purpose of this paper is to present the results of the 
analysis of the data collected along this refraction profile 
from the standpoint of mid- to lower crustal and upper man- 
tle structure. The crustal velocity model derived also con- 
tributes to analysis of the deep seismic reflection and 
teleseismic data collected by the CD-ROM group [e.g. Mag- 
nani et al., this volume, a and b; Morozova et al., this vol- 
ume; Dueker et al., 20011. Our analysis of the refraction data 
was coordinated with the shtdy of Rumpel et al. [this volume] 

that focused on the upper crust. In addition, it is a complement 
to the study of Levander et al. [this volume] who interpreted 
these data using a different approach. 

2. GEOPHYSICAL BACKGROUND 

The CD-ROM seismic profiles lie in an area with modest 
existing seismic constraints on crustal structure [Prodehl et 
al, this volume; Sheehan et al., this volume]. As discussed by 
Prodehl et al. [this volume], previous velocity models derived 
from refraction experiments usually lack detail because of the 
widely spaced recording instruments and sources. The limited 
geographical extent of the previous seismic measurements and 
their low resolution has resulted in crustal models that show lit- 
tle correlation with exposed geologic features or topography 
[e.g., Sheehan et al., 19951. However, these models provide a 
useful context in which to interpret the results presented here. 
The recent Deep Probe experiment (Figure 1) was of particu- 
lar interest in this study because the Wyoming shotpoint (SP 43) 
from Deep Probe was reused as the northernmost shotpoint 
in the CD-ROM seismic refraction experiment [Snelson et al., 
1998; Henstock et al., 1998; Gorman et al., 20021. Since the 
Colorado portion of the Deep Probe profile paralleled the CD- 
ROM profile, it was used as a starting model for ow modeling 
effort. In addition, the two velocity models point to differences 
in crustal structure in an east-west direction. 

3. DATA CHARACTERISTICS 

In order to span the Precambrian boundaries of interest and 
the southern Rocky Mountains, the CD-ROM refraction pro- 
file needed to be 950-km in length. Thus to maintain suffi- 
ciently close station spacing, the experiment was carried out 
in two, ca. 475-km-long deployments (Figure 1). This geom- 
etry assumed that we would record waves arriving from the 
upper mantle, while maintaining high resolution with small 
receiver spacing (- 800 m). An array of ca. 625 receivers con- 
sisting of 400 Texans (RefTek 125) and 225 RefTek (DAS) 
units were laid out for each deployment. Ten shotpoints were 
placed at ca. 100-km intervals along the profile. There were 
15 successful shots during the experiment. SP 3 (Gardner, 
CO), SP 4 (Canon City, CO), SP 5 (Hartsel, CO), SP 7 
(Kremmling, CO), and SP 10 (Day Loma, WY) (Figure 1) 
were shot twice, once in each deployment, to increase data 
coverage. The final result was 10 merged record sections (shot 
gathers) of which only one (SP 6) produced just fair data qual- 
ity due to shot point loading problems. Gaps in the seismic 
record sections are a result of canyons or rivers andlor instru- 
ment failures. 

In most cases, the data quality was high, providing clear 
first arrivals to offsets of > 200 km (Figures 2 - 4 and data dis- 
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played in Rumpel et al., this volume; Levander et al., this vol- First arrival energy for Pg was strong on all shot records 
ume). The refracted phases identified in our analysis were Pg (Figures 2 - 5). A characteristic of this phase is that it mirrors 
(upper and middle crust), P1 (lowermost crust), and Pn (upper the large changes in topography that occur along the profile. 
mantle). Reflected phases identified were PCP (mid-crust), The first arrival from the lowermost crust (Pl) was identified 
PIP (lowermost crust), and PmP (Moho). In addition to these 7 record sections, and it provides diving wave control on the 
phases, these are a number of upper and middle crustal reflec- velocity of the lowermost crust (e.g., Figure 2). One require- 
tions that are treated in detail by Rumpel et al. [this volume]. ment for this phase to be a first arrival is that the thickness of 

Figure 1. Index map for the CD-ROM geophysical experiments. The seismic refraction line is the thin solid black line with 
stars representing the shot point locations. Thick short black lines are the seismic reflection profiles acquired. The long thick 
black line is the location of the Deep Probe profile. The gray diamonds are the teleseismic arrays. Precambrian outcrops 
are in a solid dark gray. The Colorado Plateau is outlined in short dashed lines. Precambrian suture zones are represented 
by large dashed lines. Geologic features associated with the density model are as follows: SG (Sierra Grande Arch), RB 
(Raton Basin), WM (Wet Mountains), SOP (South Park), CMB (Colorado Mineral belt), NP (North Park), SM (Sierra 
Madre), HB (Hanna Basin), WRB (Wind River Basin), and BHB (Big Horn Basin). This map was partially produced 
using Generic Mapping Tools [Wessel and Smith, 19981. 
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Figure 2. Seismic record section for Fort Sumner, NM (SP 1). Shot point location is always at 0 km. All record sections 
are reduced at 6 km s-l. Observed picks are overlain onto the record section as gray lines and phases are labeled on all record 
sections. Pg is an upper crustal refraction, P1 is a lower-crustal refraction, Pn is Moho refraction, PCP is a mid-crustal 
reflection, PIP is a lower-crustal reflection, and PmP is the Moho reflection. These phase definitions will carry forward to 
Figures 3-10. Bar at base of figure indicates the lateral extent of Figure 6 relative to this figure. The seismic record sec- 
tions were produced using Generic Mapping Tool [ Wessel and Smith, 19981. 

the lowermost crustal layer must be at least 10 km and have 
a significant velocity contrast with adjacent layers. Pn was 
observed on only 6 record sections, because of lack of enough 
energy some of the shot points. 

The mid-crustal reflection (PCP) was another important 
phase that is characterized by high amplitudes that overtake 
the Moho reflection (PmP) beyond the critical point making 
picking of post-critical PmP difficult (Figures 6 - 9). This 
pattern is common in most of the record sections and is the 
main cause for the different phase correlations used in this 
study and in Levander at al. [this volume]. One might pick the 
higher amplitude energy as PmP, because the highest ampli- 
tude event has a low apparent velocity, we identify this phase 
as PCP and not PmP (Figures 6 - 9). PmP is an earlier phase 
with an apparent velocity that approaches the average veloc- 
ity of the crust. The moderate amplitude of post-critical PmP 
reflections indicates that the velocity contrast across the Moho 
is gradational (Figures 6 - 9). The lowermost crustal phase 
(PIP) often has high amplitudes as well, but its amplitude is 
exceeded by the mid-crustal reflector (PCP) on some shot 

records (Figures 6 - 9). The Moho reflection (PmP) is pres- 
ent on all record sections except for that from SP 6 (Figures 
2 - 9), where the shot size was small. 

4. VELOCITY MODELING 

Because of the complexities caused by the overlapping 
nature of the main reflected phases (PCP, PIP, and PmP), we 
began with some initial forward modeling to aid phase iden- 
tification followed by inversion. The beginning velocity model 
[Snelson et al., 19981 was constructed from the adjacent Deep 
Probe model and modified to reflect the local geology along 
the CD-ROM profile [e.g., MacLachlan et al., 1972; Wood- 
ward, 1988; Sloss, 1988; Blackstone, 19931. Iterative forward 
modeling was undertaken using MacRay [Luetgert, 19921 to 
insure pick quality. Over 2600 P-wave first arrivals times and 
over 850 reflected arrival times for PCP, PIP, and PmP were then 
input to the inversion process. The picking error for first 
arrivals is estimated to be -100 ms and for reflections -200 
ms at best. 
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S Wagon Mound, NM (SP 2) North - 18 18 kg 

Distance (krn) 
Figure 3. Seismic record section for Wagon Mound, NM (SP 2). 

The same set of arrival times was input to two different 
inversion algorithms that produced comparable velocity mod- 
els. Detailed results for the upper crust using the approach of 
Zelt and Smith [I9921 are described by Rumpel et al. [this 
volume], and model for the entire crust was also obtained 
using this technique. Here we describe the results of first- 
arrival tomographic inversion followed by forward modeling 
of reflecting interfaces in the middle and lower crust. In addi- 
tion, we describe reflectivity modeling of shot record ampli- 
tudes. This technique was used as another check on phase 
correlations and amplitude relationships primarily among the 
reflected phases, PCP, PIP, and PmP. Finally, we compare our 
results with two independently derived velocity models pro- 
duced from the same data. 

4.1 Seismic Travel Time Tomography 

We derived a velocity model for the CD-ROM data set using 
the 3-D tomographic approach of Hole [1992]. Important param- 
eters in our implementation of the tomographic inversion for the 
CD-ROM data set include (1) the choice to implement the code 
in 3-D, (2) choice of a starting model, and (3) choice of a 
smoothing schedule for updated models. The rugged terrain 

and limited accessibility in the Rocky Mountains necessitated 
an experiment lay out with a crooked-line character (Figure 1). 
Thus to avoid any geometrical artifacts that would have affected 
a 2-D inversion, we implemented the code with a 3-D model 
space that was 1022 km in length (south-north) by 87 krn wide 
(west-east) and 70 km deep using 1-km grid spacing. 

The 3-D starting model was created by expanding a 1-D 
velocity model based on the forward modeling effort. Calcu- 
lated travel times through this initial model produced an RMS 
misfit of 1.22 s. Tests showed that the success of the inversion 
scheme can be very sensitive to the starting model. For exam- 
ple, initial models that were slower than the one we finally 
chose would result in updated models for which ray paths cal- 
culations would fail. Faster models had larger starting RMS 
values, which simply would not reduce to reasonably low val- 
ues after several iterations. 

Our implementation was comprised of multiple runs of the 
travel time calculation, followed by inversion. For the first 
run, a 200 by 60 by 40 km moving average filter was used. For 
subsequent runs, each dimension of the filter was reduced by 
about half resulting in the final smoother of 30 by 30 by 10 km. 
This procedure produced a final model with an RMS error 
of -0.16 s and the ray coverage shown in Figure 10a. 
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Plate 1. (a) Traveltime fits from the 3-D tomographic velocity model. The plot is reduced at 6 km s-I. Red plus signs are 
the observed picks, blue triangles are the calculated picks from the inversion, and the green circles are the residuals or dif- 
ference between the observed and calculated. The residuals are shifted by 7 s to show them more clearly. (b) Velocity 
model derived from the tomographic inversion of first arrivals only. Velocity is in krn s-I. Contour interval is 0.5 km s-I. 
The final 3-D model has been compressed to two dimensions for display. To do this, the velocity in a given cell was cal- 
culated from a weighted average of cells in the y-direction, where the weight is based on the hit count. Thus, velocity val- 
ues in cells with higher hit counts receive a larger weight in the average than those with only a few hits. Shot points are 
noted at the top of the plot. (c) The final velocity model with the reflected interfaces overlain on the velocity field. Veloc- 
ity is in km s-'. Shot points are noted at the top of the plot. Data were gridded and smoothed for display with Generic Map- 
ping Tools [ Wessel and Smith, 19981 
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Figure 5. Seismic record section for Day Lorna, WY (SP 10). Bar at base of figure indicates the lateral extent of Figure 
9 relative to this figure. 

down to and up from a surface placed within the model that 
was derived from the tomography [Hole and Zelt, 19951. The 
layer depth and geometry is then adjusted until the observed 
and calculated traveltimes fit well and the RMS is - 0.200 s. 
This procedure was used to determine the location of the top 
of the mid-crustal interface (PCP), the top of the lowermost 
crustal layer (PIP), and the top of the Moho (PmP). During this 
process, we observed that the depth to these interfaces con- 
strained by reflections is typically shallower than the depth 
one would have picked based on the tomographic velocity 
model alone (Plate lb). This reflects the tendency of tomog- 
raphy to produce continuous velocity-depth relationships and 
suggests that the velocity in the crust may be somewhat slower 
at shallower depths than is required by the tomographic results. 

The addition of reflecting interfaces in the model provided 
additional constraints on crustal structure along the profile. The 
resulting final model (Plate lc) shows that the mid-crustal 
interface is at a depth of about 25 km at the southern end of 
the model and increases in depth to about 30 km before ris- 
ing to about 25 km at the northern end of the profile. The top 
of the lowermost crustal interface is at about 35 km depth at 
the southern end of the profile and deepens under central Col- 
orado to about 45 km before thinning at the northern end of 
the profile to about 40 km. The Moho depth at the southern 

end of the profile is about 45 km. The Moho deepens to about 
55 km under central Colorado and rises at the northern end of 
the profile to about 45 km. 

4.3 Reflectivity Modeling 

The CD-ROM data are characterized by large amplitude 
arrivals associated primarily with post-critical reflections from 
deep interfaces on most of the record sections (e.g., Figures 
2 - 9). At large offsets, the move-out of the arrival that was gen- 
erally the most energetic phase was relatively low (-6 km s- 
I). Because this apparent velocity is approximately the average 
velocity of the column of material above the reflector and 
because there were arrivals that appeared to originate from 
deeper interfaces, we suspected that this wide-angle reflection 
was not associated with the Moho, but originated in the mid- 
crust (PCP). To confirm that this key interpretation was valid, 
synthetic seismograms were created to better model ampli- 
tudes seen within the seismic record sections [Fuchs and 
Mulle< 197 1 ; Sandrneiel; 19901. This technique is limited to 
1 -D models of the earth, but calculates full wave field synthetic 
waveforms for a user-defined set of offsets and time interval. 

The Ft. Surnner (SP 1) record section was chosen as the 
best candidate for amplitude modeling, because the data qual- 
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ity was high and multiple phases from the deep crust were 
present (Figure 2). The 1-D reflectivity model is based on the 
final tomographic model (Plate lb; Figure 10 inset). In order 
to create the large amplitude arrival that has a slow apparent 
velocity at post-critical offsets, the 1-D model includes a sharp 
boundary at -22 km depth, which is correlative to the classic 
mid-crustal Conrad discontinuity (Figure 10a). In order to 
reproduce the PIP phase another relatively sharp boundary is 
necessary at -35 km depth (Figure 10a). The high-velocity 
lowermost crust is represented by a zone of gradational veloc- 
ity increase (7.0 to 7.4 km s-') down to a depth of 42 km, 
where a transition to mantle velocities of about 7.8 krn s-I 
occurs. 

The synthetic record section produced from this 1-D model 
(Figure 10) shows waveforms that are similar to the original 
data. At pre-critical offsets (-100 km), the relative amplitudes 
of the PCP, PIP, and PmP phases are comparable to the observed 
data, as is the moveout of the reflections (Figure 10). Both 
the P1 and PIP phases from the lowermost crust match those 
in the original data. At post-critical offsets (>220 km), PCP has 
an apparent velocity of about 6.0 km s-', as in the observed 
data. PmP and PIP merge into a complex waveform whose 
relative amplitude is similar to the observed data near the crit- 
ical point for PmP, but at greater offsets, the amplitude of this 
phase is larger in the synthetic seismograms than in the 

observed data. We could not simultaneously match the 
observed amplitudes of the pre-critical and post critical ampli- 
tudes of the PlPIPmP reflections, which suggest complexity 
that is beyond the 1-D approximation of the reflectivity 
method. In general, the observed data (Figures 2 - 10) include 
a considerable amount of reflectivity that follows the PmP 
and PCP phases at pre-critical offsets and the PCP phase at 
post-critical offsets. We consistently picked the beginning of 
this reflectivity as the arrival time of the phase, but this reflec- 
tivity is an indication of complex layering that is not 1-D in 
nature. 

The same pattern of deep reflectors (PCP, PIP, and PmP) is 
evident along the profile as far north as southernmost 
Wyoming. However, the confidence with which we could 
identify all three deep reflections decreased at the northern end 
of the profile. Our approach of identifying these phases on each 
record section represents a bias towards making consistent 
phase correlations along the profile. Because of the integrated 
nature of our modeling approach, this bias does not greatly alter 
the overall crustal structure. However, in the following analy- 
sis, the reflecting interfaces appear more continuous than they 
probably are in the earth. This approach to phase correlations 
is different than that of Levander et al. [this volume] and 
explains some of the resultant differences in velocity mod- 
els. However, comparison of the various velocity models 

S Ft. Surnner, NM (SP 1) North N 

140 160 180 200 220 240 
Distance (krn) 

Figure 6. Close-up of the seismic record section from Figure 2 for the shot point at Fort Sumner, NM (SP 1). Notice the 
clear first arrivals that we interpret as the P1 phase. 
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shows that the tectonic implications of these differences are 
not significant [Keller et al., this volume]. 

well as some of the refracted arrivals, but it is apparent that 
the main control for the lower portion of the model is the 
reflected arrivals. 

5. MEASURES OF RESOLUTION 
5.2. Estimated Resolution 

A sense for the model resolution can be gained by evaluat- 
ing the traveltime fits, ray coverage, and RMS error. Unfor- 
tunately with the tomographic inversion, a resolution matrix 
is not created because the technique is non-linear [Hole, 19921. 
We have also used the uncertainties obtained from RAYINVR 
by Rumpel et al. [this volume] as a guide for discussing the rel- 
ative uncertainties in our model. 

5.1. Ray Coverage 

The ray coverage or hit count represents the number of 
rays that pass through a particular cell. The velocity esti- 
mate for a given cell may be considered more reliable for a 
cell with higher hits counts. Considering the modest number 
of shots in the experiment, the ray coverage from first arrivals 
is adequate except for the deep portion of the northern third 
of the profile (Figure 1 la). The inclusion of the reflected 
phases greatly increases the ray coverage in that part of the 
model in particular. Using the velocity model produced by 
Rumpel et al. [this volume], the ray coverage for the reflected 
arrivals as output from RAYINVR is shown in Figure 1 lb. 
Figure 1 l c  shows the bounce points for the reflections as 

Based on forward and inversion modeling in collaboration 
with Rumpel et al. [this volume] and the tomographic inver- 
sion of the first arrivals and reflections, we believe that the res- 
olution of the depth for the deep interfaces is +I- 2 km if the 
velocity structure and phase identification is assumed to be 
completely accurate. However, if one considers the velocity 
uncertainty, then the uncertainty for deeper interfaces could 
be as much as +I- 3 km. The estimated uncertainty related to 
the upper crustal velocity field is +I- 0.1 km s-I at a depth of 
about 25 km and then increases to about +I- 0.2 km s-I in the 
lower crust and upper mantle. Figure 1 l c  shows the locations 
where rays crossed the various interfaces within the model 
space. These reflection points show where each interface is 
being sampled in the model space. As expected, the resolution 
is best for the central portion of the model. 

6. INTEGRATION WITH GRAVITY DATA 

The Bouguer gravity map of the southern Rocky Moun- 
tains (Plate 2, see CDROM in back cover sleeve) is charac- 
terized by a long wavelength, ca. 150 mGal gravity low 

S Hartsel, CO (SP 5) South N 

-300 -280 -260 -240 -220 -200 -180 -160 
Distance (km) 

Figure 7. Close-up of the seismic record section for Hartsel, CO (SP 5) to the south. Notice the high amplitudes of the PCP phase. 
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S Kremmling, CO (SP 7) South N 
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Figure 8. Close-up of the seismic record section for Kremmling, CO (SP 7) to the south. Notice the high amplitudes of 
the PCP phase. Also there are clear first arrivals that we interpret as PI. 

centered on the highest topography in Colorado. Definition of 
the source of this anomaly is controversial and is critical to 
understanding the mechanism of isostatic compensation of 
the topography. Elements of this anomaly have been variously 
interpreted as resulting from a shallow crustal source [Isaac- 
son and Smithson, 1976; McCoy et al., this volume], a com- 
bination of lateral density variations in the crust and Moho 
relief [Li et al., 20021 and significant density variations in 
the mantle [Sheehan et al, 19951. The new controls on crustal 
velocity and thickness as well as upper mantle velocity pre- 
sented here, together with the Deep Probe results [Gorman 
et al., 20021 allow us to further investigate the source of this 
anomaly and address its implications for isostatic 
compensation. 

6.1. Density Modeling 

In our gravity modeling, we used an implementation of the 
2.5D algorithm of Cady [1980]. We employed an iterative 
forward modeling approach that incorporated all available 
geological and geophysical constraints in order to match 
the observed Bouguer anomaly values. The initial gravity 
model was derived from the final CD-ROM tomographic 
velocity model and our Deep Probe velocity model [Snel- 
son et al., 19981. Initial density values were calculated from 
experimentally determined velocityldensity relationships 
[e.g., Christensen and Mooney, 19951. To guide modeling of 
the upper crust, a geologic cross-section along the profile 

was constructed using geologic maps and compiled drill 
hole data in the region [Suleiman and Keller, 1985; Black- 
stone, 1993; Snelson et al., 1998; Trevifio and Keller, this 
volume]. Additional constraints were provided by various 
seismic reflection and refraction profiles [Behrendt et al., 
1969; Wellborn, 1977; Applegate and Rose, 1985; Beggs, 
1985; Gries and Dye< 1985; Kaplan and Skeen, 1985; Lunge 
and Wellborn, 1985; Prodehl et al., this volume]. Features 
discernible in the detailed upper crustal velocity model of 
Rumpel et al. [this volume] correlate very well with sur- 
face geology and were used as a constraint in the density 
modeling and taken as an additional guide to the location of 
major upper crustal features important to the gravity model 
(Figure 12). 

The final gravity model (Figure 12) reveals a number of 
new aspects of the lithospheric structure of the Rocky Moun- 
tains. As expected, known geologic features of the upper- 
most crust contribute significantly to short-wavelength 
gravity anomalies. Four upper crustal density anomalies play 
a significant role in fitting the intermediate wavelength 
(-300 krn) features in New Mexico and Colorado. The occur- 
rence of these features is evident in the detailed velocity 
modeling of Rumpel et al. [this volume] and is consistent 
with other geologic evidence for both low and high-density 
intrusions within the crystalline crust. In particular, to match 
the steep gravity gradients on either side of the gravity low 
in the central portion of the profile, an upper crustal body 
with density 2600 kg m-3 must be surrounded by two high- 
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Figure 9. Close-up of the seismic record section from Figure 5 for Day Loma, WY (SP 10). Notice the high amplitudes 
of the PCP phase. 

density bodies of 2900 kg m-3 with similar depth extent to 10 
km. When these bodies are removed from the model (Figure 
12a), a much broader, lower-amplitude (ca. 80 mGal) grav- 
ity low remains suggesting a deeper feature is controlling 
the gravity signature. 

The large gravity low at a distance of -650 km in the model 
is part of a prominent northeast-trending anomaly that corre- 
lates with the Colorado mineral belt (Figure 12) [McCoy et al., 
this volume]. A number of Laramide felsic intrusions crop 
out along this belt, which also has the same approximate trend 
as Precambrian terrane boundaries. No younger features are 
present that could explain this long-wavelength anomaly, and 
thus, it is attributed to a series of large felsic bodies, probably 
intrusions, in the upper crust. 

The Sierra Grande uplift region (northeastern New Mexico) 
is along the northwest extension of the Wichita-Amarillo uplift 
[Suleiman and Kellel; 19851, which is part of the Southern 
Oklahoma aulacogen. Particularly in Oklahoma, mafic intru- 
sions of Cambrian age are well documented under the Wichita 
uplift [e.g., Keller and Baldridge, 19951. In addition, the 1 . l  
Ga Pecos mafic igneous complex extends northward from 

Texas and southeastern New Mexico, where it is well docu- 
mented in drill holes and seismic reflection data [Adams and 
Millel; 19951. The gravity modeling of Suleiman and Keller 
[I9851 showed that the basement relief in northeastern New 
Mexico is insufficient to produce the observed gravity high that 
crosses the Sierra Grande uplift region, and thus they include 
mafic material in the upper crust of their crustal models. Thus, 
the southern mafic body in Figure 12d could either be due to 
Cambrian or late Proterozoic magmatism. 

The Wet Mountains area is associated with a gravity high 
and the dense upper crustal body placed in the model is 
consistent with the deep origin of the Precambrian rocks 
exposed in the mountains [C. Andronicos, personal com- 
munication]. If the highly metamorphosed rocks at the sur- 
face are from depths of 25 km or more, then rocks that were 
once lower crustal are present in the upper crust below them. 
The origin of the gravity high associated with the Sierra 
MadreIPark Range is less clear. The simple body used in 
the model does not fit some short wavelength features in the 
observed data, and it is centered just south of the Cheyenne 
belt. The exposed geology in this area is multifaceted and 
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includes large mafic and felsic plutons [e.g., Foster et al., 
19991. In addition, the presence of the Cheyenne belt and 
several major shear zones probably produce local anom- 
alies that are beyond the scale of this study. 

With the upper crustal density structure well constrained 
by known geology and velocity modeling, a southward 
decrease in mantle density is required to match the observed 
data. This density decrease is completely consistent with 
the southward decrease in mantle velocity observed in data 
from the Deep Probe experiment [Henstock et al., 1998; 

Snelson et al., 19981. When the modeled gravity is recalcu- 
lated using a single density for the mantle (Figure 12b) the 
overall shape of the calculated curve remains similar to the 
observed curve, but the calculated values are less than the 
observed values by >50 mGal on the north end of the model. 
Thus, the long wavelength gravity low that extends from 
about 200 to 1000 km in the model clearly correlates with the 
both the shape of the Moho and the topography, but lateral 
density variations in the upper mantle (Figure 12c) are needed 
to produce a fit on the north end. 

Figure 10. (a) The 1-D velocity-depth model used to produce the synthetic record section in (b). (b) Seismic record sec- 
tion for Fort Sumner, NM (SPI) reduced at 8 km s-'. (c) The synthetic seismic record; notice the high amplitudes of the 
reflected phases, which is similar to (b). 
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Figure 11. (a) Ray coverage for the 3-D velocity model. Hit count is the number of rays that encountered each cell. High 
hits are dark gray to black and low hits are lighter shades of gray. The 3-D model has been compressed to two dimensions 
for display. Thus, the hit count in a given cell represents a sum of hits from cells in the y-direction. Shot points are noted 
at the top of the plot. (b) Ray coverage from travel time modeling by Rumpel et al. [this volume]. The northern portion of 
model shows only reflections and no refractions as indicated by the lack of diving waves. Light gray rays are upper crustal, 
medium gray is middle crustal, and dark gray to black are lower crustal and mantle reflections. (c) Reflection points from 
travel time modeling by Rumpel et al. [this volume]. The model is well resolved from the wide-angle reflections. Dark black 
lines are the bounce points for the model. 
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Figure 12. (a) 2.5-D gravity values along the CD-ROM transect showing the effects of removing the intrusive bodies in 
the upper crust in (d); (b) 2.5-D gravity values along the CD-ROM transect showing the effects of making the mantle in 
(d) homogeneous; (c) 2.5-D gravity values along the CD-ROM transect showing fit of values calculated from the final model 
(d) to the observations; and (d) final 2.5-D density model along the CD-ROM transect. The density values are in kg m-3. 
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7. DISCUSSION 

7.1. Mid-Crustal Velocity Boundary 

Below the laterally heterogeneous velocity field of the upper 
crust [Rumpel et ul., this volume], the middle crust is char- 
acterized by a well-defined boundary at 20 to 25 km depth, 
which is marked by a change in velocity from 6.4 to 6.6 km 
s-I. This interface location is defined by prominent PCP 
reflected energy found on all the shot records. The energy 
from the PCP is characterized by a long coda that may result 
from multiple reflections within the upper crust (Figures 2 
and 10). Our modeling suggests that the main reflecting bound- 
ary dips gently northward beneath the Great Plains to reach a 
maximum depth of ca. 26 km, as the profile crosses the Rocky 
Mountain Front near model coordinate 500 km (Plate 1). It then 
rises gently northward to ca. 23 km depth at the north end of 
the model. Whereas reflections from this boundary are promi- 
nent in the wide-angle data presented here, the near-vertical 
incidence data collected as part of the CD-ROM effort exhibit 
no corresponding sub-horizontal reflectivity at this level [Mug- 
nani et al., this volume a, b; Morozova et al., this volume]. This 
observation suggests that the boundary is characterized by a 
velocity gradient that it is transparent to the shorter wave- 
length content of the near-vertical incidence data. 

More recent results from inferred exposures of the Conrad 
discontinuity [Salisbury and Fountain, 1994; Lana et al., 
20031 and from xenoliths [Sachs and Hansteen, 20001 indicate 
that the Conrad is both a metamorphic and compositional 
boundary. Comparison of representative I-D velocity-depth 
functions from the CD-ROM velocity model to laboratory 
measurements of rock velocities (Figure 13) shows that the 
mid-crustal velocity discontinuity along the CD-ROM pro- 
file also marks the transition from model velocities appro- 
priatc for lower-grade rocks with more felsic compositions 
to velocities appropriate for higher grade rocks with more 
mafic compositions. Refraction results from the central United 
States [Braile, 19891 and earlier results fi-om the Rocky Moun- 
tains [PI-odehl und Lipmun, 19891 map a similar velocity dis- 
continuity near 20 km depth, although the Deep Probe results 
from western Colorado and New Mexico do not require its 
presence [Snelson et ul., 19981 (Figure 13). Thus, most of the 
cvidcncc suggests that this boundary is a widespread feature 
of thc crust in the Great Plains and Rocky Mountains. 

We interpret the observation that the mid-crustal boundary 
cxtcnds from the Great Plains through the Rocky Mountains 
as evidence that it is a PaleproterozoicIMesoproterozoic-age 
boundary that has remained essentially undisturbed by 
Phanerozoic tectono-magmatic events such as the late Paleo- 
zoic Ancestral Rockies event and the Laramide orogeny. 
Reflectivity interpreted as the signature of the Proterozoic 

orogens in the near-vertical incidence data [Magnani et al., this 
volume b; Morozova et al., this volume] crosscuts the dis- 
continuity suggesting that the formation of this boundary 
must have been contemporaneous with the last Proterozoic 
orogenic pulse. Otherwise, this reflectivity should have been 
more profoundly disrupted by subsequent differentiation 
processes. 

It is likely that subsequent magmatic events may have served 
to enhance this boundary. Models for stabilization and evo- 
lution of continental crust [e.g., Bohlen and Mezger, 1989; 
Nelson, 1991; Keller et al., this volume] commonly invoke 
episodic injection of the crust by mafic magmas as a mecha- 
nism for thickening the crust and pushing the lower crust 
towards a more mafic composition. The 1.4 Ga "anorogenic" 
magmatic event that affected both the Great Plains and the 
Rocky Mountains, as well as voluminous Tertiary magma- 
tism in the southern Rockies, are at least two candidates for 
times when this velocity boundary may have been enhanced. 

7.2. High Vrlocity Lower Crust 

The lowermost crust of our velocity model is characterized 
by a ca. 10 km thick layer with a velocity of ca. 7.2 km s-'. This 
feature is defined from wide-angle reflections (PIP) (Figures 
2 - 9) and a number of shot records (Figures 2 - 3 , 5  - 6, 8 - 
9) that we interpret to contain a refracted arrival from the 
lower crust. A single continuous layer is the simplest way to 
model this feature; however, the data allow for the possibility 
that the thickness of this layer may vary significantly beneath 
New Mexico and southern Colorado, as is the case in the 
velocity model of Levander et ul. [this volume]. The model 
presented in this paper can be considered a thick end member 
for the high-velocity lower crust compared to the lower thick- 
nesses derived by Levander et al. [this volume]. Furthermore, 
the data do not require its presence at the north end of the 
profile. 

Laboratory measurements (Figure 13) [e.g., Christensen 
and Mooney, 19951 and theoretical calculations [Furlong and 
Fountuin, 19861 show that velocities ca. 7.2 km s-I are appro- 
priate for mafic lithologies including gabbroic rocks and mafic 
garnet granulite. A high-velocity lower-crustal layer is com- 
mon to many regions of the central and western U. S. includ- 
ing the mid-continent [Braile, 19891, the Colorado Plateau 
[Wolfand Cipur, 19931, and the Deep Probe profile [Snelson 
et a/., 19981. Such a layer is also observed in other regions of 
the world with the Baltic shield [e.g., EUROBRlDGE Seismic 
Working Group, 19991 being a notable example. These features 
are most commonly interpreted as mafic magmatic under- 
plates emplaced during a major melting event, and are con- 
sistent with observed high velocities and magmatic history 
of the region. 
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We also interpret the high-velocity layer on the CD-ROM 
profile as a magmatic underplate. It probably is in part a relic 
of the initial formation of the crust, but based on its continu- 
ity across the Great Plains-Rocky Mountain tectonic boundary, 
we propose that a significant portion of it was likely emplaced 
during the voluminous ca. 1.4 Ga magmatic event [Anderson, 
19891. This event profoundly modified the crust of the Great 
Plains to form the southern Granite-Rhyolite province and also 
led to the intrusion of many plutons along Proterozoic shear 
zones in the Yavapai and Mazatzal provinces [Karlstrom and 
Humphreys, 19981. The high-velocity layer beneath the Baltic 
Shield is also associated with magmatism that is chemically 
similar to, but, at ca. 1.5 Ga, somewhat older [e.g., Gad1 and 
Gorbatschev, 19871. Subsequent magmatic episodes, includ- 
ing events at ca. 1.1 Ga, 500 Ma, and in Tertiary time may 

also have contributed material to this layer in the southern 
Rocky Mountains [Keller et al., this volume]. 

The unusually thick (-20 km) high-velocity (-7.2 km s-') 
lower-crustal layer observed along the Deep Probe transect 
(Figure 13) [Henstock et al., 1998; Snelson et al., 1998; Gor- 
man et al., 20021 likely represents a mafic underplate that is 
Archean or Paleoproterozoic in age rather than Mesopro- 
terozoic and younger. This layer extends for 700 km from 
central Wyoming into southern Alberta, where it terminates at 
the north side of the Medicine Hat block [Gorman et al., 2002; 
Clowes et al., 20021. These regions lack evidence for ca. 1.4 
Ga magmatism. However, in Wyoming and Montana, Cham- 
berlain et al. [2003] have mapped at least five thermal events 
of Archean age that could represent the signature of under- 
plating events. By contrast, xenoliths interpreted as originat- 
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ing from the high-velocity layer beneath the Medicine Hat 
Block in southern Alberta have Paleoproterozoic ages of 
18 14-1 745 Ma [Davis et al., 19951. In addition, the layer 
beneath these Archean crustal blocks is not physically con- 
tinuous with the high-velocity lower-crustal layer present in the 
CD-ROM model (Figure 13). 

7.3. Crustal Thickness and Upper Mantle Velocity 

Our final velocity model (Plate lc) shows that the crust is 
40 to 45 km thick crust beneath the Great Plains of New Mex- 
ico and that the crust thickens to about 50 km beneath the 
high topography of southern and central Colorado. Previous 
models [Johnson et al., 1984; Prodehl and Lipman, 1989; 
Snelson et al., 1998; Prodehl et al., this volume] suggest that 
the crust thins again to about 40 to 45 km beneath southern 
Wyoming, although our data do not require such thinning. 

Upper mantle velocities range from 7.8 to 7.9 krn s-I along 
the entire profile, and the analysis of Levander et al. [this 
volume] shows a distinct southward decrease of velocity south- 
ward to the vicinity of the Jemez lineament. These values are 
similar to those obtained in the Deep Probe velocity model 
south of the Cheyenne belt [Henstock et al., 19981 and the 
earlier results of Prodehl and Lipman [1989]. These values are 
low compared to averages for stable continents and suggest that 
the present-day mantle is warm and buoyant. Low upper man- 
tle velocities are broadly consistent with large-scale mantle 
velocity models [e.g., Grand et al., 1997; van der Lee and 
Nolet, 19971 that map slow, hot upper mantle beneath the 
uplifted orogenic plateau of western North America, and with 
more detailed teleseismic tomography results [Zurek and 
Duekel; this volume] that map generally low P-wave veloci- 
ties in the upper 200 km of the mantle in this region. Asthenos- 
pheric upwelling beneath the modern Rio Grande rift likely 
plays an important role in reducing upper mantle velocities 
along the CD-ROM profile. 

7.4. Implications for Isostatic Compensation of Topography 

By constraining crustal thickness in Colorado through analy- 
sis of receiver functions, Sheehan et al. [I9951 were able 
demonstrate that a significant portion of the support for the 
excess topography must come from the mantle. However, they 
were unable to document the role of crustal density variations 
in detail because the receiver function method does not pro- 
duce information on lateral velocity variations in the crust, 
nor can it estimate Moho depth as accurately as refraction 
data because of the long wavelengths involved. Li et al. [2002] 
used shear wave velocity structure based on measurements 
of Rayleigh wave dispersion concluded that the density anom- 
aly most responsible for the high topography must reside in the 

crust rather than the mantle. Surface wave data are charac- 
terized by even longer wavelengths than those used in receiver 
functions, thus leading to lower resolution results. Further- 
more, the inversion for a match to the Bouguer anomaly 
employed by Li et al. [2002] may have underestimated density 
variation in the mantle due to the sensitivity of shear wave 
velocity to the presence of melt. The density model presented 
here (Figure 12) has the advantage of having been constructed 
from a shorter wavelength seismic source sensitive to lateral 
variations in crustal velocity. 

The modeling serves to separate the three main elements that 
contribute to low Bouguer gravity values in the southern 
Rocky Mountains: (1) thickened crust beneath the high topog- 
raphy; (2) a decrease in mantle density beneath the high topog- 
raphy; and (3) low density intrusive bodies in the upper crust. 
Thickened crust contributes to a long wavelength gravity low 
centered on the Colorado Mineral belt (Figure 12a), whereas 
the difference in upper mantle density contributes to a mass 
deficit in the southern portion of the profile (Figure 12b). 
Upper crustal low-density bodies increase the magnitude of the 
low (Figure 12c). 

We conclude that compensation of the high topography in 
the southern Rocky Mountains results from a compound inter- 
play of density variations within the lithosphere, most of 
which have probably developed since late Cretaceous time. 
Crustal thickening may have occurred during Laramide short- 
ening as a result of lower crustal flow [e.g., Bird, 19981 or 
large-scale detachments [e.g., Erslev, this volume]. Buoyancy 
in the upper crust would have been added during Tertiary-age 
magmatism in the Colorado mineral belt and the San Juan 
volcanic field [e.g., Stein and Crock, 1990; Deckel; 19951. 
Thermal support from the mantle may have been added in 
Cenozoic time, possibly as a result of removal of the mantle 
lithosphere [e.g., Decker; 1995; Humphreys et al., 20011. 

8. CONCLUSIONS 

The CD-ROM refraction profile crosses a major modern 
physiographic province and a number of major Precambrian 
tectonic boundaries, yet displays remarkably simple velocity 
structure. We interpret this as evidence that the crustal archi- 
tecture developed primarily during Paleo- and Mesoprotero- 
zoic tectonism and that subsequent Phanerozoic events caused 
only minor modification or enhancement of the existing struc- 
ture. We propose that a two-layer crust developed during accre- 
tion of Yavapai and Mazatzal crust from 1.76 to 1.6 Ga. 
Differentiation of the crust into an upper felsic layer and a 
lower more mafic layer probably occurred primarily through 
melting of the lower crust to produce widespread felsic plu- 
tons at ca. 1.6 Ga that now crop out at the surface. Later mag- 
matic episodes, particularly at 1.4 Ga and in Tertiary time 
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may have enhanced this basic structure through melting of 
lower crustal rocks, emplacement of felsic rocks in the upper 
crust, and segregation of mafic components to the lower crust. 
Underplating of basaltic melts to the base of the crust at 1.4 
Ga regionally, and perhaps at 1.1 Ga and 500 Ma locally 
caused formation of a third, high-velocity layer at the base of 
the crust, as well as crustal thickening. At a crustal scale, the 
only evidence for Laramide shortening is a modest deepening 
of the mid-crustal discontinuity beneath the high topography 
and a corresponding thickening of the crust. 

The control on lithospheric architecture provided by the 
refraction velocity model permit a new assessment of the fac- 
tors that contribute to the isostatic compensation of high topog- 
raphy in the southern Rocky Mountains. A density model 
derived from the velocity model shows that a multifaceted 
interplay of density variations within the lithosphere is required 
to explain the Bouguer gravity low associated with the range 
in central and southern Colorado. These density variations 
include crustal thickening, a transition from high density to 
low-density mantle, and low-density material in the upper 
crust. All of these features likely developed since late Creta- 
ceous time as a result of Laramide-age shortening and mag- 
matism. This is yet another demonstration that, in general, a 
number of mechanisms are commonly at work to accomplish 
compensation of high topography on the continents. 
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We have interpreted the refractionlwide-angle reflection seismic profile acquired 
as part of the Continental Dynamics of the Rocky Mountains project. The profile 
extends -955km from northern New Mexico to southern Wyoming, crossing the 
Tertiary-Quaternary volcanics of the Jemez lineament, the Paleoproterozoic Mazatzal 
and Yavapai terranes, the Cheyenne belt, and the southern Archean Wyoming 
Province. We inverted the travel-time data from the 10 shot profile with both a layer 
based inversion method and a tomographic method. The two techniques yield com- 
parable upper and middle crustal velocity structures. Lower crustal velocities are well 
constrained in the layer based model but are not in the tomographic model. From the 
layer based model, velocities in the crystalline crust and the upper mantle are lower 
than typical for continents and for modern orogens. Lower crustal velocities rarely 
exceed 7.00 kmls, likely due to the regionally high heat flow. We infer that the low 
upper mantle velocities beneath the Jemez lineament (7.70-7.76 kmls) are indica- 
tive of upper mantle partial melt. Crustal thickness increases from south to north, 
with thinner crust under the Jemez lineament ( 4042  km), and thicker crust under 
northern Colorado, the Cheyenne belt, and southern Wyoming (5 1-53 krn). Although 
the Cheyenne belt outcrops as a narrow zone separating Paleoproterozoic and 
Archean terranes, the seismic model shows broad lateral variation in crustal veloc- 
ity near the suture, and a thick crust in the northern half of the profile. Part or all of 
the crustal thickening is likely to have occurred subsequent to continental accretion. 

INTRODUCTION 

As discussed in several papers in this volume, the south- 
western United States formed during the Proterozoic (-1.1-1.8 
Ga) by northward accretion of a series of island arc terranes 
to Archean protocontinents, notably the Wyoming Province. 
The northernmost Proterozoic accretionary boundary, the 
Cheyenne Belt, strikes northeast, forming a distinct geologi- 

The Rocky Mountain Region: An Evolving Lithosphere 
Geophysical Monograph Scries 154 
Copyright 2005 by the American Geophysical Union. 
10.102911 54GM22 

cal boundary [Kurlstrom and Houston, 1984; Chamberlain, 
1998; Henstock et al., 1998, Snelson et al., 19981 and mark- 
ing profound regional crust and mantle seismic velocity dif- 
ferences between the Archean Wyoming Province, and the 
Proterozoic Yavapai-Mazatzal terranes. Geological and geo- 
chemical evidence indicates that this boundary resulted from 
island arc collision with a northeast oriented passive margin 
at the southern edge of the Wyoming province [e.g., Cham- 
berlain, 19981. The Yavapai-Mazatzal terranes were accreted 
to the Wyoming craton in the Paleoproterozoic (1.65-1.8 Ga), 
and extend to the south some -1 100 km to the Grenville Front. 
Several internal boundaries within the Yavapai and Mazatzal 
terranes have been identified geochemically, and structurally 
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appear as broad shear zones [Karlstrom and Bowring, 1988, 
19931. Subsequent to Paleoproterozoic island arc accretion, this 
large area experienced a period of anorogenic intrusion of 
granites (1.3-1.4 Ga), and its southern edge was the site of the 
complex Grenville continent-continent collision forming the 
Rodinian supercontinent. 

The Phanerozoic history is punctuated by tectonic activity 
within long periods of quiescence including development of 
the ancestral Rockies in the Pennsylvanian, Mesozoic-early 
Cenozoic Laramide uplifts, and late Cenzoic-Recent Rio 
Grande rift and Basin and Range extension. Karlstrom and 
Humphreys [I9981 noted that although tectonic activity in the 
Phanerozoic has been oriented along a north-south axis, upper 
mantle low velocity anomalies identified in regional tomog- 
raphy studies roughly parallel the northeast striking accre- 
tionary boundaries such as Cheyenne Belt, the less distinct 
geochemical boundaries within the Yavapai-Mazatzal terrane, 
and several spatially associated modern trends, including the 
Jemez lineament. The latter is a northeast striking zone of 
Tertiary-Quaternary felsic to mafic volcanic centers extend- 
ing from the southwestern edge of the Colorado plateau in 
Arizona to the Great Plains near the New Mexico-Colorado 
border. This coincidence of modern lineaments and mantle 
anomalies with ancient accretionary boundary locations led 
Karlstrom and Humphreys [I9981 to speculate that the accre- 
tionary boundaries are aligned zones of lithospheric weak- 
ness that have provided structural control on subsequent 
tectonic activity. 

As part of the Continental Dynamics of the Rocky Moun- 
tains project (CD-ROM) we acquired a -955km long seismic 
refractioniwide-angle reflection profile extending across the 
Jemez lineament, much of the Mazatzal-Yavapai terranes, the 
Cheyenne Belt, and the southernmost Wyoming Province. 
This experiment complemented coincident reflection profil- 
ing and a broadband passive array deployment in north cen- 
tral New Mexico across the Jemez Lineament and 
Yavapai-Mazatzal boundary [Magnani et al., 2003, Magnani 
et al., 2005, this volume], and similar reflection profiling and 
a passive array deployment across the Cheyenne Belt in north- 
ern Colorado and southern Wyoming [Morozova et al., this vol- 
ume; Dueker, 2002; Yuan and Dueker, 2005, this volume, 
Zurek and Dueker, 2005 this volume]. Together these exper- 
iments constitute a multi-band look at upper mantle and crustal 
structure from the surface to the base of the mantle transition 
at various resolutions from a few hundred meters in the crust, 
to a few tens of kilometers in the mantle. 

In this paper we describe the analysis and interpretation of 
the wide-angle seismic profile crossing virtually the entire 
CD-ROM project area. These data have vertical resolution as 
good as a few kilometers, and variable horizontal resolution 
of 20-100km. Two other papers in this volume present alter- 

nate interpretations of the seismic refraction data [Snelson et 
al., 2005, this volume, Rumpel et al., 2005, this volume]. 

PREVIOUS SEISMIC STUDIES 

The number of crustal-scale active source seismic studies 
in the Rocky Mountain region is relatively modest considering 
geologic interest in this area as a modern orogenic plateau, 
and its mineral and hydrocarbon resources. The geophysical 
framework of the region is reviewed by Prodehl et al. [2005 this 
volume], and will only be touched on here. Prodehl and Lip- 
man [I9891 and more recently Keller et al. [I9981 have analyzed 
and synthesized the existing data and provided a map of the 
thickness of the crust in the Rocky Mountain region [Keller et 
al., 19981. The summaries show crustal thickening of up to 
12 km across the Colorado-Wyoming border. The Moho dis- 
continuity deepens from 40-44 krn under southern Wyoming 
to 44-52 km under Colorado with mean velocity in the crust 
and the upper mantle decreasing in the same direction. Crustal 
thickness remains constant across the Rocky Mountain front 
into the Great Plains, whereas the mean velocity of the upper 
crust and lower crust are lower under the mountains than the 
plains. An average lower crustal velocity of 6.6 k d s  and veloc- 
ities up to 7.2 kmis at the base of the crust are observed on a 
N-S seismic refraction profile that extends across the South- 
ern Rockies west of the Rio Grande rift from Sinclair, Wyoming 
to Lumberton, New Mexico [Prodehl and Pakisier, 19801. 
Along the CD-ROM profile (Figure I), Snelson [2001], and 
Snelson et al. [2005, this volume] have interpreted the same data 
that we model here. They find a relatively thick crust (4540krn) 
with a high velocity lower crustal layer ( Vp > 7.0 k d s ) .  

Sheehan et al. [I9951 used Rocky Mountain Front (RMF) 
experiment teleseismic receiver functions to investigate the 
crustal thickness variations from the Great Plains in Kansas 
across the Colorado Rocky Mountains to the Colorado Plateau 
[see Sheehan, 2004, this volume]. The poor correlation between 
topography and crustal thickness, i.e. lack of a distinct crustal root 
associated with Rocky Mountain topography led [Sheehan et 
al., 19951 to show that neither an Auy-type crustal root nor a Pratt 
variable density model can explain the difference in elevations 
between the Rockies and the Great Plains. The implication is 
that the upper mantle provides part of the isostatic support for 
the Rocky Mountain elevation, by density variations in the man- 
tle inferred from low velocity mantle anomalies. Tomographic 
models from the Rocky Mountain Front experiment [Lee and 
Grand, 19961 corroborate such a hypothesis, detecting low man- 
tle velocities under the high elevations of Colorado and New 
Mexico Rocky Mountains [Lerner-Lam et al., 19981. 

The Deep Probe experiment, a continuous 2400 km refrac- 
tion transect from Canada to New Mexico (Figure I), was 
collected with a seismograph spacing of 1.25 km and a small 
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Figure 1. Location map showing the CD-ROM refraction profile 
(solid black line) with CD-ROM shotpoints (open stars). The CD- 
ROM reflection profiles (short dashes) are near either end of the 
refraction profile. The location of the DeepProbe experiment (long 
dashes) and shotpoints (solid stars) are also shown. Outcrops of Pre- 
cambrian basement are shown as grey. The Wyoming Province, the 
Proterozoic terranes and their structural boundaries, and the Grenville 
Front are indicated. 

number of large, widely spaced shots [Henstock et al., 1998; 
Snelson et al., 19981. Although the focus of the experiment was 
the mantle structure of the Archean Hearne and Wyoming 
provinces and the Proterozoic accreted terranes in the U.S. 
southwest, the data also provide insights on crustal structure. 
Each province is characterized by a distinct crustal type: the 
Proterozoic accreted terranes have low average crustal veloc- 
ity, 6.3 h i s ,  and thickness of 40-45 km, less than expected 
for its high elevations. Crustal thickness in northwestern Col- 
orado at the Cheyenne belt is 50-52 km, a measurement con- 
firmed by the receiver function studies in the area [Sheehan 

et al., 1995, Crosswhite and Humphreys, 20031. Most of the 
Archean province has a fast and thick crust (6.6 km/s and 50 
km or greater) that is thicker than the average for Archean 
cratons [e.g., Durrheim and Mooney, 19911. The northern 
two thirds of the Archean Wyoming Province is also charac- 
terized by a -20-25 km thick high velocity lower crust 
(Vp-7.05 to > 7.50 km/s) that extends from -150 km north of 
the Cheyenne belt and crosses the Great Falls Tectonic Zone 
and Medicine Hat Block, to the southern boundary of the 
Hearne province in Canada [Gorman et al, 20021. 

A P-wave low velocity zone was inferred in the upper man- 
tle just beneath the Moho at 50-80 km depth under the Pro- 
terozoic accreted terranes based on a Pn shadow zone and 
traveltime modeling [Henstock et al, 19981. The upper man- 
tle low velocity zone extends north under Colorado to the 
Cheyenne belt in Wyoming, where it terminates over a distance 
of less than 250 km. Upper mantle low velocity zones have also 
been observed in the Rio Grande rift [Keller et al., 19901, and 
the Basin and Range transition zone in Arizona [Benz and 
McCarthy, 19941. Together the data suggest that low velocity 
zones in the shallow upper mantle are widespread under the 
Proterozoic terranes, but are likely not contiguous features. 

Teleseismic datasets collected for both the RMF and CD- 
ROM experiments have been used to make upper mantle veloc- 
ity tomograms under the Southern Rocky Mountains and the 
surrounding areas [Sheehan, 2005, this volume; Lee and Grand, 
1996; Lerner-Lam et al, 1998; Dueker et al., 2001; Yuan and 
Dueker, 2005, this volume]. Both P and S wave data show that 
the mantle under the Rocky Mountain area is characterized 
by very low velocities relative to the Great Plains to a depth of 
200 km, and that slow velocities extend some 200 km east of 
the Rocky Mountain Front as far as the Colorado-Kansas bor- 
der [Lee and Grand, 19961. Lee and Grand identify the onset 
of high velocities in western Kansas as the western edge of 
thick, high velocity North American cratonic mantle [Grand, 
19871. Dueker et al. [2001] and Yuan and Dueker [2005, this 
volume] identify low velocity mantle anomalies along the axis 
of the Rio Grande rift and southern Rockies as far north as 
the Cheyenne belt. Beneath the Cheyenne belt they identify 
an isolated north dipping high velocity anomaly. To the north, 
continent-wide S wave tomographic investigations by [van der 
Lee and Nolet, 19971 show that the high velocity continental 
root of the North American craton does not extend under the 
Archean Wyoming province, implying that the mantle in this 
area has undergone modification since its formation in the 
Archean, or originally formed without a tectospheric root. 

Lastly, we note that heat flow measurements are often 
highly correlated with mantle seismic velocity anomalies 
[e.g., Goes and van der Lee, 20021. In the CD-ROM region 
[Morgan and Gosnold, 19891 characterize the Rockies south 
of the Cheyenne belt as a high heat flow regime (63 to > 
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I05 mWm-2, in places exceeding 150 mWm-2; see Figure 
5D). They note that no conductive model of steady-state 
heatJaow in the Southern Rockies is reasonable without 
melting large percentages of crustal rocks. In contrast cen- 
tral Wyoming north of the Cheyenne Belt is an average heat 
flow regime (54-67 mWm-2; [Decker et al., 19801. The U.S. 
heat flow map from the Global Heat Flow Database [Pol- 
lack et al., 19931 shows a relatively abrupt transition from 
heat flow values of 71-200 mWm-2 in the southern Rockies 
to 41-81 in Wyoming and the Great Plains to the east and 
south. Heat flow in the Jemez Lineament and surrounding 
regions in the CD-ROM study area can be very high, in 
places 145-180 mWm-2 [Rieter et al., 19791. 

SEISMIC DATA 

The CD-ROM refiactioniwide-angle reflection profile 
extends -955km from Fort Sumner New Mexico, in the north- 
ern Proterozoic Mazatzal Province to Day Loma Wyoming, in 
the southern Archean Wyoming Province (Figure 1). The pro- 
file consists of 10 shots, varying in separation from 40.8 km 
to 198.7 km, with a mean spacing of 105.8 km [Snelson, 
20013. Shot spacing in the center third of the profile is con- 
siderably closer, -60 km. Shot size varied from 167 kg to 
2727 kg. The shot near Fairplay, CO, was substantially smaller 
than the other shots (167 kg), but produced detectable sig- 
nals to -100 km. Approximately 600 seismographs (see Fig- 
ure 1) were deployed twice along the profile, for an average 
receiver spacing of 800 m. The shot spacing is large by mod- 
ern refraction profiling standards, however the data provide 
reversed coverage of Pg, and PmP, and some reversed cover- 
age of PCP (a mid-crustaI reflection), and Pn. 

Traveltimes were picked on records filtered with minimum 
phase bandpass filters of variable bands (1-6Hz, 2-8Hz, 
4-12Hz). The phases used for the inversion (Figure 2), and 
the assigned travel time pickmg errors, are listed in Tables 1 and 
2. Reciprocal times between corresponding phases were within 
the picking error. The crooked line geometry was treated by pro- 
jecting the shots perpendicularly onto a best-fit straight line, 
while maintaining the correct shot-receiver offsets, as described 
by [Zelt, 19991, thus allowing for conventional 2-D modeling. 

Snelson et al. [2005, this volume] picked a refraction arrival 
from the lower crust that we feel is not warranted. As a result 
Snelson et al. [2005, this volume] interpret higher deep crustal 
velocities and a thicker crust in their model than in the pre- 
ferred model we describe below. 

TRAVELTIME INVERSION 

We inverted the data for two different models using the 
layer based traveltime inversion method of [Zelt and Smith, 

19921, and the first arrival traveltime tomography code of 
[Zelt and Barton, 19981. Using the tomographic velocity 
model obtained from inverting the first arrivals, reflection 
tomography was applied to PCP and PmP The tomographic 
model is viewed as an independent check on the more 
subjectively-derived layered model, similar to the examples 
presented by [Zelt et al., 20031. 

Preferred Model MI 

We prefer the layered model, designated M1 (Plate I), 
obtained by inverting the traveltimes from all phases using 
the [Zelt and Smith, 19921 algorithm. This inversion is 
designed to yield the most simple model that is geologi- 
cally reasonable and honors the traveltime data [Zelt et al. 
20031. We identified three separate arrivals making up the 
crustal refraction; a shallow (sedimentary layer) arrival, Ps, 
an upper-mid crustal phase, Pg, and a mid-lower crustal 
phase, PC, that often extended well beyond the Pn crossover 
distance. The upper mantle refraction, Pn, was identified 
as a clear arrival on 6 of the 10 shot points. The reflected 
arrivals included a prominent mid-crustal reflection, PCP, on 
8 of the shot records, and the Moho reflection, PmP, on 9 of 
the shot records. PmP was more prominent and dispIayed 
more uniform character across the profile than PCP. As a 
result, the picking uncertainty assigned to PCP was the 
largest of any phase (Table 1). The data were fit succes- 
sively in inversions that started with the surface layer and 
proceeded by adding progressively deeper layers down to the 
upper mantle using the standard approach for the Zelt and 
Smith [I9921 algorithm [e.g. Zelt, 1999; Zelt et al., 20031. 
Model MI includes a surface layer about 1-2 km thick, an 
upper crustal layer to 15 km depth, a mid-crustal layer to 
22-29 km depth, a lower crustal layer, and a mantle layer 
(Plate 1). The upper-to-mid crustal interface at 15 km is an 
artificial boundary in the sense that it does not represent a 
velocity discontinuity, but it allows for changes in the hor- 
izontal and vertical velocity gradients needed to model the 
Pg and PC phases. The upper crust was first modeled using 
a half-space beneath the surface layer, followed by inversions 
in which the surface layer and the 15 km interface with a 
half-space beneath were all included. 

M1 is described by 136 independent model parameters, 
106 velocity nodes and 30 boundary nodes. The travel-time fits 
and normalized x2 values for the different phases are given in 
Table 1. Overall the 3617 data were fit with an RMS residual 
of 0.167s and a normalized x2 value of 1.5 1 (Figure 4). The 
RMS misfit of Ps, Pg and PC is relatively high because the 
short-wavelength fluctuations in these phases would require 
short-wavelength variations in upper crustal velocity that 
would not be uniquely constrained by only 10 shots along a 
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955-km-long profile [e.g. Zelt and White, 19951. Ray cover- 
age throughout the crust, including PCP and PmP reflections, 
is relatively good (Figures 3 and 4), making the estimation 
of all crustal velocities reliable. Although Pn is only strictly 
reversed between two of the shots, there is overlapping Pn 
ray coverage across the whole model. In addition, the geom- 
etry of the Moho is well constrained by PmP reflections, thus 
reducing the ambiguity usually associated with unreversed 
Pn data. As a result we consider the upper mantle velocities to 
be constrained between X=125 to 750 km. 

Tomography Model M2 

The second velocity model, M2 (Plate 2), was derived 
using a modified version of the [Zelt and Barton, 19981 
regularized tomographic approach that incorporates con- 
straints on the second derivative and perturbation of the 
model from a simple laterally homogeneous starting model 
[e.g., Zelt et al., 1999; 20031. The first arriving crustal 

SP 1: Fort Sumner, NM X = 0 km North 

Offset 0 

refractions and Pn were inverted for velocities on a uni- 
form grid with a cell size of 2 km laterally by 1 km verti- 
cally. Traveltimes were calculated with an eikonal traveltime 
solver on a 1 km grid. The 2201 first arrivals were fit with 
a 0.099 s RMS residual and a normalized x2 of 1.01. Using 
the same approach applied by [Zelt et al., 20031 to PmP, 
both the PCP and PmP reflections traveltimes were inverted 
to constrain the mid-crustal boundary and Moho using a 
first derivative flatness constraint and the velocity model, 
held fixed derived by first-arrival tomography (Table 2; 
Plate 2). The crust-mantle boundary in M2 is a broad, smooth 
transition zone. This is a consequence of using a fine grid 
parameterization, smoothing regularization, and only first 
arrivals to constrain velocities in M2. Therefore, the veloc- 
ities in M2 below about 25-30 km should not be used as 
either representative of lower crustal Earth velocities, or as 
a check on the velocity in M1 at a specific point. M2 can be 
used as a check on relative lateral variations in M1 below 
25-30 km [Zelt et al., 20031. 

Offset (km) 

-300 -200 -100 0 100 200 -500 -450 -400 -350 -300 -250 -200 -150 -100 -50 0 

Figure 2. Seismic shot records from four of the CD-ROM shotpoints (SP1, SP5, SP8, and SP10). The traveltime picks are 
indicated as pink lines. The phases used in the modeling are labeled and described in the text. The data are reduced using 
a velocity of 8 kmls and have been bandpass filtered from 2-8 Hz. 
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Figure 3. Ray coverage for all phases used to determine model MI. Every third point along each ray is plotted giving the 
rays a somewhat kinked appearance. A. The Ps, Pg, and PC refractions sampled the sedimentary layer and the crystalline 
crust. B. The crustal reflection PCP was used to determine upper and middle crustal velocities and to constrain the top of 
the lower crustal layer. C. The PmP reflections were used to determine lower crustal velocities and the geometry of the Moho. 
D. Pn refractions determined upper mantle velocities and helped constrain the Moho geometry. 

DISCUSSION OF THE MODELS are very similar to one another in crustal structure to depths 
of -25 km, with well correlated slow and fast regions above 

We describe locations in the models using the coordinate sys- the lower crust (compare Plates 1 and 2). Both models have a 
tem X=O to X=955, with X=O corresponding to the south- low velocity surface layer (3.2-5.6 kmls) that is thickest in 
ernmost shotpoint (SP I), and X=955 slightly north of the the northern third and southern half of the profile, and is 
northernmost shotpoint (SP 10). The two models M1 and M2 somewhat attenuated in the center of the profile. Both mod- 
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We note that using the layered model approach, which 
makes use of all first and later refracted and reflected trav- 
eltimes to estimate velocities and interface positions, we 
have developed a model (MI), that has about 5 km thinner 
crust, and significantly lower velocities in the lower crust 
than the model of Snelson [2001, and Snelson et al. [2005, 
this volume]. 

GRAVITY MODELING 

We have modeled Bouguer gravity data from the National 
Geodetic Survey database along the CD-ROM refraction 
profile using a 2-D commercial gravity modeling package, 
GMSYS, based on the method of [Talwani et al., 19591. 
The model was constructed from the interfaces and veloc- 
ities from M1 (Plate 3), with densities derived from a stan- 
dard velocity-density relationship [see Zelt, 19891. The 
surface topography was modified to correspond to the ele- 
vations of the gravity observations. The location of nodes in 
the shallowest layer, the upper 4 km of the model, were 
adjusted manually to account for basement uplifts and sed- 
imentary basins as indicated by the tomography model M2. 
Density values in the crystalline crust and mantle were 
adjusted slightly (generally less than 25 kg/m3). The largest 
errors occur in the southern end of the profile (-25-30 mgal), 
where control on the shallow crust from the seismic data is 
poor due to the large shot spacing. We attribute the mis- 
match to the effects of unmodeled sedimentary basins and 
shallow uplifts. 

The large gravity negative in the center of the profile 
required reducing the density by 100 kg/m3 to 2600 kg/m3, and 
modifying the location of the nodes at X=500-600 km at a 
depth of 15 km (Plate 3). The data can be similarly fit by 
reducing the density only 50 kg/m3 to 2650 kg/m3, and extend- 
ing the body depth to 22 km. In doing this we adopted the 
approximate geometry and density value of McCoy and Roy 
[2005, this volume], who have modeled this structure more 
extensively, interpreting it as a deep graniticlfelsic batholith 
of the Colorado Mineral belt. Otherwise only slight adjust- 
ments to the density determined from the velocity-density 
relationship were required for the upper and middle crust, to 
-27 km depth. 

No modifications to the boundaries of the lower crust or 
Moho were required to fit the data. Lower crustal densities 
vary from 2850-2900 kg/m3, and required almost no adjust- 
ment. Mantle densities also required little adjustment and 
range from 3230 kg/m3 beneath the upwarped Moho under the 
Jemez lineament, to 3330 kg/m3 on the northern side of the 
Cheyenne Belt. 

Overall, after minor adjustments, the gravity calculated 
using the crust and Moho interfaces determined from M1 

and densities determined from conversion of its velocity 
field agrees well with the observations, having an RMS mis- 
fit of less than 14.1 mgal. The somewhat poorer fit to the 
gravity in the southern part of the profile is a consequence 
of unmodeled shallow sedimentary basins for which we have 
little subsurface control, and is not relevant to the larger fea- 
tures of the model. 

INTERPRETATION 

We first compare the average one-dimensional CD-ROM 
velocity-depth function to global averages [Christensen and 
Mooney, 19951 for all continental crust and for orogens in 
Figure 6a. Except for the uppermost crust the average CD- 
ROM velocity function has lower values than the averages 
for either orogens or the average continent, although the CD- 
ROM velocities fall within the standard errors of the global 
compilations. Average upper mantle velocity along the profile 
is 7.85 kmls, also well below the average upper mantle veloc- 
ity for orogens 8.0110.22 k d s ,  or continents 8.0950.20 k d s  
[Christensen and Mooney, 19951. Average crustal thickness on 
the CD-ROM profile, 45.0 km, is well within the average of 
orogens of 46.3*9.5 km, but on the high side of average con- 
tinental crust, 41.056.2 km. 

We next compare one-dimensional profiles through M1 at 
various locations (X=250,450, 550,750, and 850 km) to the 
average profile for M1 (Figure 6b). The figure shows the 
northward increase in crustal thickness and in mantle veloc- 
ities (also see Figure 5), as well as the relatively low upper and 
middle crustal velocities. In regions of Laramide uplifts 
(X=450 km at the Wet Mountains, and X=750 km at the Sierra 
Madre uplift) velocities in the upper crust exceed those imme- 
diately below it. 

Surface Layer 

The tomography model M2 has the best resolution of the 
near surface, with surface velocities that correspond to surface 
geology. Low velocities appear in the Raton, North Park, and 
Hanna Basins (X=300-350 km, X=625-725km, and X=900- 
955 km). Higher surface velocities are associated with the 
crystalline basement uplifts throughout the center of the pro- 
file (400425 km) and at the northern end of the profile at the 
Sierra Madre and Rawlins uplifts (X=725-800 km and X=850- 
875 km, respectively). 

Upper and Middle Crust 

At the southern end of the profile, south of the Jemez Lin- 
eament, relatively high crustal velocity (6.6 k d s )  appears as 
shallow as -12.5 km depth. High velocities in the southern 
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Figure 5. A. Topography, B. crustal thickness, C. upper mantle velocity, and D. heat flow. B. The depth to Moho (black) 
and the total crustal thickness (gray) from model M1. C. The Pn velocity from model M1. D. Heat flow along the CD-ROM 
corridor. Thin cmst (41-44 km), low upper mantle velocities (7.7-7.8 W s e c )  and high heat flow are associated with the 
Jemez Lineament (JL). Thicker crust (50-52 km), higher 

part of the Jemez lineament and to the southern end of the 
CD-ROM profile are associated with a crustal duplex imaged 
on the CD-ROM reflection data [Magnani et al., 2004 and 
this volume]. 

Low upper crustal velocities (6.0-6.2 kmls) overlap with 
and extend north of the Jemez lineament (X=225-325 km) 
to depths of 15-20 km. The low velocities in M2 have the 
same shape but are more localized than those in MI. These 
velocities are compatible with felsic lithologies, granite and 
granitic gneisses in a moderate to high heat flow regime. 
Heat flow measurements are locally high to very high 

(145-185 mWm-2) in the region of the Raton volcanic field 
and the localities to the north and south [Reiter et al., 19791. 
We discuss this further below. 

In the center of the profile, X=450-750 km, relatively 
low velocities, 6.2 kmls, extend to 25 km depth in a num- 
ber of locations. Low velocities and densities in the Col- 
orado mineral belt (X=500-600 km) are associated with 
massive, deep, Proterozoic (1.4 Ga) and Laramide felsic 
plutons. The low velocity anomaly in M1 has approximately 
the same shape at the low density anomaly (2600-2650 
kg/m3) required in the gravity model [see also McCoy and 
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Plate 1. Top. Model M1 determined using the layer based inverse method [Zelt and Smith, 19921. Reflection points for PCP 
and PmP are shown as pink dots. Shot points and geologic features are indicated at the top of the model. JL=Jemez lin- 
eament, FM-LM=Fainvell Mountain-Lester Mountain shear zone, CB=Cheyenne belt. Bottom. Model M1 shown with no 
vertical exaggeration. 
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Figure 6. A. Comparison of the average one-dimensional CD-ROM velocity profile to global averages for continental crust 
(dashed gray line) and Phanerozoic orogens (solid gray line) [from Christensen and Mooney, 19951. Standard errors for 
the average continent and orogens are shown as light and dark gray shading, respectively. Errors on orogens extend entirely 
beneath the errors for average continents. The CD-ROM curve has been shifted to sea level for the comparison. B. Com- 
parison of average one-dimensional CD-ROM velocity profile to representative 1-D profiles extracted in the Jemez Lin- 
eament region (X=250 km), the Mazatzal orogenic front (X=450 km), the Colorado Mineral Belt (X=550 km), the Sierra 
Madre uplift (X=750 km), and southern Wyoming north of the Cheyenne Belt (X=850 km). Crustal velocity in the 
Wyoming Province is higher than the average and most values shown to the south. Crustal velocities at the southern end 
of the profile (not shown) are also higher than the average (see Plates 1 and 2). 

Roy, 2005, this volume]. The low velocities south of the 
Fairwell Mountain-Lester Mountain shear zones are asso- 
ciated with exposed Paleo- and Mesoproterozoic felsic 
plutons. 

Just north of the Cheyenne belt, upper and midcrustal veloc- 
ities increase (6.2-6.5 W s )  in the region of the Sierra Madre 
uplift. Morozova et al. [2004, this volume] have interpreted 
CD-ROM deep reflection data as showing tectonic wedging 
with Archean rocks being displaced to the south both in the 
shallow (0-10 km) and deep (2045 km) crust relative to the 
Proterozoic terranes and the surface expression of the 
Cheyenne belt. The high velocities in the upper and middle 
crust observed in M1 and M2 are compatible with the litholo- 
gies of the Archean granitic gneisses intruded by Paleopro- 
terozoic (2.1-2.0 Ga) mafic sills and dikes [Karlstrom and 
Houston, 1984; Chamberlain, 19981. 

Lower Crust 

As noted above, M1 has a relatively low-velocity lower 
crust. Compressional velocities just above the Moho average 
6.9 M s  and vary from 6.6 <Vp < 7.1 M s .  The average 
velocity of the lower crust between the lower crustal reflections 
and the Moho is 6.7 kmls. Note that above the upwarped 
Moho, at X=150-200 and X=300-425, relatively low veloci- 
ties (-6.6-6.8 kmls) extend through the lower crust to the 
Moho. Small regions of high velocity (7.0-7.1 M s )  appear 
at the southern end of the profile (X < 100km), beneath the 
Mazatzal orogenic front (X-500 km), and in the Archean ter- 
ranes just to the north of the Cheyenne Belt (X=825-875 km). 
The reflection from the top of the lower crustal layer across the 
CD-ROM profile is intermittent, being imaged over less than 
half of the profile, suggesting either a compositionally or geo- 
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metrically irregular boundary with variable impedance con- 
trasts [e.g. Holliger et al., 19941. The lower crust is also highly 
variable in thickness (-10-22.5 km), with the thinnest sec- 
tion occurring just north of the Jemez Lineament (-10 km), 
and the thickest section being under the Colorado Mineral 
Belt (-22-23 km). Although the velocities are low, overall 
the velocities in the lower crust are compatible with mafic 
granulites, or gabbro compositions in a moderate to high heat 
flow regime [Christensen and Mooney, 19951. 

Upper Mantle 

As we noted above (see Plate 1 and Figures 5 and 6) upper 
mantle velocities are lowest, and the whole crust and the 
lower crust are thinnest along the CD-ROM profile in the 
distance range X=100-325 km, where it crossed the Jemez 
lineament (X-150-275 km). These features appear above 
south dipping negative P and S mantle velocity anomalies 
that extend from the base of the crust to depths of at least 
150 km [Dueker, 2001; CD-ROM Working Group, 2002; 
Yuan and Dueker, 2005, this volume]. We interpret the low 
velocities in the mantle to be indicative of a partially melted 
upper mantle, and one that likely is supplying basalt to the 
crustal column. 

The teleseismic tomography images also show positive P and 
S velocity anomalies dipping to the north at the Cheyenne 
belt, where we observe upper mantle velocities of 7.9-8.0 
M s .  Crustal thickness beneath the Cheyenne belt region is 
-52 km, similar to estimates beneath the Cheyenne belt fur- 
ther west along the Deep Probe profile [Henstock et al., 1998; 
Snelson et al., 1998; Crosswhite and Humphreys, 20031. 

DISCUSSION 

The overall low velocities in the entire crust beneath the 
CD-ROM profile from the center of the Jemez Lineament to 
the Cheyenne belt (X=225-750 km, Plates 1 and 2, Figure 6) 
are indicative of a largely felsic upper and middle crust, and 
a heterogeneous lower crust in a higher than average crustal 
heat flow regime. As described above, the CD-ROM refraction 
profile from its southern end to the Cheyenne belt lies in a high 
heat flow regime (63 to > 105 mWm-2; [Morgan and Gos- 
nold, 1989; Pollack et al., 19931, with highest heat flow in 
the Jemez lineament region and northern central Colorado. 
North of the Cheyenne belt in Wyoming heat flow drops to 
average levels (54-67 mWm-2; [Decker et al., 1980; Morgan 
and Gosnold, 1989; Pollack et al., 19931. 

In and adjacent to the Jemez Lineament region near the 
CD-ROM profile, Quaternary-Recent basalt flows are found 
in the Ocate volcanic field (0.8-8.3 Ma) and the Raton vol- 
canic field (0.03-8.77 Ma), both of which lie over the low 

mantle velocities and thin crust under the CD-ROM profile. 
In this region deep seismic reflection data (Figure 1); [see 
Magnani et al., 2004, and this volume] show a series of bright 
sill-like reflections at upper-middle crustal depths across the 
Jemez region that we interpret to be modern mafic sills. The 
Jemez lineament region along the CD-ROM refraction pro- 
file has also experienced slow Late Cenozoic upwarping rel- 
ative to surrounding regions, as determined from canyon 
incision data and other geomorphic evidence from the Cana- 
dian River [ Wisniewski and Pazzaglia, 20021. The coinci- 
dence of high heat flow, slow uplift, recent mafic volcanism 
and mafic sills intruded in the crust, accompanied with low 
velocities in the upper, middle, and lower crust suggest that 
the upper mantle beneath the Jemez lineament is hot and par- 
tially molten, and is heating the crust through movement of 
basaltic magmas into the crust. The 0.25 km/s reduction in 
upper mantle velocity beneath the Jemez Lineament from a 
reference of 8.0 km/s is consistent with 1% partial melt [Ham- 
mond and Humphreys, 20001. The Jemez lineament, which 
marks the southern edge of the Mazatzal-Yavapai transition 
region, is a long lived zone of lithospheric weakness and 
therefore is a likely zone for magma ascension into the crust 
[Karlstrom and Humphreys, 19981. 

The velocities of the lower crust beneath the CD-ROM pro- 
file are considerably lower than those beneath the northern 
two thirds of the Archean Wyoming Province and the Great 
Falls Tectonic Zone measured along the Deepprobe profile 
where a thick, -20-30 km, high velocity (7.0-7.5 kmls) lower 
crustal layer has been identified [Henstock et al., 1998; Snel- 
son, et al., 1998; Gorman et al, 20021. Gorman et al. [2002] 
have interpreted this layer to be a heterogeneous mafic under- 
plate added to the crust during the Proterozoic, however 
whether the underplating occurred in the Archean, Proterozoic 
or as a number of Precambrian events is unclear. The CD- 
ROM lower crustal velocities are on average about 0.25-0.30 
kmls slower than those beneath the northern Wyoming 
Province [Henstock et al., 1998; Snelson et al., 1998; Gor- 
man et al., 20021. If the lower crustal layers are composed of 
the same lithologies, this would require a temperature increase 
at the base of the crust of approximately 430-600°C to 
1000-1 200°C from the Wyoming Province into the Protero- 
zoic terranes, a very large difference between average and 
high heat flow regimes [e.g. Morgan and Gosnold, 19891, 
and one likely to melt lower crustal rocks. To explain the large 
lower crustal velocity difference (-4%) between the Protero- 
zoic and Archean lower crusts, we suggest that in addition to 
higher temperatures in the Proterozoic crust, the lithologies at 
the base of the crust are variable between the northern 
Wyoming Province and the Proterozoic terranes between the 
Jemez Lineament and the Cheyenne Belt, differing in bulk 
chemistry andlor mineralogy. 
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Plate 3. Top. Observed and calculated Bouguer gravity along the CD-ROM refraction profile. Bottom: Density model used 
to fit the gravity data. The model was developed directly from velocity model M1 with only minor changes to the shallow 
interfaces and to densities determined from an empirical velocity-densityrelationship [ZeS 19891. Densities in the poly- 
gons are given in kg/m3. 
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CONCLUSIONS 

The seismic velocity structurc of the crust and uppcr man- 
tle along the CD-ROM profile in the Southern Rocky Moun- 
tains from the Proterozoic Mazatzal-terrane south of thc 
Jernez Lineament to the Archean Wyoming Province north of 
the Cheyenne Belt is characterized by low scismic vcloci- 
ties and a highly heterogeneous crust and upper mantle. 
Upper, middle and lower crustal velocities from the Jemez 
Lineament to the Cheyenne belt are low relative to global 
compilations for average continental crust and for Phanero- 
zoic orogenic crust. Similarly, upper mantle velocities are 
low relative to those of the global conlpilations. The low 
velocities in the upper and middle crust are attributed to 
numerous Proterozoic and Phanerozoic felsic plutons, and a 
liigli gcothcrmal gradient. The velocities in the lower crust, 
although low, are consistent with mafic lithologies provided 
that the temperature at the base of the crust is high. The low 
uppcr mantlc velocities are indicative of high temperature 
mantle hcating tlic crust at various locations along the profile, 
particularly beneath the Jemez lineament, but also beneath the 
Colorado Mineral Belt. 

Tlic northern half of the Jemez lineament appears as a 
crustal boundary between the higher velocities at the south- 
ern end of the profile in tlie Mazatzal terrane, and low seis- 
mic velocities in the crust of the mixed Mazatzal-Yavapai, 
and Yavapai tcrrancs extending to the Cheyenne belt. The 
crust is thin, 40-42 km, and upper mantle velocities are 
low, 7.7-7.8 I<~nis, indicative of high mantle temperatures. 
A 0.25 kmis decrease in uppcr mantle velocity from a ref- 
erence of 8.0 kmls is consistent with 1% partial melt [Hunz- 

mond and Humyhreys, 20001. Rcccnt basaltic flows, mafic 
sills in the crust, high heat flow, and recent upwarping sup- 
port an interpretation that the upper mantlc under the Jemez 
lineament is above its solidus temperature over a region 
almost 200 km wide and is supplying basaltic melt to the 
crust. 

The region north and south of tlie Cheyenne belt is char- 
acterized by a thick crust, 5&52 km, with higher crustal vcloc- 
ities in the Wyoming Archean Province than in the ad-jacent 
Proterozoic terranes to the south. The northern half of the 
CD-ROM profile, including the Colorado Mineral Belt and tlic 
Cheyenne Belt, has a seismically distinct structure from the 
south, almost entirely in the thickness of the lower crust. Just 
north of the Cheyenne Belt, midcrustal velocities reach the 
highest values anywhere on the profile. Beneath the Cheyenne 
Belt upper mantle velocities are only slightly below normal for 
a continental region (-0.02-0.07kmis), in contrast to the lower 
mantle velocities under most of tlie upper mantle to the south. 
Although tlie Cheyenne Belt is a major geologic boundary, 
in the refraction models it does not stand out clearly as a major 

seismic velocity boundary. This is in contrast to Mol-o- ~ o v u  ct 
ul.:s [2005, this volume] seismic reflection interpretation, in 
which the Cheyenne Belt is a distinct suture tone penetrating 
the entire crust. The disparity in the reflection and refraction 
images is consistent with the different imaging capabilities 
of thc two types of seismic probes. 
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Two recent passive source (earthquake) seismic experiments have produced a 
teleseismic and regional event data set which provides constraints on the structure 
of the crust and upper mantle beneath the Colorado Rocky Mountains and two 
major Precambrian province boundaries. The passive source component of the Con- 
tinental Dynamics of the Rocky Mountains (CD-ROM) experiment included two 
dense north-south linear arrays of broad-band seismometers straddling Precam- 
brian province boundaries in Colorado, Wyoming, and New Mexico. The Rocky 
Mountain Front (RMF) experiment included thirty broadband seismometers spaced 
uniformly throughout Colorado. Results from a spectrum of seismological imaging 
and inversion techniques indicate that the Cheyenne Belt Archean-Proterozoic 
boundary in southern Wyoming has signatures in both the crust and upper mantle, 
while the Yavapai-Mazatzal province boundary is less clearly defined. Studies of data 
from the RMF experiment show pronounced low seismic velocities in the crust and 
upper mantle beneath the Rocky Mountains, and high attenuation (low Q) in the 
mantle. Techniques of passive source seismology used with RMF and CD-ROM 
experiment data are described here, along with reference to corresponding studies. 

1.  INTRODUCTION 

The Continental Dynamics of the Rocky Mountains (CD- 
ROM) experiment was designed to explore the geology and 
geophysics of the lithosphere along a transect from Wyoming 
to New Mexico. Particular emphasis was placed upon the 
shtdy of proposed Precambrian suture zones which may doc- 
ument the growth and stabilization of the continent. The proj- 
ect included a coordinated set of seismic experiments, utilizing 
both active and passive source techniques. This paper pro- 
vides an overview of the passive seismic experiments (those 
using naturally occurring earthquake sources), including the 
techniques, their limitations, resolution, and the models that 
result from their interpretation. Active source experiments 
(those utilizing energy actively put into the ground, through 
explosions or other means) are described in Prodehl et al. 
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[this volume]. The Rocky Mountain Front (RMF) passive 
source seismic experiment provides further information on 
the lithospheric structure beneath a broad area of the southern 
Rocky Mountains, and two papers from that experiment are 
described here. Techniques in this volume include P-wave 
seismic travel-time tomography [Yuan and Dueker, this vol- 
ume], receiver functions [Zurek and Dueker, this volume], 
shear wave splitting [Fox and Sheehan, this volume], Pn travel 
times [Lastowku and Sheehan, this volume], shear wave atten- 
uation tomography [Boyd and Sheehan, this volume], and sur- 
face wave tomography [Li et al., this volume]. 

2. PASSIVE SOURCE EXPERIMENTS 
IN THE ROCKIES 

The Program for Array Seismological Studies of the Con- 
tinental Lithosphere (PASSCAL) of the Incorporated Research 
Institutions of Seismology (IRIS), h d e d  by the US National 
Science Foundation, provides individual investigators use of 
portable, autonomous, digital seismographs with sensitive 
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broad-band seismometers. Instruments from this facility were 
used for both CD-ROM and RMF experiments. The broadband 
seismometers are capable of recording both teleseisms and 
regional earthquakes with very high fidelity. Relatively large 
numbers of instruments can be deployed in an array concen- 
trated geographically over the structurcs of interest, and the 
array dimensions can be designed according to imaging den- 
sity and resolution criteria. 

The passive source component of the Continental Dynam- 
ics of the Rocky Mountains (CD-ROM) experiment consisted 
of two north-south lines of broadband seismometers cross- 
ing major Precambrian provincc boundaries in Colorado, New 
Mcxico, and Wyoming. The seismometers were deployed 
starting in April 1999 and removed in June 2000. The north- 
ern seismic line extended from Rawlins, Wyoming to Steam- 
boat Springs, Colorado and traversed the ancient suture zone 
between the Archean Wyoming province and the Proterozoic 
Yavapai province. The southern line extended from the San 
Luis Basin in Colorado to Las Vegas, New Mexico and crossed 
the suture zone betwccn the Yavapai province to the north and 
the younger Mazatzal province to the south. The southern linc 
is also very proximal to the Rio Grand rift and the recent tec- 
tonism in the Jemez lineament. The deployincnt consisted of 
25 instruments across the northern suture zone and 23 across 
the southern suture zone. The spacing between stations was 
approximately 10 km. Three-component sensors capable of 
recording teleseisins across a broad frequency band were 
installed at all sites, including 27 STS-2 seismometers, 15 
CMG3T seismometers and six CMG40T seismometers. The 
sampling rate of the experiment ranged fro111 I0 to 20 sam- 
pleslsecond. The sampling rate was reduced because inclemcnt 
weather would prevent the sites froin being visited in thc win- 
ter; therefore a lower sampling rate was needed in order to 
preserve field disk space. 

The CD-ROM line was supplcmcnted by thc Laramie rcal 
time array. The Laramie array consisted of 30 broadband seis- 
mometers at a station spacing of 1.6 kilometers, deployed 
from June 2000 to May 2001. The line crosses the Cheyenne 
Belt near Laramie, Wyoming (Figure 1). Each station in the 
Laramie Array consisted of Guralp 40-T seismometers record- 
ing at l , 40  and 100 samples per second. The data were teleme- 
tered to the University of Wyoming in real time. 

Thc Rocky Mountain Front experiment consisted of a 
deployment of thirty-fivc broadband (CMG3-ESP and STS2) 
seismometers distributed throughout Colorado and extend- 
ing into eastern Utah and western Kansas (Figure 1).  The sta- 
tions were deployed from May through December of 1992. 
Station spacing was approximately 75 km. Data was collected 
from each station in both continuous (I 0 samples per second) 
and triggered (20 samples per second) data streams. Numer- 
ous studies utilizing data from the Rocky Mountain Front 

array have been published, including shear wave velocity 
tomography [Lee cmd G~*and, 19961, surface wave tomography 
[Li et al., 20021, receiver functions [Sheehan et al., 19951, 
shear wave splitting [Savage et al., 1 996; Savage and Sheehun, 
20001, and deep discontinuity structure [Dueker and Shee- 
han, 1998; Gilbert and Sheehan, 20041. 

Other recent passive seismic source seismic experiments 
in the Rocky Mountain and Colorado Plateau regions include 
the Lodore array [Crosswhite and Hunzphr.ey.s, 20031, the 
Deep Probe experiment [C/-o.s.swhite et a/., 19991, the Col- 
orado Plateau - Great Basin Experiment [Sheehan ct al., 
19971, and the RISTRA experiment [ Wil.son andAster, 20031 
(Figure 1). 

3. RECEIVER FUNCTIONS 

The isolation of conversions from compressional to shear 
waves on teleseismic waveforms can be used to determine 
crust and mantle velocity discontinuity structure beneath seis- 
mic stations using a technique referred to as rcceiver func- 
tion analysis [Burdick and Langston, 1977; Lungston, 1977; 
Langston, 19791. An incidcnt P wavc from a distant earth- 
quake generatcs converted shear waves at boundaries with 
irnpedancc contrasts, such as thc Moho. The delay time 
between the direct P arrival and the converted S wave, called 
Ps, is related to the velocity and depth to the convcrsion point. 
Thc near vertical incidencc of telescismic P allows the sepa- 
ration of the P and converted S wave because the converted 
shear wavc is large on the radial component of the seismogram 
and the vertical component is dominated by the incident P 
wave. The P wave record on the vertical componcnt providcs 
a reference for the earthquake source and path effects, and 
receiver function analysis involves the deconvolution of thc ver- 
tical component from the radial in order to enhance the near- 
rcceiver mode conversions. Typically, the most significant 
converted arrivals are those from the Moho, but conversions 
from velocity discontinuities in the mid-crust and in the man- 
tle transition zone are also common. 

Basic receiver function analysis assumes that the seismic 
structure of the crust and upper mantle are isotropic and com- 
prised of flat lying planar interfaces. In the presence of 
anisotropy and dipping layers these assumptions are not accu- 
rate [ Bostock, 2003; Levin and Pat*k, 1997; Savage, 19981. 
With a good back-azimuth distribution of recordcd events, 
the presence of thesc more complicated structures may be 
recognized by changes in timing and amplitude of thc con- 
verted phases. 

High density passive seismic arrays stretching tens to thou- 
sands of kilometers have become the foundation of many 
modern receiver function studies [c.g., Dueker and Sheehan, 
1997; Rondenay et al., 2000a, 2000b; Zur-ek and Dueker, this 
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Figure 1. Seismograph stations of Rocky Mountain Front (RMF), Continental Dynamics of the Rocky Mountains (CD- 
ROM), Laramie Array, Deep Probe, RISTRA, and Colorado Plateau-Great Basin broadband passive source seismic PASS- 
CAL experiments. Open circles indicate RMF station locations, diamonds denote CD-ROM station locations, inverted triangles 
Laramie Array stations, filled triangles RISTRA stations, squares Colorado-Plateau Great Basin stations, unfilled trian- 
gles Deep Probe stations, and filled circles Lodore stations. 

volume] in order to combat signal generated noise and to 
determine high resolution lithospheric structure. Seismic 
arrays recording multiple observations of the same conver- 
sion point from many teleseismic events allows the employ- 
ment of techniques such as common conversion point stacking 
or seismic migration [e.g., Bank and Bostock, 2003; Wilson et 
al., 20031. All of these seismic imaging approaches begin 
with the assumption of a seismic velocity model. The calcu- 
lated receiver functions are then back projected along their 
theoretical ray paths to restore the converted energy to the 
point of conversion. Multiple samples from different directions 
of the same conversion point are required to recover the ampli- 
tude of the original conversion. In theory, the amplitude of 
the conversion should provide information about the varia- 
tion in seismic properties across a conversion interface. The 
location restoration and amplitude recovery problem can be for- 
mulated as a forward problem (common conversion point 
stacking) or as an inverse problem (seismic migration) and 
the choice of technique depends upon factors including the 
geometry of the imaging target, the array geometry, and the 
signal quality. 

With data from deployments such as the RMF and CD- 
ROM experiments, receiver function analysis provides a plan 
view of crustal thickness variations and cross sections of 
detailed discontinuity variations, which can then be inter- 
preted in terms of the major structural trends exhibited in the 
geology. Gilbert and Sheehan [2004] use data from RMF, 
CD-ROM, Deep Probe, and other passive source studies for 
a crustal receiver function study throughout the western United 
States building upon previous studies of Sheehan et al. [I9951 
and others. They find a crustal thickness of 50 km beneath 
the Rockies in northern Colorado, thinning to 40 km in south- 
ern Colorado. Detailed crustal images from CD-ROM have 
been presented in Dueker et al. [2001] and Karlstrom et al. 
[2002]. The Moho along the southern CD-ROM line was 
found to be fairly flat, with a thickness of approximately 40 
km, and a slight thickening to the north. The receiver function 
results from the CD-ROM north line are more complex. A 
thick crust of -50 km is found in northern Colorado, thin- 
ning to 4 0 4 5  km just south of the Colorado/Wyoming bor- 
der. The Moho appears to be imbricated about 30 km north of 
the Cheyenne belt suture. Crust to the north of the Cheyenne 
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belt is of -40 km thickness. In this volume, Zurek and Dzleker 
present images of lithospheric receiver function discontinuities 
from the CD-ROM arrays. They argue for sub-crustal dis- 
continuities to 150 km depth beneath the Proterozoic litho- 
sphere immediately south of the Cheyenne belt and to 100 
km beneath the Jemez lineament based upon layering observed 
to those depths. Mid-crustal features are also imaged under the 
Cheyenne belt, and correspond with CD-ROM reflection pro- 
files [Morozova et al., 2002; Kurlstrom et ul., 20021. 

4. TOMOGRAPHY: P, S, AND SURFACE WAVES 

Three papers appearing in this volume use passive wave 
seismic tomography to examine crustal and upper mantle 
thermal and compositional structure. Tomographic prob- 
lems are inversions of a large set of linear equations. An 
observation, such as P-wave travel time, is ideally the effect 
of a seismic attribute integrated over space, e.g. P-wave 
velocity integrated over the path the seismic wave has trav- 
eled. The equations are usually of the form d=Gm where d 
is the data vector, such as a set of observations like P-wave 
travel times, m is the model vector which contains a set of 
model parameters such as P-wave slowness in the upper 
mantle, and G is the path kernel, a j by k matrix with, in this 
case, the distance traveled in k model bins f o r j  observa- 
tions. A solution for m may be obtained by various meth- 
ods [Iyer and Hirahara, 19931. The solution is usually 
determined in a least squares sense, e.g. the solution tries 
to minimize the squares of the residuals between predicted 
and observed data. The solution may be damped and/or 
weighted and solved by gaussian elimination, singular value 
decomposition, or other methods. 

Some caution should be used when interpreting tomographic 
images. For example, variability in the measurements will 
affect the model regardless of whether the measured varia- 
tion originated from within the model. A related problem is the 
assumption that the measured attribute is due to variations 
along the presumed seismic ray path [Dahlen et ul., 2000a; 
2000bl. Finally, anomalies within the tomographic model tend 
to bleed along regions of poor ray coverage. Structures that dip 
away along ray paths at the edge of tomographic models should 
be viewed with skepticism. 

Though dependence between model parameters can be 
observed in the resolution matrix, checkerboard tests are a 
useful guide to estimate the quality of features in the tomo- 
graphic model. In this method, a synthetic model is gener- 
ated and using the incomplete ray coverage of the real data, 
synthetic data are produced. The synthetic data are then 
inverted to see how well the input checkerboard model is 
recovered. Interdependence of model parameters and poorly 
resolved regions can be seen easily with this technique. 

4.1. Body Wave Velocity Toinography 

In Yuan and Dtleker [this volume] upper mantle compres- 
sional and shear wave images from the CD-ROM experiment 
are presented. Two major anomalies are found. Beneath the 
Cheyenne belt along the CD-ROM North Line, a north dipping 
high velocity feature from the Moho to 200 km depth is found. 
Travel time modeling suggests that a significant portion of 
the dipping high velocity anomaly is due to anisotropy with 
a dipping fast axis. Shear wave splitting measurements [Fox 
and Sheehan, this volume] are also consistent with this dip- 
ping seismic anisotropic model. Beneath the Jemez lineament 
along the CD-ROM South Line, a 100-km wide low velocity 
anomaly is imaged between the Moho and 100 km depth. 

4.2. Attenuation Tomography 

Utilizing the Rocky Mountain Front (RMF) broadband seis- 
mic dataset, Boj)d and Sheehan [this volume] derive the shear 
wave attenuation structure underlying the Southern Rocky 
Mountains and surrounding areas. Attenuation is measured 
using differential spectra of teleseismic S phase waveforms. 
Calculations of intrinsic attenuation coupled with current 
velocity models aids in the determination of temperature, par- 
tial melt distributions, and compositional variation [Karato, 
19931. A north-south zone of high shear wave attenuation 
(low Q) is found in the mantle in south central Colorado, 
along the northern reaches of the Rio Grande rift, and coin- 
cides with a region of low shear wave velocity [Lee and Grand, 
19961. The correlation between the velocity and attenuation 
models can be used to distinguish between thermal, compo- 
sitional, and melt anomalies. Beneath the High Plains the 
combined velocity and attenuation variations are consistent 
with slight increases in temperature to the west, while beneath 
the southwest Rockies, the presence of compositional varia- 
tions and partial melt are required to explain the observations. 

4.3. Szwface Wave Tomography 

Li et ul. [this volume] present a tomographic inversion of 
Rayleigh surface wave phase velocities from the RMF dataset 
across the southern Rocky Mountains. Previous surface wave 
work with the RMF data [Lerner-Lam et al., 19981 showed 
large shear wave velocity variations across the Rocky Moun- 
tain Front, with lower velocities beneath the Rockies than 
beneath the High Plains. Li et al. [this volume] use the tech- 
nique of Forsyth et al. [I9981 and Li [2001], where the wave- 
field is represented as the sum of two interfering plane waves, 
and invert amplitude and phase data for phase velocity, then 
invert the phase velocity for shear velocity structure. They do 
not find a lithospheric lid beneath the Rocky Mountains, and 
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find low mantle velocities beneath the Rockies to at least 150 
km. Beneath the Great Plains a fast l~thosphere is found to a 
depth of 150 km. The Colorado Plateau is found to have a 
fast seismic lid to 100 km depth, with low velocities below 100 
km, similar to results reported by Lustowka et ul. [2001]. The 
surface wave tomography results are broadly consistent with 
the RMF shear body wave tomography work of Lee and Grand 
119961 but differ in some details, particularly with respect to 
the depth extent of the velocity anomalies. 

There are some differences between the surface wave derived 
crustal thicknesses and the receiver function and refraction 
based crustal thicknesses [Sheehun et ul., 1995; Keller et ul., 
lY98] .  These are explained in part by the large lateral varia- 
tions in crustal wave speeds allowed by the Li et al. model 
and differences in lateral and vertical resolution between sur- 
face wave and receiver function techniques. Li et al. [this vol- 
ume] do not find low upper mantle velocities beneath 
west-central Colorado near Aspen to the extent reported by 
Dueker et al. [2001], but instead find unusually low crustal 
velocities there. A tomographic study with denser station dis- 
tribution in central Colorado may be needed to resolve the 
depth extent and nature of the Aspen anomaly. 

5. VELOCITIES OF UPPERMOST MANTLE (Pn) 

Lustowka and Sheehan [this volume] report interstation Pn 
velocities from the CD-ROM array. The Pn portion of the 
waveform arrives first in the distance range 2 to 16 degrees and 
represents high frequency seismic energy propagating in the 
uppermost mantle. It has been modeled successfully both as 
a whispering gallery phase [Menke and Richards, 19801 and 
as a mantle-lid refraction [Sereno and Orcutt, 19851. Las- 
towka and Sheehan [this volume] measure Pn velocities using 
an interstation method. The Pn arrival times of two stations 
along the same great circle path from an event are measured, 
differenced, and the distance between the stations is divided 
by the differential time. The interstation method reduces errors 
due to hypocenter mislocation. For the southern CDROM 
line, Pn is measured by constructing a travel time curve of 
all of the southern line stations that recorded a single earth- 
quake in Mexico, which happened to be along the same great 
circle line as the stations. Such a measurement is more robust 
than individual interstation measurements. 

Low Pn velocities of 7.8 h 0.1 kmls were found beneath 
the southern CD-ROM array, consistent with low upper man- 
tle velocities and the absence of a mantle lid. This low veloc- 
ity is consistent with the high heat flow in the Rio Grande 
rift and the evidence for modern rifting. These data provide 
independent confirmation of the low upper mantle velocities 
from P wave tomography found along the CD-ROM south 
line by Yuan and Dueker [this volume]. Measurements of Pn 

made in northern Colorado and in Wyoming are near the 
global average Pn value of 8.1 kmls, suggesting an intact 
mantle lid. 

6. MANTLE ANISOTROPY 

Most passive source techniques, such as tomography and 
receiver function analysis, provide an image of the current 
structure of the crust and mantle. In contrast, the measure- 
ment of seismic anisotropy has the potential to give informa- 
tion on the dynamic state of the Earth. Olivine, the constituent 
mineral in the upper mantle, is highly anisotropic, and ori- 
ents itself systematically during deformation under condi- 
tions that allow dislocation creep. Thus, mantle anisotropy 
can give images of strain in the mantle due to current processes, 
or provide a history of past deformation [Blackman et al., 
2002; Karato et al., 1998; Mainprice and Silver, 19931. 

The most popular method to measure seismic anisotropy 
is through shear wave splitting. 'The polarization of a shear 
wave is perpendicular to its direction of propagation. When a 
shear wave enters an anisotropic rcgion, its initial polarization 
may be at an angle to the medium's fast and slow axes, and the 
component oscillating along the fast axis will propagate faster 
than the component polarized along the slow axis. Eventu- 
ally, the fast component will separate from the slow compo- 
nent, so that the single incident shear phase is split into two 
phases with identical shape. In a medium with hexagonal or 
orthorhombic anisotropic symmetry, the fast and slow sym- 
metry axes and therefore the corresponding split shear phases 
are orthogonal to each other. Shear wave splitting techniques 
measure the time delay between the fast and slow phase, delta 
t, and the polarization azimuth of the fast phase, @ [e.g., Sil- 
ver and Chan, 1988, 199 l ]  

The phases most commonly used for this process are the core 
phases SKS and SKKS. These phases convert from shear to 
compressional motion in the fluid outer core, and after con- 
version back to shear, travel steeply from the core-mantle 
boundary to the seismic station. The analysis is simpler than 
for teleseismic S since information about source-side 
anisotropy is removed on the core leg. However, measured 
SKS and SKKS splitting can still stem from anywhere between 
the core-mantle boundary and the station. By making meas- 
urements at several stations from a number of different source 
areas, some depth constraints can be obtained by determining 
the overlap of different ray paths [Alsina and Snieder, 19951. 

Near the Rocky Mountain region, previous studies have 
found fast orientations which were interpreted in terms of 
asthenospheric flow beneath the Snake River Plain [Schutt et 
a , / ,  19981 and the Rio Grande rift [Sandvol et al., 19921. 
Closer to the Rocky Mountain Front, Schutt and Humphreys 
[2001] and Savage et al. [ I  9961 found more complex splitting 
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signatures, with fast orientations dependent on backazimuth 
of the incident shear phase, rapid lateral variation of obser- 
vations between stations, and many null measurements. A 
null measurement, i.e. no observation of splitting, occurs 
when the incident shear phase is already polarized along one 
of the symmetry axes of the medium, or if it is propagation 
along the single symmetry axis in a hexagonal medium, or if 
the medium is isotropic. Savage et a/ .  [I9961 favor a verti- 
cally aligned hexagonal syrnmetry to explain null measure- 
ments and inconsistent splitting results seen in the Rocky 
Mountain Front experiment. Other possible explanations given 
by Savagc et al. [I9961 are depth-dependent anisotropy, 
orthorhombic symmetry, plunging axes of anisotropy, and lat- 
eral variations. 

In this volume, Fox und Sheehun analyze shear wave split- 
ting using a larger data set from the CD-ROM and Laramie 
arrays. They find consistent fast orientations that correlate 
with absolute plate motion in southern Colorado and New 
Mexico, similar to that seen by Li et ul. [this volume] using 
seismic surface waves. To the north of the Cheyenne belt, Fox 
and Sheehun [this volume] find a complex pattern with back- 
azimuthal dependence along both the CD-ROM and Laramie 
arrays in southern Wyoming. With the large number of stations 
and events and good azimuthal coverage, they are able to per- 
form hypothesis testing for layered anisotropy and plunging 
symmetry axes, and arrive at a preferred model with a steeply 
plunging axis of symmetry that may be related to a high- 
velocity anomaly seen in a tomographic inversion for the area 
[Yuun und Duelcer, this volurne]. 

7. CONCLUSION 

Detailed passive seismic studies of the Rocky Mountains 
provide much information on the crust and mantle beneath 
this complex orogenic region. Data from the Rocky Mountain 
Front experiment have been used to determined large scale 
structure, and data from the CD-ROM experiment provide 
details of Precambrian province boundaries. Studies using 
the Rocky Mountain Front data show that the crust is thick 
beneath the Rocky Mountains and the western Great Plains, 
and that P and S wave velocities in the mantle beneath the 
Rockies are low. Seismic attenuation is high in this region, 
consistent with both compositional and thermal origins for 
thc velocity and attenuation hctcrogcneity. Data from the CD- 
ROM array show a high velocity body in the mantle dipping 
to the north beneath the Cheyenne belt. The presencc of this 
feature is also detected with scismic shear wave splitting, and 
it has a strong anisotropic signature with plunge to the north- 
cast. Beneath the Jemez lineament low velocities are found in 
the uppcr mantlc with both scismic body wave tomography and 
Pn travcl times. 
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Lithospheric Stratigraphy Beneath the Southern Rocky 
Mountains, USA 

Brian Zurek and Ken Dueker 
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The Continental Dynamics-Rocky Mountains (CWROM) experiment seelzs to con- 
strain the evolution, stabilization and modification of the continental lithosphere 
of the southern Rocky Mountains. In this paper, we present the detailed results of 
images constructed using broadband teleseismic receiver functions of the conti- 
nental lithosphere in the interior western United States, with focus on the southern 
Rocky Mountains. The targets of this experiment are the Cheyenne suture, an 
Archean continent/Proterozoic arc terrane boundary, and the Jemez suture/volcanic 
lineament, that separates the Proterozoic Mazatzal and Yavapai provinces. The main 
features observed across the Cheyenne belt are a thick lithosphere (>I50 km) as 
evidenced by changes in the mantle lithospheric layering across the Cheyenne 
Suture. Underlying the Cheyenne suture is a Proterozoic oceanic slab fragment, 
most plausibly tectonically emplaced beneath the rifted Wyoming margin. Below the 
Jemez volcanic lineament two strong sub-crustal layers are imaged down to 100 
km depth that reside within the tomographically imaged low velocity zone. This 
layering is interpreted to map the depth extent of the lithosphere and most plausi- 
bly results from changes in chemical composition of the lithosphere. In contrast to 
the Cheyenne suture, little evidence is seen beneath the Jemez lineament for a suture 
that extends through the lithosphere. Our conclusions are that beneath the 
Archean-Proterozoic Cheyenne belt the lithosphere is at least 150 km thick and 
preserves 1.7 Ga. lithospheric scale structure, while across the Proterozoic-Pro- 
terozoic Jemez boundary, the lithosphere is at least 100 km thick. 

1. INTRODUCTION 

The study of the continental mantle lithosphere provides 
insight into the role the sub-crustal litliosphere plays in the crc- 
ation, stabilization and modification of continents [0 'Reilly 
et al., 20011. Recent seismic images near suture zones have 
shown reflectors in the mantle lithospliere most plausibly 
explained as "fossilized" subducted slabs [Balling, 2000; 
Bostock, 1997; Warner et al., 19961. Tomography of the upper 
mantle often shows distinct velocity heterogeneity between 
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differing crustal provinces in the upper 100-200 km [Bank 
et al., 2000; Rondenuy et al., 20001. Mantle xenoliths from dif- 
ferent age provinces often show significant compositional 
variations with respect to age [O'Reilly et al., 20011. These 
observations suggest that the processes that create, stabilize and 
modify continental litl~osphere involve a poorly constrained 
mixture of varying bulk compositions and slab fragments. 

The Continental Dynamics-Rocky Mountains (CD-ROM) 
experiment is the study of the geodynamic processes that cre- 
ated tlie southwestern United States. The creation of this lith- 
ospliere resulted from the accretion of Proterozoic island arc 
terranes to the rifted 2.1 Ga southern margin of tlie Archean 
Wyoming craton [Kurlstrom and Houston, 19841. The 
CD-ROM passive seismic experiment targeted two bound- 
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Plate 1. Continental Dynamics - Rocky Mountains (CD-ROM) 
PASSCAL passive broad-band deployment. Base map of the Rocky 
Mountain region encompassing the states of Wyoming (WY), Col- 
orado (CO) and New Mexico 0. Major geological boundaries are 
shown as black lines [CD-ROMworkinggroup, 20021. Seismic sta- 
tions are denoted by triangles. Seismic transect is indicated A-A'. Vol- 
canic fields of interested are marked by 'X' and their geographic 
labels are denoted as: LH - Lucite Hills, IM - Iron Mountain, SL - 
State Line, SBL - Steamboat lamproites, MPL - Middle Park lam- 
proite, OVF - Ocate volcanic field, JVF - Jemez volcanic field. 

aries created by island arc accretion (Plate 1): 1) The 
Archem-Proterozoic boundary known as the Cheyenne belt, 
which separates the 2.4-3.9 Ga Wyoming craton from the 
1.78-1.74 Ga Yavapai Proterozoic province [Frost et al., 19931; 
2) the Jemez suture, a Proterozoic-Proterozoic boundary, 

which separates the 1.73 Ga Yavapai province from the 1.65 
Ga Mazatzal province [Karlstrom and Bowring, 19881. 

Today, this ancient lithosphere is being thermally and chem- 
ically reworked, as evidenced by xenolith P-T-t studies [Smith, 
20001, high heat flow [Morgan and Gosnold, 19891, late- 
Cenozoic volcanism [Thompson et al., 19971 and post-Miocene 
uplift of the southern Rocky Mountains and High Plains 
[Thompson and Zoback, 1979; Heller et al., 20031. Interest- 
ingly, this region of lithospheric reworking correlates well 
with low upper mantle velocities [Deep Probe working group, 
1998; Goes and van der Lee, 20021. Conversion of these low 
velocities to thermal structure suggests that most of this regions 
sub-crustal mantle is at or near the dry peridotite solidus [Goes 
and van der Lee, 20021. This suggests a casual link between 
the low velocities and the high heat flow, volcanism and pos- 
sible late Cenozoic uplift in this region. 

Constraining the thickness of the lithosphere is fundamen- 
tal to understanding the origin of this low velocity region. 
One popular model suggests that this region is high standing 
and warm because the lithosphere has been thinned either by: 
the Laramide slab advecting much of the sub-crustal litho- 
sphere eastward beneath the High Plains [Bird, 19881 or delam- 
ination of the sub-crustal lithosphere [Bird, 19791. However, 
this thin lithosphere model does not predict post-Miocene 
uplift and is inconsistent with thick lithosphere observations: 
xenolith P-T-t studies [Smith, 20001, late-Cenozoic high-K 
lamprolitic lavas [fiompson et al., 19971 and diamonds from 
the Stateline Devonian kirnberlite pipes [McCallum et al., 
19751. Thus, we propose a thick lithosphere model in which 
the modern day lithosphere is chemically thick, perhaps 
hydrated along its sutures, and is presently low velocity because 
the lithosphere is being reheated by mantle processes [Dueker 
et al., 20011. To test this model, new detailed images of mm- 
tle layering are presented and synthesized with new tomo- 
graphic velocity results [Yuan and Dueker, this volume]. 

2. METHOD 

Receiver functions are used to isolate receiver side P to S 
conversions (denoted as a Pds phase where d is depth to the 
interface generating the S-wave) created by significant veloc- 
ity contrasts (Figure 1). A Pds conversion is generated when 
a teleseismic P-wave partitions a small fraction of its ampli- 
tude (i.e., 4 0 % )  to a S-wave at a relatively sharp velocity 
gradient. The Moho is usually the largest lithospheric veloc- 
ity contrast with a 20% change in P-velocity. Receiver func- 
tions have been primarily been used to measure crustal 
thickness by identifying the Moho P,s arrival. The use of 
receiver functions to study sub-crustal layering is hindered 
by: 1) inadequate spatial sampling with broad-band seis- 
mometers; 2) signal generated noise: especially, the interfer- 
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Plate 2. Phasing analysis of synthetic receiver function stacks using CD-ROM south line ray set. Velocity discontinuities have been placed at 
25,40 and 120 krn. Pds, Ppds and Psds phases are included in the synthetic receiver functions. Noise was added using randomly selected wave- 
form segments. (A) Common conversion point image. Notice that the deeper the discontinuity, the more incoherent its reverberations become 
because the reverberations are being mis-stacked using the Pds move-out curves. (B) Phasing diagram for Pds (right half) and Ppds arrivals (left 
half). The Ppds target depth axis has been mapped to Pds depth to facilitate comparison between direct and reverberated converted arrivals. The 
peak values at which arrivals are phased are marked by a '+' and the associated standard deviations are indicated by the ovals. (C) Boot- 
strapped mean phasing location. Circles represent the phasing location for each bootstrapped iteration. The oval represents the 2-D Gaussian 
distribution fitted to the bootstrapped phasing peaks. (D) Muting function derived from evaluating phasing probabilities along the line of 
optimal phasing (z=z7) in (b). (E) Muted image derived by multiplying each data panel by its corresponding mute function. 
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Pds Ppds 

Psds 

Figure 1. Ray diagram showing seismic response from one discon- 
tinuity. (A) Ray paths for the three primary converted phases shown: 
the direct arrival (Pds) and two free-surface reverberations (Pp,s and 
Psds) (B) The relative arrival times, amplitudes and polarities pre- 
dicted for these phases. 

ence of free surface multiples [Bostock, 19961, complex P-S 
resonance in sedimentary basins [Levunder and Hill, 1 9851 and 
free surface P to Rg topographic scattering [Clauser and 
Langston, 19951. However, we believe by taking the necessary 
steps, receiver functions can be used to identify structure in the 
mantle lithosphere. The problems associated with sub-crustal 
imaging are mitigated by: 1) deploying arrays with dense 10 
km station spacing; 2) stacking the data across many stations 
via common conversion points stacking of receiver functions 
(converted-wave equivalent of common mid-point stacks in 
reflection seismology); 3) the suppression of reverberations by 
the application of phasing analysis. 

2.1 Data Set 

The CD-ROM natural source seismic experiment consisted 
of the deployment of 47 PASSCAL broad-band sensors along 
two transects: CD-ROM North and CD-ROM South (Plate 1). 
These lines operated for a full year, from June 1999 to June 
2000. The data comes from direct P waves with source mag- 
nitudes >5.5 and a distance of 20-95( (Figure 2). The initial 
set of 2100 waveforms is culled by: I) requiring the zero-lag 
P arrival to be the largest arrival on the receiver function, and 
2) using receiver functions with RMS values < 20% of the 

P-arrival. This culling produces a final data set of -1400 
receiver functions. 

2.2 Deconvolution 

Receiver functions are made via deconvolution of the vertical 
component from the radial component of the seismogram using 
water-level spectral division [Langston, 19771 with a water-level 
of 0.1 [Clayton and Wiggins, 19761. The data is windowed from 
10 s before to 120 s after the P arrival. To maximize the signal 
to noise ratio, a zero-phase Butterworth filter with a band-pass 
of 1.5-0.3 Hz is used to isolate Pds arrivals. 

2.3 Mapping Time to Depth 

To make a depth image of discontinuity structure in the 
lithosphere, the time of a Pds arrival must be mapped to depth. 
For a flat Earth, this time is simply a function of ray param- 
eter and depth to interface (Figure l)[Gurrola et al., 19941: 

where D is the depth to interface, Vsis the S-velocity, V, is the 
P-velocity andp is the Cartesian ray parameter (slkm). The tec- 
tonic 1-D North American shear wave model (TNA) [Grand 
and Helmberger, 19841 is used for VJ(z). V,(z) is calculated 
assuming the IASP upper mantle average VdVs of 1.84 [Ken- 
nett and Engdahl, 199 11. Ray parameter is calculated using the 
source to receiver distance and the IASPI velocity model. An 
Earth flattening transformation is applied to correct for the 
Earth's sphericity. 

Note that the relative depth variations are better constrained 
than the absolute depths. The absolute depths are contingent 
upon the P- and S- velocity model used for mapping time to 
depth. False relative depth variation would arise from large, lat- 
eral bulk-crustal velocity variations. However, no large-scale 
P-wave velocity variations are observed in the CD-ROM 
refraction model [Snelson and Keller, this volume]. Further- 
more, it is encouraging that the crustal velocity model based 
on the P-wave refraction model and assuming a VpIVs of 1.8 
maps the Pds Moho to within the errors of the refraction model. 
Therefore, we believe that 1-D velocity model used is an 
acceptable approximation for mapping time to depth. 

2.4 Forward Formulation of the Model Space 

To identify velocity discontinuities jn the lithosphere, a 2- 
D model is constructed using the common conversion point 
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Figure 2. CD-ROM ray-set characteristics. (A) The distribution of earthquake back-azimuths for all data. (B) The distri- 
bution of direct P ray parameters, a wide distribution is needed to properly phase arrivals as outlined in section 3.6. (C) 
Converted S-wave ray coverage. 

(CCP) method [Dueker and Sheehan, 19971. The CCP image 
is constructed by solving the linear matrix equation: 

where A is the scattering matrix, m is the model vector and d 
is the data vector. The model vector is a 2-D grid of scatter- 
ing points with 2 by 1 km spacing. The data vector is the con- 
catenation of the radial receiver functions. The scattering 
matrix is a matrix of zeros and ones that specify which grid 
points are sampled by the receiver functions. The construction 
of the scattering matrix is accomplished via I -D ray tracing 
downward through the velocity model. To properly account for 
variations in model sampling, each column of the scattering 
matrix is normalized by its' column sum. Given that the slow- 
ness of a typical P,s ray path is 14% smaller than the P-wave 
slowness [Gurrola et al., 19941, it is a good approximation to 
use the IASPI P-wave slowness value for ray tracing. Note 
that this formulation ignores diffractions and ray bending. 
These effects are not considered important to the image qual- 
ity because 3-D Kirchoff migration of the CD-ROM data set 

has shown little improvement in image quality [Morozova 
and Dueker, 2002; Morozova and Dueker, 20031. 

To find our model vector, this matrix formulation is itera- 
tively solved via re-weighted back-projection (Eqn. 3 and 4). 
To down weight the effects of noisy data, the data misfit is cal- 
culated and used to re-weight the system of equations using 
the data covariance matrix C,. In practice, only two iterations 
are used, which has the effect of down weighting about 30% 
of the dataset. The net effect is that the model amplitudes are 
increased and the variance reduction increases from 30% to 
60%; however, no new structure is created in the process. The 
equation solved is: 

where S is a nearest neighbor smoothing matrix. This can be 
rewritten as 

hence: 



322 SOUTHERN ROCKY MOUNTAIN LITHOSPHERIC STRUCTURE 

Jemez 
suture ? Southern Yavapai 

<1700Ma I 1760-1 720 Ma 
Gr.Mt Cheyenne 

Rawah FW SZ ::zt Belt CratOn 
1750-1700 Ma 

Ma / Archean 

Normalized to mean Moho amplitude 

Plate 3. Crust and mantle layering images. (A) North transect. (B) South transect. Amplitudes are normalized with respect 
to the mean Moho amplitude. The variance reduction of the model was 69%. No vertical exaggeration is applied. Geological 
surface boundaries are labeled: OVF-Ocate volcanic field, RIO-eastern edge of Rio Grande rift; FW SZ-Farwell 
mountain shear zone. 

A' m' = d'. 

Direct inversion of the A' matrix has been done with a 
LSQR matrix solver, however the solution requires strong 
regularization and shows no improvement over simple back- 
projection [Shearer et al., 19991. Therefore, our final solu- 
tion is constructed via simple back projection: 

The final model solution m is obtained by smoothing the 
"roughened model" vector m' (Eqn. 3b): 

To summarize, each model parameter estimate is the mean 
of the data points "sampling" a given scattering point. The 

data covariance matrix Cd is recalculated based upon the resid- 
uals of the data to converge towards a more robust solution. 
A smoothing matrix S imposes a horizontal correlation 
between the three nearest neighbors to either side of each 
scattering point. This imposes a lateral correlation length of 
14 km upon the image. Structures imaged that have length 
scales less than this correlation length should not be inter- 
preted as real structure. 

2.5 Bootstrapping and Error Estimation 

An estimate of the model errors can be found by calculat- 
ing the variance of data at each model point. However, the 
variance is only a reasonable proxy for error if the underlying 
probability distributions are Gaussian-like. Therefore, to assess 
the underlying distributions of the model parameters, boot- 
strapping with replacement [Efion and Tibshitani, 19861 is 
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Plate 4. Muted crust and mantle layering images. (A) North transect. (B) South transect. Phasing panels are 16 km wide 
with 50% sharing between panels. The same amplitude scale is used as Plate 3. No vertical exaggeration is applied. Geo- 
logical surface boundaries are labeled as Plate 3.  

used. This is done by constructing 100 realizations of the 
model where each model realization is constructed from a 
randomly chosen set of waveforms. Then, histograms of each 
model parameter are constructed to visually assess the 
Gaussian-like nature of the distributions. This procedure shows 
that the model distributions are generally bell-shaped in form 
and not multi-modal. This suggests that the standard errors are 
a reasonable estimate of the model errors. 

2.6 Phasing Analysis and Reverberation Suppression 

A primary source of image degradation is the contamination 
of the image by Ppds and Psds crustal reverberations (Figure 1); 
thus, a goal of receiver function imaging should be the identi- 
fication and suppression of these reverberations. The strongest 
reverberation is the Ppds arrival, whereas the Psds reverberation 
is the superposition of two arrivals (Figure 1) that can be "split" 
by lateral velocity heterogeneity, interface dip, or anisotropy 
making this phase less visible in our images. Reverberation con- 

tamination in the images depends on several factors: 1) the dom- 
inant period of the data; 2) the depth of the interface; 3) interface 
dip; 4) lateral crustal velocity variations (both isotropic and 
anisotropic); 5) the ray parameter distribution of the data. 

To suppress reverberations, the mode of the arrival (i.e., 
Pds, Ppds or Psds) is determined via phasing analysis. The 
CCP image can then be muted to suppress arrivals that do 
not display the moveout associated with a direct Pds arrival. 
Move-out is the timing difference between a converted phase 
arrival and its equivalent vertically incident arrival (i.e., p=O). 
The move-out for a Pds arrival is: 

where z is depth of discontinuity,~ is ray parameter, Tpds(O,z) 
(Eqn. la) is the zero incident angle arrival time, and Tpds(j,z) 
is the Pds arrival time. To form a phasing diagram, the move- 
out for a range of phasing depths is calculated 
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Figure 3. Move-out curves for discontinuity at 40 km depth. The 
curves are for Pds and Ppds move-out. The three curves for each 
phase represent the change in move-out with a +I- 5% anti-correlated 
change in Vp and VpIVs with respect to our I-D velocity model. 
Note the maximum differential move-out between Pds and Pp,s is 2.5 
s, which is distinguishable in our phasing analysis using data with a 
1-2 s dominant period. 

where phase is Pds, Ppds or Psds, p is the ray parameter for a 
given ray, z' is the trial phasing depth and z is the depth. A 
mode is said to phase when the maximum amplitude in the 
phasing plot resides close to the z=z' line. 

To apply this phasing algorithm to our 2-D spatial image, 
the raw image is divided into overlapping spatial panels 
(Plate 221). These panels are 16 km wide that corresponds 
to the lateral correlation scale length imposed by our S matrix 
(Eqn. 3a). A 50% spatial overlap between panels is used to 
smooth the results. In each data panel, a phasing plot is con- 
structed (Plate 2b). To select which arrivals to further ana- 
lyze, the standard deviation of each phasing panel is 
calculated. Any arrivals with an amplitude greater than two 
standard deviations above the average are identified as can- 
didate arrivals. 

To determine the phasing errors of these arrivals, each can- 
didate arrival is bootstrapped 100 times (Plate 2c) and the 
coordinates (z and z') of the peak value are recorded. Then, 
each arrival that is close to the line of perfect phasing (z=z') 
are selected (Plate 2b). A two dimensional Guassian is fitted 
to the bootstrapped distribution of peak phasing values (Plate 

2c). To construct the 1-D muting function, the ensemble of 2- 
D Guassian distributions are evaluated along the line of opti- 
mal phasing (Plate 2d). Finally, the 1-D muting functions for 
each panel are interpolated to generate a 2-D weighting func- 
tion that is then applied to the raw image to create the phase 
muted image (Plate 2e). 

The phasing analysis ability to resolve the moveout of our data 
depends on the dominant period of the data (i.e. the move-out 
needs to be > 114 the dominant period of the waveforms). Equa- 
tion l predicts that an interface at 40 km has up to 2.0 s of dif- 
ferential move-out between Pds and Ppds arrivals (Figure 3). 
The 2.0 s of move-out between Pds and Pp,s is resolvable with 
respect to the 1-2 s dominant period of the data. The caveats are 
that the interface is nearly flat (i.e., <10 % dip) and that a wide 
distribution of ray parameters (p=0.04 to 0.1 slkm) is available. 

To test the robustness of the phasing analysis, a suite of 
synthetic receiver finctions have been made. Plate 2 shows the 
results of one such test with discontinuities placed at 25,40 
and 120 km. The signals for the receiver functions are con- 
structed using equation 1 and contain the direct and two pri- 
mary reverberations. To simulate realistic velocity 
heterogeneity, a random time picked from a Gaussian distri- 
bution with a half width of 0.5 s was added to the timing of 
each arrival. The deconvolution and signal generated noise 
are simulated by randomly selecting rescaled receiver hct ions  
and adding them to each synthetic receiver function. This 
noise simulation consists of taking 80 s segments with a ran- 
dom start time between 2-22 s of the P-arrival and scaling 
the RMS value to 113 the amplitude of the synthetic arrivals 
to approximate the signal to noise ratio of the data [Morozov 
and Dueker, 20031. The same filter used for real data is applied 
to the synthetics. This synthetic receiver function dataset was 
constructed using the CD-ROM south ray paths (Figure 2). The 
results of this test indicate that this technique can distinguish 
layers that are separated by >10 km with 1-2 s dominant 
period data. 

2.7 Identification o f  Lithosphere 

A fundamental question is whether our mantle layering 
resides in the lithosphere or asthenosphere. We propose that 
the creation of strong, horizontal layering in the asthenos- 
phere is difficult and therefore any observed layering resides 
in the lithosphere. The only well accepted solid-state phase 
transition between the Moho and 200 km depth range is the 
spinel to garnet transition [Anderson, 19891. However, this 
transition is both small in amplitude and has a broad phase 
loop incapable of producing the amplitudes observed in our 
images. Chemical layering in the asthenosphere can be ruled 
out as most researchers believe the asthenosphere is con- 
vectively mixed [Helffrich and Wood, 200 11 and chemical 
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layering in the asthenosphere could only be maintained if the 
asthenosphere is not convecting. Another mechanism capa- 
ble of producing velocity layering in the asthenosphere 
would be the proposed change in the dominant creep mech- 
anism from dislocation to diffusion creep [Karato and Wu, 
19931. However, this creep transition is thought to only 
occur in cool, high stress regions of the mantle, not the 
warmer, lower stress asthenosphere. Thus, lithospheric lay- 
ering seems more plausible especially given the observa- 
tion of strong chemical layering in xenolith columns [Griffin 
et al., 19991, flat slabs juxtaposing oceanic crust against 
peridotite mantle [Bostock, 19981 and mantle shear zones 
associated with the collisional tectonics [Levin and Park, 
20001. 

3. RESULTS 

For comparison the raw and reverberation suppressed images 
of lithosphere layering are shown in Plate 3 and 4, albeit inter- 
pretation will primarily be focused on the reverberation sup- 
pressed image. Note the Moho arrival phases well as a Pds 
arrival and is not suppressed by the muting function (Plate 
4). The Moho Ppds reverberation underneath the south line 
(reverberation falsely mapped to -175 km depth) is muted 
because it did not phase as a Pds arrival. For the north line, the 
reverberations from the Moho are not clearly visible (Plate 
4), most likely due to the large amount of Moho topography 
and a smaller data set. 

3.1 North Line 

Differences between the Archean and Proterozoic lithos- 
phere~ are observed in crustal thickness and sub-crustal reflec- 
tivity. Underneath the Cheyenne belt the crust is -40 km thick, 
at the Proterozoic south end of the line the crust is -50 km 
thick and at the Archean north end of the line the crust is -40 
km thick. Evidence for suturing tectonics is suggested by the 
image of an imbricated Moho just north of the Cheyenne 
suture, where the Proterozoic crust appears thrust under the 
Archean crust. The spatial density and lateral continuity of 
the sub-crustal structure varies north and south of the Cheyenne 
belt. The mantle layering in the Proterozoic sub-crustal region 
truncates approximately below the Cheyenne Belt. This sub- 
tle change in structure across the Cheyenne suture supports the 
notion that the lithosphere on either side is different. There is 
a lack of sub-crustal structure underneath the rifted 2.1 Ga 
rifted margin Archean crust. As discussed previously, the sub- 
crustal layering is interpreted as lithospheric in origin, which 
implies a lithosphere that is at least 150 km thick. Interestingly, 
the region in-between the Proterozoic lithosphere and the 
Archean rifted margin is devoid of sub-crustal reflectivity. At 

the northern end of this line, Archean sub-crustal layering is 
observed. The depth of this layering deepens to the north and 
is interpreted to manifest the southern margin of the 2.1 Ga 
rifted lithosphere. 

Mid-crustal features imaged under the Cheyenne belt, cor- 
respond well with CD-ROM seismic reflection profiles [Moro- 
zova et  al ,  this volume; Tyson et a l ,  20021. Downward 
projection of the Cheyenne suture reveals mid-crustal fea- 
tures that correspond to the reflectivity "wedge" imaged in 
the reflection profile. 

3.2 South Line 

The southern line crosses four physiographic provinces: 
Mazatzal province to the south of the Jemez volcanic linea- 
ment; the 100 km wide Jemez volcanic lineament; southern 
Yavapai province between the Jemez and Rio Grande rift; the 
Rio Grande rift. The Moho is relatively flat across the transect 
at a depth of - 40 km, with small changes in the thickness of 
the crust occurring at the northern edge of the Jemez vol- 
canic lineament and southern end of the Rio Grande rift. 
Underneath the Jemez volcanic lineament structural varia- 
tions are observed in the crust. To the south and to the north 
of the Jemez volcanic lineament a strong mid-crustal discon- 
tinuity is observed at -15 km depth. Below the Jemez vol- 
canic lineament a weaker discontinuity is observed at -20 km 
depth. A series of S-dipping mid-crustal reflections observed 
in the CD-ROM seismic reflection experiment suggests that 
a paleo-subduction exist to the north of the Jemez volcanic lin- 
eament [Muganai and Levunder, this volume]. The south dip- 
ping paleo-subduction is broadly consistent with a step in the 
Moho and truncation of the crust and mantle layering. 

The subcrustal lithosphere in this region is defined by two 
laterally coherent layers at -60 and 85 km. The most pro- 
found sub-crustal layering is present beneath the Jemez vol- 
canic lineament where coherent layering extends from the 
Moho to 100 km. The sub-crustal discontinuities show struc- 
tural changes to the north and south of the Jemez volcanic 
lineament Below 100 km, there is structure that is compara- 
ble to that observed in the north, therefore the lithosphere is 
interpreted to be at least 100 km thick and perhaps thicker. 

3.3 Integvated Tomography -Receiver Functions 

Shear-wave splitting, tomographic velocity images and our 
mantle layering results suggest a complex history of conti- 
nental-island arc collisions and lithosphere development and 
modification. To elucidate the origin of the observed mantle 
layering, the correlation between the tomographic velocity 
image [Yuan and Dueker, this volume] and mantle layering are 
assessed (Plate 5). 
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Plate 5. Lithospheric layering and P-wave tomographic image. (A) The non-muted model (Plate 3) (B) the muted image 
(Plate 4). Blue discontinuity shading denotes a positive shear wave con-trasts and red denotes a negative shear wave con- 
trast. The tomo-graphic velocity anomalies are denoted by the transparent over-lays. The red overlay denotes the region with 
>2% low velocity anomaly and the blue overlay is the >2% high velocity anomaly. [Yuan and Dueker, this volume]. Tran- 
sect is shown in Figure 1 as A-A". Geological surface boundaries are labeled as following: CB-Cheyenne belt, FW-SZ-Far- 
well Mountain shear zone, RIO-eastern edge of Rio Grande rift, OW-Ocate volcanic field. No vertical exaggeration is applied. 

When comparing the receiver functions with the regional 
tomography, an understanding of what information is con- 
tained in these techniques and how this information is com- 
plementary is required. Receiver functions image sharp vertical 
gradient of velocity and tomography images volume velocity 
variations. These two methods provide complementary 
information. 

Comparison of the two images (Plate 5) reveals several cor- 
relations. In the northern line, the fast "slab" anomaly is in a 
region largely devoid of sub-crustal layering. The upper sur- 
face of this velocity anomaly truncates layering in the Archean 
lithosphere to the north. On the southern line, a slow veloc- 
ity anomaly is observed between 40-1 00 krn depth beneath the 
Jemez lineament. This is where the strongest sub-Moho lithos- 
pheric layering is observed. 

4. DISCUSSION 

Beneath the North line, the truncation of Archean mantle lay- 
ering against the top of the high-velocity "slab" is consistent 
with the slab's tectonic emplacement after the creation of the 
2.1 Ga rifted margin. The slab's upper surface, beneath the 
imbricated Moho, is consistent with the slab emplacement 
perhaps "driving" the crustal imbrication. We propose that 
the imbricated Moho plate 5), and north dipping high-velocity 
anomaly [Yuan and Dueker, this volume], are the remnants of 
a short-lived subduction zone that flipped polarity during the 
Proterozoic accretion events [Tyson et al., 20021. The evolu- 
tionary scenario is: 1) layered Archean mantle exists pre- 
rifting; 2) rifting reshaped the edge of continental lithosphere 
into a sloping boundary [Buck, 19911; 3) the slab fragment 
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is emplaced against this lithospheric boundary via a post- 
collision polarity flip [Tyson et al., 20031. Subduction zone 
polarization reversal are observed today in Taiwan [Chemenda 
et al., 200 1; Teng et al., 20001 and at the Banda arc [Snyder 
and et al., 19961. 

The New Mexico mantle lithosphere is best defined by its 
layered structure and high heat flow. Under the Jemez vol- 
canic lineament, a low velocity body is imaged down to 100 
km depth (Plate 5)[Yuan and Dueker, this volume]. Models to 
explain this low velocity body are: 1) active upwelling from 
below (i.e. a plume) eroding the lithosphere; 2) passive 
asthenospheric upwelling from rifting lithosphere; 3) low- 
solidus heterogeneities in the lithosphere associated with 
hydrated regions andlor basaltic dykes [Carlson and Irving, 
19941. Major passive upwelling is unlikely because the Jemez 
lineament has not undergone any major extension. The Jemez 
low velocity anomaly is 50-100 km off axis from the Rio 
Grande Rift that has a total net extension of <20 km [Chapin 
and Cathev, 19941 and is currently extending at <1 mmlyr 
[Thatcher et al., 19991. This small amount of crustal thinning 
cannot fully explain the high heat flow, indicating that another 
mechanism is needed to generate this heat [Keller et al., 19901. 

Our preferred model is that the Jemez low velocity anom- 
aly and mantle layering define the minimum lithospheric 
thickness. If the mantle beneath the Jemez volcanic linea- 
ment is low-solidus mantle, then this mantle could reduced the 
velocities due to small melt fractions. Given that the Jemez lin- 
eament is a suture between the Yavapai and Mazatzal provinces, 
this region may have been hydrated by Proterozoic subduction 
[Selverstone et al., 19991. In this case, the Jemez volcanism 
would be an indicator of the "fertility" of the Mazatzal -Yava- 
pai suture zone. The high heat flow in this region suggests 
that the base of the lithosphere is being heated. 

5. CONCLUSION 

Our results indicate structural differences preserved in the 
mantle lithosphere between the Wyoming Archean province 
and Proterozoic island arc terranes. This result supports the pro- 
posal that the lithosphere underneath the north line is thick, old 
and stable. On the other hand, continental lithosphere under 
the south line has been modified in recent times by rifting 
and magmatic events and is 100 km thick. The Jemez vol- 
canic lineament may mark a hydrated Proterozoic-Protero- 
zoic suture zone. The Wyoming Archean lithosphere is cold and 
at least 150 krn thick (strong and stable) and is relatively unaf- 
fected by the warm asthenosphere to the south. 
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Mountains in Wyoming, Colorado and New Mexico: 

Evidence for a Thick Heterogeneous Chemical Lithosphere 

Huaiyu Yuan and Ken Dueker 
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Upper mantle tomographic body wave images from the CD-ROM deployment 
reveal two major lithospheric anomalies across two primary structural boundaries in 
the southern Roclq Mountains: a -200 km deep high velocity north-dipping "Cheyenne 
slab" beneath the Archean-Proterozoic Cheyenne belt, and a 100 km deep low veloc- 
ity "Jemez body" beneath the Proterozoic-Proterozoic Jemez suture. The Cheyenne slab 
is most likely a slab fragment accreted against the Archean Wyoming during the Pro- 
terozoic arc collision processes. This interpretation suggests that the ancient slab's 
thermal signature has been diffused away and non-thermal explanations for the high 
velocity slab are required. Tomographic modeling of possible chemical and anisotropic 
velocity variations associated with the slab shows that our isotropic velocity images 
can be explained via non-thermal models. In addition, the de-correlation of the P- 
and S-velocity images and tlie CD-ROM shear-wave splitting modeling are consistent 
with a dipping slab. The Jemez body plausibly results from the combination of low- 
solidus materials in the suture lithosphere and the late Cenozoic regional heating of 
the lithosphere. The 100 km deep lithospheric layering and the uniform shear-wave split- 
ting measurements support our contention that the Jemez body is a lithospheric anom- 
aly. A third low velocity structure extends beneath the middle RIO Grande Rift to 300 
km depth. Th~s anomaly may manifest a thermal upwelling that could increase heat flow 
into the lithosphere. Our results suggest that lithospheric heterogeneities related to 
fossil accretionary processes have been preserved in the Precambrian sutures, and 
are preferentially affecting the subsequent tectonism in this region. 

1. INTRODUCTION 

From a global perspective, natural and controlled source 
seismic imaging of Precambrian suture zones has shown that 
the sub-crustal lithosphere beneath sutures is often seismi- 
cally, chemically and anisotropically hetcrogeneous [Shragge 
et al., 2002; Judenherc et al., 2002; Shomali et al., 2002; 
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Babush and Caru, 1991; Balling, 2000; Snyder, 2002; Poupinet 
et a1 , 2003; Sundoval et al., 2003al. Tomographic velocity 
images reveal sharp lateral vanations that often demarcate dis- 
tinct lithospheric blocks separated by suture zones. Given the 
old age of suture zones and no obvious variations in modern 
day heat flow, compositional and anisotropic velocity hetero- 
geneities are required to explain these velocity anomalies. Sub- 
Moho dipping reflectors observed from the controlled-source 
imaging studies under suture zones are often explained as fos- 
sil slabs [Warner et a1 , 1996; Euton and Cuss~dj),  1996; 
Pharaoh, 1999; Abmmovitz and Thybo, 2000; Gormun et ul., 
2002; White et a1 ,20021. For instance, two uppermost mantle 
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dipping reflectors beneath the Great FallIVulcan suture at the 
northern end of the Wyoming craton have been imaged [Gor- 
man et al., 20021. Interpretation of the seismic signature and 
tectonic history of this region suggests that the reflectors are 
best explained as fossil slabs related to suturing between the 
Wyoming Province, the Medicine Hat Block, and the Hearne 
Province. Fossil slabs, whose associated oceanic crust resides 
in eclogitic facies, are consistent with the observed imped- 
ance contrast where detailed petrophysical and seismic mod- 
eling has been done [Morgan et al., 20001. 

South of the Wyoming craton, good basement exposures 
exist along a 1000 km wide sequence of Proterozoic oceanic 
terranes [Karlstrom and Houston, 19841. Detailed structural, 
basement age, geochemical, and pressure-temperature time 
histories allow this region to be divided into a sequence of 
distinct blocks separated by sutures [Karlstrom and Bowring, 
1988; Condie, 19921. Key to constraining how these blocks 
accreted and transformed into stable continental lithosphere 
is accurate imaging of the sub-crustal structures. A large tele- 
seismic experiment was deployed across two primary suture 
zones in this region: the Archean-Proterozoic Cheyenne belt 
(imaged by the North line), and the Proterozoic Jemez suture 
(imaged by the South line). The main target is constraining the 
seismic lithospheric heterogeneities related to the Protero- 
zoic suturing processes in the southern Rocky Mountains. 

Our results show a high velocity north dipping slab-like 
anomaly (referred to as "the Cheyenne s l a b  herein) beneath 
the Cheyenne belt, and a low velocity body (referred to as "the 
Jemez body") extending to 100 km beneath the Jemez suture. 
We interpret the Cheyenne slab as a fossil Proterozoic slab 
fragment accreted against the Archean Wyoming margin. The 
Jemez body is most likely preferentially molten low-solidus 
materials trapped in the suture lithosphere. At the same time, 
upper mantle convective rolls [Richter, 19731 may be focusing 
heat along the NE-trending Jemez suture [Dueker et al., 20011. 

2. TECTONIC SETTING 

The relevant geologic history of the southern Rocky Moun- 
tains in the western United States begins with rifting of the 
southern margin of the Archean Wyoming province at 2.1 Ga 
[Karlstrom and Houston, 19841, followed by 300 Ma of pas- 
sive margin sediment accumulation. Proterozoic arc accre- 
tion began when the Green Mountain arc accreted to the 
Wyoming craton at 1.78 Ga [Chamberlain, 19981 to create 
the Archean-Proterozoic suture known as the Cheyenne belt. 
Accretion of Proterozoic island arcs continued to the south 
until 1.65 Ga when the Mazatzal terrane accreted to the south- 
ern margin of the Yavapai terrane to form the Jemez suture 
[Karlstrom and Bowring, 1988; Wooden and De Witt, 199 1; 
CD-ROM Working Group, 20021. Post 1.65 Ga, the primary 

magmatic event preserved in the basement rocks is the per- 
vasive exposure of 1.4 Ga granitic batholiths whose petroge- 
nesis most plausibly requires the emplacement of a large 
volume of mantle derived magma into the lithosphere [JElliams 
et al., 19991. In addition, Laramide aged calc-alkaline mag- 
matism modestly affected this region along with a significant 
peak in volcanism in Colorado and New Mexico around 35 Ma 
[Armstrong and Ward, 19911. Two compressional events, the 
Pennsylvanian Ancestral Rockies [Kluth and Coney, 198 11 
and the late Cretaceous Laramide [Hamilton and Myers, 19661 
orogenies, significantly deformed the Proterozoic and Archean 
aged lithosphere. While debated, it appears that the later short- 
ening event did reactivate the Precambrian structures, and 
produced basement uplifts and deep sediment basins in the 
southern Rockies. Rifting of the lithosphere along the N-S 
trending Rio Grande rift [Chapin, 19791 started in the late 
Oligocene to early Miocene time. Associated rift-related mag- 
matic activity is relatively minor, except along the late-Tertiary 
Jemez volcanic lineament. This volcanic lineament appears to 
be roughly following the trend of the Proterozoic Jemez suture 
[CD-ROM Working Group, 2002; Wooden and Demtt, 1991 ; 
Shaw and Karlstrom, 19991. 

The modern day geophysical characteristics of the Protero- 
zoic Rocky Mountains (i.e., south of the WyomingiColorado bor- 
der) are distinct with respect to the Archean Wyoming province 
as evidenced by its higher elevations, higher heat flow [Decker 
et al., 19881, on-going rifting [Ingersoll et al., 19901, and vol- 
canism [Aldrich and Laughlin, 1984; Baldridge et al., 19951. In 
the upper mantle, the seismic shear wave velocity increases 
from very slow in southern New Mexico to slightly slower than 
the global average beneath the Wyoming province [Deep Probe 
working p u p ,  1998; Goes and van der Lee, 20021. Thermal cal- 
culations from the surface wave tomographic images suggest that 
the upper mantle beneath this region is at or near the dry peri- 
dotite solidus [Goes and van der Lee, 20021. An interesting 
observation in the intermountain western U.S. is the spatial 
correlation between the young volcanic fields and Proterozoic 
suture zones [Dueker et al., 200 1; Karlstrom and Humphreys, 
1998; CD-ROM Working Group, 20021. These suture zones are 
generally underlain by low velocity upper mantle anomalies. 
Whether the low velocity anomalies represent compositional 
variations in the lithosphere or thermal effects of upwelling 
asthenosphere or some combination of both is still poorly con- 
strained [Dueker et al., 20011. 

3. TELESEISMIC TRAVEL-TIME PROCESSING 

3.1 Travel-Time Residual Measurement 

The CD-ROM teleseismic experiment consists of a deploy- 
ment of two dense (average 12 km station spacing) broad- 
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band arrays of 25 sensors each across the Cheyenne belt and 
the Jemez suture (Figure 1). The one-year deployment from 
May 1999 to June 2000 creates a dataset with good earth- 
quake azimuthal and ray parameter coverage. Arrivals of P, 
S, PP, SS, PCP, ScS, PKiKF' and SKSac phases from Aleutian, 
west Pacific, Tonga and south America are measured to obtain 
a diversity of ray sampling for the tomographic inversion. 
Both P- and S-waveforms are band-pass filtered (0.05 Hz - 0.3 
Hz) to minimize the background noise, and to avoid the fre- 
quency dependent attenuation effects that may affect the scal- 
ing between P- and S-velocities [Warren and Shearer, 20001. 
The radially symmetric IASPEI-91 velocity model [Kennett 
and Engdahl, 199 11 is used to calculate the predicted move- 
out associated with the arrivals for each event. A time window 
of 4- and 6-s for the P- and S-waveform cross-correlation 
window is found to give robust residual estimates. 

The travel-time residuals are measured using the multi- 
channel cross-correlation technique, which gives robust resid- 
ual measurements and standard errors [ VanDecar and Crosson, 
1990; Allen et al., 20021. For each event, cross-correlation 
hc t i ons  for all waveform pairs are computed, and the time 
lag associated with the peak value of each cross-correlation 
function is calculated. Given n waveforms, this process results 
in a data vector of '/2n(n-1) time shifts between station pairs. 
By adding a constraint equation that the mean residual asso- 
ciated for an event is zero, this system of equations becomes 
over-determined and is solved via a least-squares algorithm. 
For the P- and S-waves, the number of measured relative resid- 
uals is 4032 and 2058 with average standard error of 0.05 
and 0.1 s, respectively. Noteworthy is that by forcing the mean 
of each event's residuals to zero, it creates a relative travel-time 
residual dataset that can only recover relative velocity varia- 
tions, not absolute velocities. 

Simple statistical analysis is performed to identify bad 
residuals with large error and spurious time shift. The pri- 
mary cause of the bad residuals is due to measurement of 
low signal to noise ratio seismograms. These data are eas- 
ily identified and removed by their large standard error 
from the cross-correlation solution. Study of the relation 
between the wave shape coherency and the standard error 
suggests that 0.15 and 0.3 s are reasonable thresholds for 
rejecting data for the P- and S-residuals, respectively. The 
secondary cause of the bad data is due to shifted waveforms 
by faulty station clocks that resulted in a few spurious travel- 
time measurements. These types of outliers are easily iden- 
tified via spatial residual analysis (residual vs. station 
latitude plot). For each event, the misfits between the event 
data and a robust least-square quadratic polynomial fit are 
calculated. Then spurious travel-times are found and 
removed when their value is greater than twice the stan- 
dard variation (>20) of the polynomial fit. The last step to 

Figure 1. Crustal provinces of the southern Rockies and CD-ROM 
transects (black triangles). Geographic labels are: GF, Geochron 
Front [Chamberlain, 19981; CB, Cheyenne belt; FM-LM, Farewell 
Mountain-Lester Mountain shear zone that separates the Green 
mountain and Rawah arcs; SL, San Luis basin; JT, the Jemez volcanic 
trendlsuture; GP, the Great Plains; CM, Cedar Mountains; LH, Leucite 
Hills; NVF, Navajo Volcanic Field; and MP, Middle Park. Tomo- 
graphic images are presented along A-A'. 

identify bad data is via slowness residual analysis (polar 
plot). The residuals for each station are binned into non- 
overlapping grids in 2-D slowness space and the differences 
between the bin median and individual residuals are calcu- 
lated. Then, individual residuals with large time differences 
(>20) are removed. 
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3.2 Choice of an S- Wave Particle Motion Coordinate System 

Unlike for the P-waves, where the residuals are measured 
on the vertical channel of the seismometer, it has to be decided 
which particle motion system to use in measuring the travel- 
time residuals for the S-waves. Typical choices include the 
SH component, the average fast or slow anisotropy axis 
detected from shear wave splitting, or the maximum particle 
motion direction. The SH component waveform is least con- 
taminated by the scattering from near station structures, and 
is generally the "cleanest" coordinate system. However, exclu- 
sive use of SH results in a significant reduction in available 
data. In passing through an anisotropic volume, the SV and SH 
components of ground motion become coupled causing their 
waveforms to become distorted which can bias the residuals 
measured via waveform cross-correlation. If a uniform 
anisotropic layer is present beneath the seismic stations, the 
waveform distortion and time shift are uniform for each event. 
The time shifts imparted to the residuals therefore can be 
removed via demeaning of the residuals. The average fast or 
slow anisotropic velocity axis is commonly used [e.g., Toomey 
et al., 19981 when a uniform anisotropic layer exists. If the 
anisotropic domain varies along the array, demeaning of the 
residuals cannot remove the travel-time effect of the seismic 
anisotropy due to the non-uniform distortion of the wave- 
forms, and the biased residuals can create imaging artifacts. 
In the maximum particle motion coordinate system, the hor- 
izontal waveforms are projected onto the first principal com- 
ponent [e.g., Jackson, 199 11 of ground motion. This produces 
a shear waveform dataset that possesses the maximum sig- 
nal amplitude and hence the greatest number of measurable 
shear waves travel-times. 

Given that the shear wave splitting results shows that the seis- 
mic anisotropy domain is uniform beneath the south line and 
changes to back-azimuthal dependent across the Cheyenne 
belt [Fox and Sheehan, this volume], the S-wave travel-time 
residuals are measured in both the maximum particle motion 
direction, and the average fast velocity axis orientation (N50(E 
approximately parallel to the North America plate motion 
direction). Inversion results of both datasets are compared 
and discussed in section 4.6. 

4. TOMOGRAPHIC INVERSION 

4.1 Summary Ray Dataset 

Obtaining comparable Vp and Vs images is important to 
address the thermal andlor non-thermal causes of the observed 
upper mantle velocity anomalies [Sobolev et al., 1999; Goes and 
van der Lee, 2002; Schutt and Humphreys, in press]. Making 
a summary ray dataset from the raw dataset allows very sim- 

ilar ray sets and hence very similar resolution matrices for 
both the P- and S-wave inversions [e.g., Schutt and Humphrey!, 
in press]. To make our summary ray datasets for each station, 
all residuals from all back-azimuth are binned in 2-D hori- 
zontal slowness space. The summary ray bin size is an 
adjustable parameter. It is found in this study that 0.01 slkm and 
0.015 slkm for the P- and S-waves summary ray bin size pro- 
vides a reasonable trade-off between smoothing of the dataset 
and still having enough residuals within each bin to get a robust 
mean residual and standard error estimate. A summary ray 
residual is the weighted mean of the raw residuals at each sum- 
mary ray point. The weighting function is a Gaussian func- 
tion with a half width equal to the bin size. This procedure 
produced nearly identical datasets of -1200 P- and S-wave 
summary rays from the original P- and S-wave residuals. 

4.2 P- and S- Wave Residual Patterns 

The P- and S-wave summary ray residuals show large spa- 
tial and back-azimuth dependent variations along the CD- 
ROM transect (Figure 2). The north line has early residuals 
(0.27 s and 0.63 s average for the P- and S-waves, respec- 
tively), and the south line has late residuals (-0.20 s and -0.85 
s average, respectively). The peak-to-peak magnitude in the P- 
and S-residuals is 1.4 s and 3.7 s, accordingly. These large 
variations in residual patterns require large velocity anom- 
alies in the upper mantle. A simple model to match the mag- 
nitude of these residuals would require a 5% (Vp) and 10% (Vs) 
velocity variation over a 200 km thick layer. If these residu- 
als were purely crustal, implausibly large velocity variations 
(i.e., -15% and 30% for P- and S-waves, respectively) would 
be required. The large azimuthal variation in residuals across 
the Cheyenne belt and the Jemez suture (CB and JT, respec- 
tively in Figure 2a and b) fundamentally require sub-crustal 
velocity anomalies. Crustal velocity variations cannot pro- 
duce such large azimuthal variations due to the shallow depth. 

4.3 Inversion Method 

A linearized inversion for a 2-D velocity model is used to 
invert the travel-time residuals for structure. The dimension of 
our model space is 1600 km long by 300 km in depth. Each 
model block is 10 km (horizontal) by 15 km (depth). The Tec- 
tonic North American (TNA) shear wave model [Grand and 
Helmberger, 19841 is used as the S-wave background veloc- 
ity model, and the P-wave model is computed assuming a 
1.84 Vp/Vs ratio. Rays are traced from each event-receiver 
pair using the slowness computed from the IASPEI-91 veloc- 
ity model [Kennett and Engdahl, 199 11. 

To find an optimal model m, the following matrix equation 
is solved via full matrix inversion 
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Time (s) T~me (s) 

Figure 2. Statlon med~an res~duals for two back-a71muth quadrants, the southeast (open c~rcles) and the northwest (crosses) 
(a) P-wave res~duals (b) S-waves resldual Note the large peak-to-peak residual amplitudes (1 4 and 3 7 see for P dnd S, 
respectively), and strong az~muthal var~ations across the Cheyenne belt (CB) and the J e m e ~  volcan~c trendlsuture (JT) 

where A is the data kernel containing the ray path length in 
each model block, m the slowness perturbations, d the 
travel-time residuals, Cd the diagonal a priori data covari- 
ance matrix, and S a 3 by 3 nearest neighbor smoothing 
matrix [Meyerholtz et al., 19891. The full model resolution 
and covariance matrices are calculated from the inverse 
matrix. A range of damping parameters is used to study the 
trade-off between resolution and model variance reduction. 
Empirically, the optimal model is at the "elbow" of the 
model energy versus the resolution spread curve, which is 
controlled by the damping parameter. The preferred inver- 
sion results are slightly over-damped to minimize artifacts 
in the images. 

4.4 Resolution of Crustal Versus Mantle Velocity Anomalie,~ 

An important concern in teleseismic tomography is the sep- 
aration of the crust and mantle velocity anomalies. The degree 
of concern is conditioned by the resolving power of the seis- 

mic ray set and the relative contribution of the travel-time 
anomalies from the crust versus the mantle. Given the large sta- 
tion spacing in most teleseismic tomography studies, two 
approaches have been proposed to address the crustal effects: 
either by adding station static term to absorb shallow structures 
[Dziewonski andAnderson, 19831, or by removing the crustal 
travel-times using an a priori crustal model [e.g., Sandoval 
et al., 2003bl. With large station spacing (i.e. > 20 km), the sta- 
tion static term absorbs not only the crustal travel-time vari- 
ations, but also mantle structures, and therefore is not used in 
some studies [Dueker et al., 1993; Sandovul et ul., 2003bl. 

The CD-ROM stations are densely spaced (average 12 km 
spacing), indicating that crustal scale velocity anomalies can 
be well resolved. To examine the resolving power of our ray 
set, a suite of tests on models with various combinations of 
crust and upper mantle velocity heterogeneity patterns is per- 
formed. Two end-member models are presented that are para- 
meterized by the amplitude ratio (8)  of the crust to mantle 
anomalies, and spatial wavelength (and for crust and mantle, 
respectively) of sinusoidal velocity anomaly variations. The 
crustal model has 8=3, Ac=30 km and A,,,=90 krn (Plate la). 
The mantle model has 8=1/2, Ac=60 km and Avz=90 km (Plate 
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Plate 2. Tomographic inversion results. (a) The P-wave image. (b) The S-wave image inverted using the dataset measured 
in the maximum particle motion coordinate system. Blue and red denote high and low velocity variations. Triangles at zero 
depth are stations. Variance reduction is 84% and 81% for the P and S image, respectively. Note the 3 major anomalies, 
the Cheyenne slab, the Jemez body and the low velocity pipe (more obvious in the S-wave image). (c) Standard errors of 
the velocity models. (d) Selected resolution kernels for the P-wave inversion. The Cheyenne slab, the Jemez body and the 
low velocity pipe are in regions with low standard error and compact resolution kernels. The standard error and resolution 
kernels for the S-wave image are similar to this figure, except that the standard error amplitudes range from 0.5% - 0.9%. 
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lc). Gaussian distributed noise is added that is scaled to 10% 
RMS (root-mean-square) amplitude of the synthetic residuals. 
This 10% value is estimated from the noise to signal ratio of 
the CD-ROM dataset. All synthetic models are inverted with 
the same damping parameter as in the inversions presented 
in Plate 2. The inverted crustal model image (Plate 1 b) recon- 
structs an average 70% of the input crustal velocity structure. 
The inverted mantle model image (Plate 1 d) reconstructs 60- 
70% of the input mantle structure. The amplitudes of the 
recovered crustal anomalies vary with respect to the amplitude 
variation of the mantle anomalies. For instance, the recon- 
structed crust amplitude is higher than the input where the 
crustal and mantle anomalies are in-phase (the signs for the 
crustal and mantle anomalies are the same), and the amplitude 
vanishes where the crustal and mantle anomalies are out of 
phase. The constructive and destructive effects indicate that ver- 
tical smearing of the long wavelength mantle anomalies into 
the crust is significant. 

These synthetic tests demonstrate that when the crustal 
anomalies dominate, the crustal structure is well reconstructed. 
On the other hand if large mantle anomalies exist, false crustal 
anomalies can be generated. Given that the integrated travel- 
times from the crustal velocity heterogeneity [Magnani and 
Levander, this volume; Snelson et al., this volume] is much 
smaller (-10% of the residual RMS amplitude) with respect 
to the mantle, the mantle structures are readily smeared into 
the crust in our inversions. Therefore, we choose to weight 
the crust and mantle model parameters differently to mini- 
mize the mantle smearing in our inversions. This is done by 
re-weighting the crustal part of the smoothing matrix S in 
equation (1) to 10% of the mantle parameter value. Compar- 
ison of the inversions with and without the crust down- 
weighted shows insignificant difference in the mantle. The 
difference in data variance reduction is only 2%, supporting 
our contention that the contribution of crustal velocity anom- 
alies to our dataset is minor. 

4.5 P- and S- Wave Inversion Results 

The two primary anomalies in the Vp and Vs images (Plate 
2a and b) are the high velocity Cheyenne slab beneath the 
Cheyenne belt, and the low velocity Jemez body beneath the 
Jemez suture. The Cheyenne slab anomaly extends from the 
Moho to -200 km at a 45' dip. In the \image, the slab anom- 
aly is not as continuous as in the Vp image. In section 4.6, we 
show that this de-correlation of the P- and S-images may 
result from the effect of dipping anisotropy. The Jemez low 
velocity anomaly is 100 km wide and extends to 100 km 
depth. A third velocity anomaly is the low velocity "pipe" 
beneath the south line, which is more continuous in the Vs 
image. This pipe extends to the bottom of our model space, 

with its surface projection beneath the San Luis basin of the 
middle Rio Grande rift. 

The standard model error and the resolution matrix (Plate 
2c and d) indicate that the velocity anomalies discussed above 
reside in a region of low standard model error and high res- 
olution. Because the V,  and V, images are constructed with the 
summary ray sets, the resolution kernels are very similar for 
both images. Selected P-image resolution kernels (Plate 2c) 
demonstrate that the lateral and vertical resolution is good 
with kernel amplitudes decaying to 40% in 30 krn horizontal 
and 50 km vertical distances. The average standard errors 
associated with the Cheyenne slab and the Jemez body are 
-0.6% and -0.8% in the Vp and Vs images. The low velocity 
pipe anomaly extends to the base of the model where the error 
is larger (0.9% in the V,), yet still much smaller than the pipe's 
2% S-wave anomaly. The south-dipping direction is opposite 
to the smearing predicted by the resolution kernel, indicat- 
ing that the pipe is not a resolution artifact. 

4.6 Comparison of S- Wave Images From Different Datasets 

At sub-solidus absolute temperatures, a thermal anomaly is 
generally expected to affect the Vp and Vs variations in a lin- 
early scaled manner [Karato, 19931. Hence, the de-correlation 
between the Vp and Vs images of the Cheyenne slab (Plate 2a 
and b) may indicate non-thermal mantle velocity variation. 
Melts, fluids and seismic anisotropy variations in the mantle 
can decorrelate the Vp and V, variations [Karato and Jung, 
1998; Sobolev et al., 1999; Goes and van der Lee, 20021. 
Given that the CD-ROM shear wave splitting modeling is 
consistent with a north dipping fast axis anisotropy across 
the Cheyenne belt [Fox and Sheehan, this volume], the de- 
correlation of the Cheyenne slab Vp and V, anomaly may 
largely result from dipping seismic anisotropy. 

One way to assess this dipping anisotropy's effects on our 
tomographic images is to invert the two S-wave residual 
datasets, measured in the average fast axis direction and the 
maximum polarization direction coordinate system. Due to 
the use of summary ray technique, the two inversions have 
similar variance reductions of 79% and 8 1%, respectively, 
and similar model standard errors and resolution kernels. 
However, the two S-wave velocity images are significantly 
different with respect to each other and the P-wave image of 
the Cheyenne slab (Figure 3). In the two different S-wave 
images, the slab is imaged as a continuous feature in the aver- 
age fast axis coordinate system, while it breaks into segments 
in the maximum particle motion direction system. For an 
isotropic velocity anomaly, the two S-wave images are expected 
to be identical. The de-correlation of the two S-images would 
be consistent with non-isotropic velocity variation such as a 
dipping anisotropic slab across the Cheyenne belt. 
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4.7 Synthetic Fonvard Modeling of Dipping Anisotropy 

When anisotropic velocity variations are present, large 
velocity artifacts are possible in isotropic tomographic inver- 
sion. A dipping anisotropic velocity structure results in incon- 
sistent residuals as rays sample the fast and slow velocity 
axis. As an result, fast and slow velocity artifacts that are per- 
pendicular to each other are present in the inverted P-wave 
image [Sobolev et al., 19991. 

To assess the effects of a dipping anisotropic velocity struc- 
ture upon our P-wave isotropic inversion, residuals from a set 
of synthetic slab models are calculated and inverted. The syn- 
thetic slab coincides with the 2% contoured region of the 
inverted P-wave Cheyenne slab (thick contour lines in Plate 3a 
- d). The three input models are: an isotropic slab, an anisotropic 
slab, and a third model which is the combination of the first two 
models. The isotropic slab has a 2% high velocity anomaly. 
The anisotropic slab has an 8% peak-to-peak velocity variation, 
with its fast velocity axis fixed at the values from the shear 
wave splitting modeling [Fox and Sheehan, this volume]: the 
fast axis strikes N45OW and dips at 45". The 8% anisotropy 
specified for the slab is in the range of the computed and meas- 
ured peridotite aggregates in the mantle [Soedjatmiko and 
Christensen, 2000; Saruwatari et al., 2001; Babuska and Cara, 
19911. Gaussian noise scaled to 10% RMS amplitude of the 
synthetic travel-times is added. For simplicity, only the 
Cheyenne slab is modeled in our synthetic tests. 

The inversion well reconstructs the synthetic isotropic slab 
(Plate 3a). Vertical smearing occurs slightly at the bottom of 
the slab. As expected, the isotropic inversion cannot recreate 
the input anisotropic slab (Plate 3b). The inverted image shows 
two high velocity bodies in-line with the fast symmetry axis 
(the labeled F axis of the ellipsoid velocity tensor in Plate 
3b), and two slow velocity bodies (labeled as 1 and 2) along 
the slow symmetry axis (the S axis in Plate 3b). A third slow 
velocity anomaly is present along the slow axis near the bot- 
tom of the model space). These three low velocity bodies are 
consistent with the ones in the observed P-wave image (Plate 
3d). The inverted image for the third model (Plate 3c) gives the 
best match to the observed images: the Cheyenne slab and 
the associated low velocity bodies (1,2 and 3 in Plate 3d). 
Given that the other small velocity anomalies are not in the syn- 
thetic model (e.g., 5 and 6 in Plate 3d), the inversion with a 
combined anisotropic and isotropic velocity model produces 
an acceptable fit to the observed P-wave slab image. 

5 .  DISCUSSION 

5.1 The Cheyenne Slab 

Temperature variation in the upper mantle has been sug- 
gested as the main factor affecting seismic velocities [e.g., 
Sobolev et al., 1996; Goes and van der Lee, 20021. However, 
it is unreasonable that the high velocity of the Cheyenne slab 

Latitude Latitude 

Figure 3. S-wave velocity variations of the Cheyenne slab for the two different S-wave dataset. a) For the maximum par- 
ticle motion direction. b) For the average fast velocity direction. Note the Cheyenne slab breaks at 2.6% velocity variation 
level in a). 
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Plate 3. P-wave anisotropic synthetic inversions. The input model is 
defined as the 2% contour region of the P-wave Cheyenne slab. (a) 
Image for the isotropic model with 2% isotropic velocity variation 
within the slab. (b) Image for the anisotropic model. An 8% dipping 
fast velocity anisotropy is assigned to the slab. The ellipse to the 
upper right corner illustrates the simplified velocity tensor for the 
assigned anisotropy with its fast and slow axes labeled as F and S, 
respectively. (c) Inverted image for the combined anisotropic and 
isotropic model. (d) Observed P-wave image. Triangles at zero depth 
represent stations. Colorbar for the synthetics (a, b, and c) is scaled 
to 80% of the observed image (d). Visual comparisons with the 
observed P-wave image suggest that the image of the combined 
model best matches the observed image best (regions 1 - 4). Note in 
the input synthetic models other small anomalies (5 and 6 )  are not 
modeled. 
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is thermally controlled if the slab is related to the Cheyenne 
suture formation at 1.78 - 1.75 Ga. Thermal diffusion should 
have erased any temperature variation within the Cheyenne 
slab long ago. It is also improbable for the Cheyenne slab to 
be a young thermal anomaly, e.g., a subducting slab or an 
on-going delaminating/convectively downwelling lithosphere. 
The Cheyenne slab is more than 1000 km inboard of the 
North America and Pacific plate boundary where subduc- 
tion is on going. The 45" dip and the 80 km width of the 
Cheyenne slab is inconsistent with the predictions of most 
delamination models and the delamination anomalies pro- 
posed in other studies [Houseman and Molnar, 1997; Schott 
and Schmelling, 19981. 

Our synthetic tomographic modeling (Plate 3) demonstrates 
a possible combined chemical and anisotropic origin for the 
Cheyenne slab velocity anomaly. Seismic properties of this 
model are consistent with the isotropically high velocity 
eclogitic oceanic crust and velocity anisotropy resulting from 
the sub-crustal olivine lattice preferred orientation (LPO) gen- 
erally observed in sub-crustal oceanic lithosphere [Babuska and 
Cara, 19911. Problematic is that the oceanic eclogitic crust 
is too thin (-8 km) to match an 80 km wide isotropic high 
velocity anomaly image. Thus, we propose that the Cheyenne 
slab's sub-crustal lithosphere is also isotropically fast with 
respect to the surrounding mantle. 

An isotropically fast Cheyenne slab may result from the 
Cheyenne slab being less hydrated compared to its sur- 
roundings. This is possibly due to water removal via melting 
during the formation of the slab's oceanic lithosphere [Hirth 
and Kohlstedt, 19961. North of the Cheyenne belt, shear wave 
images show that the cratonic Wyoming lithosphere is low in 
shear wave velocity [Goes and van der Lee, 2002; Frederik- 
sen et al., 20011. This observation is contrary to conventional 
wisdom that expects high velocity mantle beneath most 
Archean lithosphere [van der Lee and Nolet, 1997; Grand, 
1994; James and Fouch, 2002; Freybourger et al., 20011. The 
low shear wave velocities seem anomalous given the low 
reduced heat flow of -27 mWm-2 [Decker et al., 19881 of the 
non-volcanic portions of the Wyoming Province. The Archean 
lower crust xenoliths found in the Leucite Hills volcanic field 
contain an abundance of hydrous minerals (amphibole, biotite) 
[Farmer et al., this volume]. If hydration occurred via a volatile 
flu from the mantle, it would be reasonable to assume that the 
Wyoming mantle lithosphere is also hydrated. South of the 
Cheyenne belt, post-Miocene volcanism is occurring around 
Steamboat Springs, Colorado, where upper mantle P- and S- 
velocities are low in an absolute sense [Deep Probe working 
group, 1998; Goes and van der Lee, 20021. Lamproite lavas 
found around Steamboat Springs and Middle Park, Colorado 
[Thompson et al., 19971 indicate a thick (150 -200 km) and 
hydrated lithosphere south of the Cheyenne belt. Overall, it 

appears plausible that a dry Cheyenne slab is isotropically 
fast with respect to the wetter surrounding lithospheric mantle. 

Our interpretation of the high velocity anomaly as the fos- 
sil image of the north dipping Cheyenne slab is also supported 
by sub-crustal Eocene eruption aged eclogites and metaba- 
sites found near Cedar Mountain, Wyoming [Kuehner and 
Iwing, 19991. Cedar Mountain is located -250 km to the west 
of where our seismic line crosses the Cheyenne belt (Figure 
1). The geotherms calculated from the mineral assemblages 
suggest these rocks were erupted from 50 - 80 km depths. 
While it is difficult to constrain the emplacement history of 
these ultra-mafic xenoliths (i.e., fossil oceanic slab versus 
magmatic eclogite), this xenolith assemblage is consistent 
with emplacement of metamorphosed oceanic crust [Kuehner 
and Iwing, 19991. 

Shear wave splitting and receiver function studies from the 
CD-ROM experiment [Fox and Sheehan, this volume; Zurek 
and Dueker, this volume] provide more support for the north 
dipping Cheyenne slab anomaly. The splitting fast axis change 
from approximately parallel to the absolute North American 
plate motion direction beneath the south line to back- 
azimuthal-dependent north of the Cheyenne belt [Fox and 
Sheehan, this volume]. The forward modeling favors either 
a two-layer anisotropic domain or a dipping fast axis north 
of the Cheyenne belt. The latter is consistent with our 
anisotropic modeling. Receiver function analysis for the CD- 
ROM north line [Zurek and Dueker, this volume] shows lithos- 
pheric layering to -200 km in the Archean upper mantle. 
Interestingly, this layering is truncated near the top of the 
Cheyenne slab [Plate 5 in Zurek and Dueker, this volume], 
and the layering is non-existent within the slab region. The 
slab is steeply dipping and therefore cannot be imaged with our 
receiver function imaging technique, but this truncation of 
mantle layering would be consistent with emplacement of a 
slab against the Wyoming cratonic margin. 

5.2 Tectonic Model for Emplacement of Cheyenne Slab 

Between the 2.1 Ga age of passive rift margin formation 
and the 1.78 Ga accretion of the Green Mountain arc, sub- 
duction polarity was south directed (i.e., outboard of the 
Wyoming craton) as evidenced by the lack of 2.1-1.78 Ga 
arc magmatic rocks north of the Cheyenne belt [Karlstrom 
and Houston, 19841. If this scenario is true, then the emplace- 
ment of our north dipping Cheyenne slab demands a flip in 
subduction polarity post 1.78 Ga [Dueker et al., 2001; @son 
et al., 20021. 

A previous tectonic model to explain the origin of the 
Cheyenne slab [Tyson et al., 2002; CD-ROM Working Group, 
20021 suggests that the Cheyenne slab resulted from under- 
thrusting of a -200 km wide segment of the 2.1 Ga passive 
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margin oceanic crust immediately offshore of the Wyoming 
passive margin. The south-directed subduction that formed 
the Green Mountain arc stopped at 1.78 Ga when the arc 
accreted to the Wyoming margin. Then, the remaining 2.1 Ga 
lithosphere was underthrust northward to emplace the 
Cheyenne slab. A concern with the Tyson model is why the 200 
km oceanic lithosphere immediately south of the Wyoming 
passive margin would subduct beneath the Wyoming craton 
while the Green Mountain arc was still 200 krn offshore. In the 
reference frame of the Wyoming craton, the force driving the 
closing of the ocean basin between the Green Mountain arc and 
the Wyoming craton is most likely the rollback of the sub- 
ducting slab. If true, it is unclear how this rollback force would 
instigate the subduction of the last 200 km of passive margin 
oceanic lithosphere. 

An alternate tectonic model is that the Cheyenne slab is 
subducted back-arc basin lithosphere, which formed in between 
the Green Mountain arc and the 1.74 Ga Rawah arc accre- 
tionary event (Figure 4). Our model begins with the Green 
Mountain and the Rawah arcs accreted to the Wyoming cra- 
ton via south dipping subduction around 1.78 Ga and 1.74 
Ga, respectively (Figure 4a). After the two accretion events, a 
back-arc basin opened between the two arcs, due to northward- 
directed subduction (Figure 4b and 4c). This back-arc basin 
subsequently "collapsed" via a short episode of north-directed 
subduction beneath the Wyoming margin (Figure 4d). The 
small amount of subduction (-1 50 km) could result in no arc 
magrnatism beneath the Green Mountain arc. Subduction flip 

and lack of related magrnatism are commonly seen at other cra- 
tonic margins [Snyder et al.,  1996; Teng et al.,  2000; Snyder, 
20021. The ongoing collision at the North Banda Sea of the 
Banda arc to Australia is a modern-day example of an arc- 
continent collision in the process of flipping subduction polar- 
ity [Snyder et al.,  19961. 

5.3 The Jemez Body 

Given the lack of significant crustal dilatation along the 
Jemez suture zone, a model whereby the asthenosphere is pas- 
sively pulled-up via lithospheric extension can be ruled out. 
Geodynamic models to explain the origin of the low velocity 
Jemez body thus can be separated into end-member asthenos- 
pheric and lithospheric controlled models [Dueker et al., 20011. 
While reviewing each model, our conclusion is that end- 
member models alone are not fully consistent with the seismic 
petrologic and geochemical observations in the study area. An 
interaction between the lithosphere and asthenosphere seems 
mostly required to explain the Jemez velocity anomaly. 

An asthenospheric controlled model suggests the Jemez 
velocity anomaly resulting from active upwelling from upper 
mantle convective rolls, andlor the impact and spreading of 
upwelling thermals (plume). In the regional P-wave tomo- 
graphic images of the western U.S [Dueker et al . ,  20011, 
one of three northeast oriented low velocity trends spatially 
co-exists with the Jemez lineament. The alignment of these 
low velocity bodies with the current plate motion, and the 

Basin Cheyenne 
Slab 

Figure 4. Cartoon of subduction polarity flip to emplace the Cheyenne slab. (a) Pre- 1.78 Ga while the Green Mountain 
Arc (GMA) and the Rawah Arc (RA) were being formed offshore via south dipping subduction. Arrows show the subduction 
direction. The Cheyenne belt (CB) formed at -1.78 Ga after the Green Mountainkc accreted to the Wyoming passive mar- 
gin. The accretion of the Rawah arc occurred at 1.74 Ga [Tyson et al., 20021. (b) After the Rawah Arc accreted to the 
Green Mountain Arc, a back-arc basin is opened, due to later north-directed subduction. (c) The opening of the back-arc 
basin formed a -200 km wide section of oceanic lithosphere. (d) The closure of the basin resulted via north-directed sub- 
duction emplaced the Cheyenne slab against the Archean mantle keel. 
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400-500 km spacing of these anomalies indicate that they 
may manifest the upwelling limbs of upper mantle convec- 
tive rolls [Richter, 1973; Schmelling, 1985; Dueker et al., 
20011. Upwelling thermals, as indicated by the south dipping 
low velocity pipe in our S-wave image, can diapiricly invade 
and eventually move aside the lithosphere. In the convecting 
asthenospheric flows, it is difficult to remain any pre-existing 
sharp mantle layering due to the presence of chemical lay- 
ers [Griffin et al., 19991, juxtaposed flat slabs [Bostock, 
19981, or mantle shear zones [Levin and Park, 20001. Nev- 
ertheless, Zurek and Dueker [this volume] observed strong 
seismic layering co-residing with the Jemez low velocity 
body beneath the south line. The coexistence of the Jemez 
velocity anomaly with the sharp seismic layering thus 
strongly suggests that the Jemez anomaly is unlikely to be 
upwelling asthenosphere. 

A lithospheric-controlled model requires that the Jemez 
suture contains lower-solidus materials (fertile andlor hydrated 
rocks in a fossil subduction zone) with respect to its sur- 
rounding mantle, and these low-solidus rocks preferentially 
melt during a regional heating event [Dueker et al., 20011. 
Low solidus mantle rocks have been reported from late Ceno- 
zoic aged mantle-derived magmas at the Navajo Volcanic 
Field in the Four-Corner region [Carlson and Nowell, 200 11 
that straddles a proposed suture zone and the northern bound- 
ary of the Proterozoic Mazatzal province [Condie, 19921. It is 
possible that the hydrated materials were preserved in the 
Jemez suture from its formation. The most favorable evidence 
for the Jemez velocity anomaly being lithospheric comes from 
the lithospheric mantle layering [Zurek and Dueker, this vol- 
ume] and the sharp lateral velocity gradient in our tomo- 
graphic images. A disadvantage of the lithospheric controlled 
model is that the low solidus rocks need heat input to melt at 
this moment in time. If early heat events initiated the melting 
process within the Jemez suture, the low-solidus rocks would 
be "depleted" long ago via melt removal. 

Given that Jemez volcanism is young (the Ocate Volcanic 
Field above our low velocity anomaly is -6-8 Ma old [Wood 
and Kienle, 1992]), it would be more reasonable to suggest 
that the Jemez low velocity anomaly originates from a cou- 
pled system in which the low solidus lithosphere preferen- 
tially melts in response to rising thermal currents (i.e., the low 
velocity pipe in out S-wave image) beneath southern Col- 
orado and New Mexico in late Cenozoic time [Dueker et 
al., 20011. The impact of upwelling asthenosphere agrees 
with the low surface wave velocity (4 .14.3  kmls) imaged at 
100-150 km depth in this region [Goes and van der Lee, 
2002; West et al., 2002; Godey et al., 20031. In addition, 
late Cenozoic uplift [Eaton, 1982; Heller et al., 20031 is 
also consistent with emplacement of warm buoyant mantle 
beneath the lithosphere. 

When ascending thermals impinge upon the litliosphere, 
flow-induced olivine LPO aligns olivine's fast velocity axis. 
As a result, the shear wave splits are expected to be in com- 
plicated patterns [Riimpker and Silver, 2000; Savage and 
Sheehan, 2000; Park and Levin, 20021. Non-uniform split- 
ting parameters have been reported in regions thought to be 
undergoing small-scale convection [e.g., Gao et ul., 20031. 
However, beneath the CD-ROM south line [Fox and Shee- 
han, this volume] and the RISTRA transects [Gok et al, 20031, 
no sharp variations in the splitting parameters are observed. 
Given the generally poor back-azimuth sampling of the shear 
wave splitting results, it seems that the constraints provided 
from shear wave studies on lithospheric and asthenospheric 
fabric beneath the CD-ROM south line are rather non-unique. 

A concern with our model is the heat conduction would be 
too slow [Turcotte and Schubert, 19821 to form the 60 km 
thick Jemez mantle anomaly. Advective heat transfer must 
have enhanced the heat transport from the asthenosphere into 
the lithosphere. A similar heat transport problem occurs 
beneath Hawaii where a broad lithospheric low P-wave veloc- 
ity region (up to 5%) is observed in the oceanic lithosphere 
between 40 and 80 km depth [Tilmann et al., 20011. Calcu- 
lation shows that conductive heating by one primary conduit 
cannot explain the broad elongated low velocity zone. Com- 
plicated melt "pathways" are thus suggested to advect heat 
into a much wider region to create the broad velocity anom- 
aly [Tilmann et al., 200 1 1. This scenario may also apply to 
the Jemez suture lithosphere. Asthenospheric melts are trans- 
ferred into the lithosphere via extensive dylting, which sig- 
nificantly enhances the advective heat transport into the 
lithosphere, and enhances melting of low solidus minerals 
trapped in the Jemez suture zone. 

Another puzzle with the shear wave splitting observation is 
the lack of variation (both azimuthal and split time) in the 
splitting parameters across the partially molten Jemez body. 
Studies of the re-heated and slightly molten peridotite samples 
from the Ronda massif (Spain) show that the olivine LPO 
remains unperturbed even after the heating and partial melt- 
ing event [Vauchez and Carlos, 20011. The Jemez body may 
represent a region where a small amount of the melt (i.e., 0.5 
%) is present, which would cause large velocity reductions 
[Hammond and Humphreys, 20001, yet still retain an undis- 
turbed olivine LPO. 

6. CONCLUSION 

The CD-ROM passive seismic results suggest that fossil 
lithospheric heterogeneities have been preserved beneath the 
two primary suture zones in the southern Rocky Mountains 
lithosphere (Plate 4). A high velocity Proterozoic slab fragment 
exists beneath the Cheyenne belt. The slab is high velocity 
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probably due to some combination of eclogitic facies oceanic 
crust, frozen-in oceanic olivine LPO, and/or the juxtaposi- 
tion of this fossil slab against hydrated mantle. A low veloc- 
ity Jemez body resides beneath the Jenlez suture. The low 
velocity anomaly most probably represents low solidus matc- 
rials preserved in the Jemez suture lithosphere, and is now 
molten due to a late Cenozoic regional heating event. These 
observations suggest that a thick chemical lithosphere is pres- 
ent in the Rock Mountain regions, down to 200 km beneath the 
Cheyenne belt, and 100 km under the Jemez suture. 
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Upper Mantle Anisotropy Beneath Precambrian Province 
Boundaries, Southern Rocky Mountains 

Otina C. Fox1 and Anne F. Sheehan 

University of Colorado at Boulder Boulder Colorado 

Teleseismic shear wave splitting is used to estimate mantle anisotropy beneath 
Precambrian province boundaries in the southern Rocky Mountains of Wyoming, Col- 
orado, and New Mexico. Data fiom the passive seismic experiment of the Continental 
Dynamics of the Rocky Mountains (CD-ROM) project and Laramie Seismic Array 
are used. Data from the south CD-ROM line in New Mexico show consistent north- 
east fast directed shear-wave splitting, correlating with absolute plate motion and par- 
allel to the fabric of Proterozoic accretion structures. In Wyoming, a clear change 
in shear-wave splitting parameters is seen across the Cheyenne Belt Archeadpro- 
terozoic suture zone. South of the suture zone, northeast directed fast directions 
are observed. North of the Cheyenne Belt, shear wave splitting parameters vary 
with backazimuth, with the same backazimuthal patterns observed with the CD- 
ROM and Laramie arrays, despite the arrays being separated by over 100 km dis- 
tance. This similarity in backazimuthal variation suggests a common anisotropic 
structure beneath both regions rather than lateral variations in anisotropy. The 
azimuthal variations of both the north CD-ROM and Laramie arrays are best mod- 
eled with a plunging axis of anisotropy. Our preferred model of anisotropy has an 
axis of symmetry that plunges steeply to the northwest. CD-ROM tomography has 
shown a steeply plunging fast velocity anomaly that has been forward modeled as 
an anisotropic slab. This feature may also be the source of the observed pattern of 
shear wave splitting. 

INTRODUCTION 

The western United States has undergone multiple defor- 
mational events that have made modifications to the original 
Archean and Proterozoic lithospheric structure. The Conti- 
nental Dynamics of the Rocky Mountains (CD-ROM) exper- 
iment was designed to explore whether one can image 
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remnants of the ancient assembly structures preserved in the 
mantle or in the crust and whether these ancient structures 
control the style and locus of subsequent deformation [Karl- 
strom et al., 20021. Archean and Proterozoic mantle may have 
been preserved and one can sample this ancient mantle struc- 
ture through various geophysical and geochemical techniques. 
An alternative possibility is that the Archean and Proterozoic 
mantle may have been eroded away by means of more recent 
processes such as sub-horizontal subduction of the Farallon flat 
slab [Bird, 19881. 

The ArcheanProterozoic suture called the Cheyenne belt in 
southeastern Wyoming shows zones of deformed rocks and 
changes in crustal structure across the suture, as inferred from 
seismic reflection and gravity studies [Johnson et al, 19841. 
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South of the Cheyenne Belt the general structural trend of 
arches and folds represents Laramide north-south deformation, 
while north of the suture zone there is a decrease of Laramide 
faulting [Ehrlich and Erlsev, 19991. The suture zone acts as a 
bounding fault to deformation whose main influence could 
reside in the lower crust and upper mantle [Ehrlich and Erl- 
sev, 19991. Strike-slip movements, oblique convergence, or 
transpression could have caused some of the discontinuities 
observed across the Cheyenne Belt [Karlstrom and Houston, 
1984; Duebendorfer and Houston, 19871. We seek to explore 
whether these surface structural trends continue into the lower 
crust and mantle. 

In this paper we use teleseismic shear wave splitting to 
determine the patterns of mantle anisotropy beneath an 
ArcheanIProterozoic suture zone at the Cheyenne Belt in 
southern Wyoming and a Proterozoic/Proterozoic suture zone 
near the Jemez lineament in New Mexico. Mantle anisotropy 
can be used to infer patterns of mantle flow or the deforma- 
tion history of the mantle [Tanimoto and Anderson, 1984; 
Schutt et al., 19981. Previous shear-wave splitting experiments 
in this region have shown various results. Results from the 
Rocky Mountain Front experiment in Colorado mainly show 
null measurements (absence of shear wave splitting) with a few 
positive shear wave splitting measurements that do not correlate 
well with surface geology [Savage et al., 1996; Savage and 
Sheehan, 20001. Lodore and Deep Probe experiment (western 
Colorado and Wyoming) shear wave splitting results have 
considerable spatial variability [Schutt and Humpheys, 200 I], 
while the nearby Snake River Plain experiment produces 
remarkably uniform shear wave splitting results consistent 
with anisotropy created by absolute plate motion or the flat- 
tening of the Yellowstone plume [Schutt and Humpheys, 2001 ; 
Schutt et al., 19981. The complexity of the Lodore and Deep 
Probe shear wave splitting measurements may indicate a more 
complex anisotropy than a single horizontal layer. In the Rio 
Grand Rift, the pattern of shear wave splitting has been inter- 
preted in terms of northward-directed asthenospheric flow 
[Sandvol et al., 19921. 

Network De.scription.c 

The CD-ROM passive source seismic experiment consisted 
of 47 broadband seismometers deployed in two north-south lin- 
ear arrays (Table I ; see CDROM in back cover sleeve). The 
southern line (Figure I), with 23 seismometers, crosses an 
inferred Mazatzal-Yavapia Proterozoic suture zone and follows 
the trend of the Sangre de Cristo Mountains. The northern 
line, consisting of 24 broadband seismometers, crosses the 
Cheyenne Belt, an Archean-Proterozioc suture zone near the 
Colorado-Wyoming border (Figure 2). The seismometers 
recorded from April 1999 to June 2000. Each CD-ROM seis- 

mic station consisted of a Reftek digital data acquisition sys- 
tem that recorded continuously at 10 or 20 samples per sec- 
ond (reduced sample rate during winter months). Fifteen 
stations had Guralp CMG-3T seismometers; six stations used 
Guralp CMG-40T seismometers and 27 stations operated with 
Streckheisn STS-2 sensors. 

The Laramie array consisted of 30 broadband seismometers 
(Table 2; see CDROM in back cover sleeve) at a station spac- 
ing of 1.6 kilometers, deployed from June 2000 to May 2001. 
The line crosses the Cheyenne Belt near Laramie, Wyoming 
(Figure 2). Each station in the Laramie Array consisted of 
Guralp 40-T seismometers recording at 1,40 and 100 samples 
per second. The data were transferred by Passcal telemetry 
to the University of Wyoming in real time. 

Shear Wave Splitting Measurements 

Measurements of mantle anisotropy provide a glimpse of 
upper mantle structure and possible information on the past his- 
tory of deformation. Mantle anisotropy is believed to be the 
result of lattice preferred orientation (LPO) of olivine [Nico- 
las and Christensen, 1987; Christensen, 1984; Ismail and 
Mainprice, 19981 due to finite strain. When a shear wave 
passes through an anisotropic region it will split into a fast and 
slow shear wave, with delay time between the fast and slow 
shear waves, at, and will be polarized in the direction of the 
first arriving phase, @, or fast polarization direction. 

Proposed mechanisms for anisotropy in the mantle include 
mantle flow associated with absolute plate motion, as seen 
in oceanic upper mantle and certain continental areas [Tan- 
imoto and Anderson, 1984; Vinnik et al., 1992; Schutt et al, 
19981, crustal stress translating into the upper mantle [Helf- 
frich et al 19941, and large-scale lithospheric deformation 
[Russo et al, 1996; Kay et a1 19991. The first two mecha- 
nisms reflect present day processes as the cause of anisotropy 
while the last would reflect "fossil" anisotropy or crust and 
mantle deforming coherently [Silver and Chan, 1988; Silver 
and Chan, 199 1 ; Savage et al, 1990; Russo et a1 19961. Small- 
scale convection has also been proposed [Sandlov et al., 
1992; Savage and Sheehan, 20001. At shallow crustal depths, 
other mechanisms may be present, such as alignment of 
cracks, presence of fluids, fractures and fissures [Crampin, 
S., 1994; Evans et al, 1996; Leary et al, 1990; Kuo et al, 
1994; Levin and Park, 19971. For a more complete review of 
anisotropy mechanisms, see the reviews by Savage [1999] and 
Silver [I 9961. 

SKS waveforms were examined for earthquakes with M,, > 
5.7 and epicentral distances > 85", and S waveforms were 
analyzed from earthquakes with depths greater than 150 km 
and epicentral distances of 60"-87" (Table 3 and Table 4; see 
CDROM in back cover sleeve). The method of Silver and 
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Figure 1. CD-ROM south splitting results on top of elevation map. Black lines represent splitting measurements from this 
study. Angle from north is I$ and the length of the line represents Ft. Black crosses represent null measurements. White lines 
and crosses are splitting results from past experiments. Black splits and nulls are plotted to their 220 km piercing points. 
SO1 is in the north and S24 is in the south. 

Chan [I9911 is used to obtain shear wave splitting parameters. 
The method uses a grid search to find the values of fast polar- 
ization direction @ and delay time 6t that best represent the 
splitting. 

Individual splitting measurements were rated by the simi- 
larity in waveforms upon correction, the amount of reduction 
in tangential energy, the change from elliptical particle motion 
to linear particle motion, and the error plot of the grid search. 
Splitting measurements were rated as "great", "good", "ok", 

"weak" or "poor" (Table 5 and Table 6; see CDROM in back 
cover sleeve). In general the "weak" and "ok" splits follow 
the same pattern as the "good" splitting results in fast direc- 
tion @ (Figure 3a). More scatter is seen in values of 6t with the 
"weak" and "ok" splits (Figure 3b). 

Stations with very little or no splitting are termed "null" 
measurements, and the incoming polarization direction is 
noted (dotted lines in Figure 5). Nulls are characterized by 
little to no tangential energy and particle motion that is not lin- 
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Figure 2. CD-ROM north splitting results on top of elevation map. Black and gray lines represent splitting measurements 
from CD-ROM and the Laramie Array. Angle from north is $ and the length of the line represents 6t. Black crosses rep- 
resent null measurements. White lines and crosses are splitting results from past experiments. Black and grey splits and 
nulls are plotted to their 220 km piercing points. NO0 is in the north, N26 is to the south, and LO1 is to the south and L3 1 
is to the north. The Cheyenne Belt is expressed as a thick line where there is surface expression, and as a thin line where 
the contact is inferred. CD-ROM stations N14-N16 are medium gray. Laramie Array LO1 and LO2 are medium gray and 
stations L16, L18 and L22 are light gray. 

ear. Null measurements may be due to an absence of anisotropy 
(isotropic conditions), vertical anisotropy with the a-axis of the 
olivine crystal aligned in the direction of SKS propagation, or 
incoming wave polarization along the fast or slow azimuth 
of 41 [Savage et al, 19961. Thus the grouping of results was in 
terms of positive results (great, good, ok, etc.), null results, and 
non-results (data neither fall under the positive or null split- 
ting definition). 

All events were uniformly filtered with a 4-pole Butter- 
worth bandpass filter from 1-30 seconds. Thirteen events 
were improved (errors decreased to an acceptable range, as well 
as improved signal to noise ratio) by a narrower filter from 
2-30s and a filter from 3-30s was used for one event. Sensi- 
tivity tests with various filters suggest that it is best to use 
the broadest filter possible for a noisy event. Narrower band 
filters may help reduce noise, but they also can increase the 
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Figure 3. Two-layer model 1. @1=62", @2=120°, 6tl=0.7s, 6t2=1.5s. Black line is 2-layer model. Dotted lines are null 
directions from observations. Squares represent good splitting measurements, diamonds are ok measurements and aster- 
isks represent poor measurements. A. @ fit. B. 6t fit. 

error bars on the splitting parameters. Narrower band filters 
occasionally produce ok results, but the waveforms become 
more oscillatory. 

Selection of a time window on the seismogram for analy- 
sis depends upon the noise character of the waveform as well 
as which window selection provides the best constrained split- 
ting parameters. For example, windows can span the SKS, 
SKKS or both SKS and SKKS phases. Tests were performed 
using narrow, medium, and wide window length. Including 
both SKS and SKKS phases tends to produce more tightly 
constrained splitting results, in part due to the increased num- 
ber of cycles that must be fit in the grid search. For a low 
noise event window selection can cause varying results with 
error bars, but little variation with (I and at. In all cases the best 
results are achieved when the fast and slow waveforms are 
almost identical. With the wider windows, noise can be added 
into the analysis and increase the error. The narrowest windows 
may not include all the energy of the phase and therefore a 
well-constrained measurement may not be achieved. A noisy 
event was tested with a range of window sizes at several dif- 
ferent stations, with variable results. On two occasions the 

smaller window had the smaller error, two times the larger 
window had the smaller error, and once the errors were the 
same for both window sizes. In all cases the fast polarization 
directions and delay times were similar, but the size of the 
error bar varied with window size, in no discernable pattern. 

From these examples, it can be seen that there is some ana- 
lyst discretion that must be exercised to determine optimal 
window size. With certain stations and events there was no win- 
dow that would produce an acceptable split, and therefore 
labeled a non-result or a poor result. 

Shear Wave Splitting Results 

Uniform NE-SW fast polarization directions of seismic 
anisotropy are with data from the CD-ROM southern line in 
New Mexico, while splitting fi-om the CD-ROM northern line 
(Table 5 ;  see CDROM in back cover sleeve) and the Laramie 
array (Table 6; see CDROM in back cover sleeve) in Wyoming 
show a complicated pattern that depends upon incident ray 
back azimuth (Figure 5; see CDROM in back cover sleeve). 
The shear wave splitting parameters are plotted at the pro- 
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Figure 3B. 

jection of their 220 km piercing points to separate back- 
azimuths visually (Figure 1 and Figure 2; see CDROM in 
back cover sleeve). 

CD-ROM South Stations. The CD-ROM southern stations 
have a distinct 50-degree average fast polarization direction, 
Q, that correlates well with the absolute plate motion direction 
(Figure 1, Table 5; see CDROM in back cover sleeve). Absolute 
plate motion across the southern array varies between 24 1.7" 
(61.7") in the northern part of the array to 242.4" (62.4") in the 
south [DeMets et al., 19901. Events from western back- 
azimuths produce shear wave splitting measurements smaller 
in magnitude (smaller 6t) than the single good event from an 
eastern back-azimuth. This might suggest that the anisotropic 
layer is thicker to the east. Erosion from the Rio Grande Rift 
might be the mechanism for thinning on the western edge. 
Null measurements correlate well with the observed splits. 
Nulls from back-azimuths 236" and 237" would be coming 
along the fast axis and nulls from back-azimuth 141" would 
be arriving along the slow axis of splitting. 

There is no clear shear-wave splitting evidence delineating 
the inferred Yavapai-Mazatzal Proterozoic- Proterozoic bound- 
ary in northern New Mexico (Figure 1). Stations throughout 

the array show similar splitting parameters, and no backaz- 
imuthal variation in (I is observed. The Yavapai-Mazatzal 
paleo-accretion zone is northeasterly directed [Karlstrom and 
Humphreys, 19981. Such a geometry could produce north- 
east directed anisotropy, thus it is uncertain whether the split- 
ting observed is from fossil accretion or current mantle flow 
associated with motion of the North American plate [Vinnik 
et al., 19921, as both are consistent with northeast directed 
splitting. Splitting parameters from past experiments in the 
area [Sandvol et al., 1992; Savage et al., 19961 do not compare 
well with CD-ROM south splits in all areas, which may sug- 
gest a more complicated flow pattern or different causes of 
anisotropy (Figure 1). The results from the Rio Grande rift 
were proposed to be the result of small scale asthenospheric 
flow within the rift [Sandvol et al., 19921. The extent of these 
northeast directed splits and consistency with APM and pale- 
oaccretion directions leads us to a different interpretation than 
small scale rift flow. 

CD-ROM North Stations and Laramie Array. Northern CD- 
ROM station splitting parameters show more variation than 
those from the southern array, but can be separated into dis- 
tinct areas (Figure 2, Figure 5, Table 5 and Table 6; see 
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Figure 4 a. X28, as a function of path length for the best fitting plunging symmetry axis parameters, for CDROM stations 
NOON13. 

CDROM in back cover sleeve). The southernmost stations of 
the north line (N17-N26), south of the Cheyenne Belt, show 
an average fast direction of 63", roughly parallel with absolute 
plate motion direction in this region. Absolute plate motion 
across the northern array varies between 239.4" (59.4") in the 
northern part of the array to 240.47" (60.5") in the south part 
of the northern array [DeMets et al., 19901. CD-ROM sta- 
tions N14-N16 have variations different than the stations to the 
north or south of them (Figure 2 and Figure 4). The values 
of fast direction for these stations vary from 20" to -25". 
These 3 stations could be imaging the anisotropic regions to 
the north and south, instead of being a separate anisotropic 
zone. CD-ROM stations NO0 to N10 have a consistent back- 
azimuthal variation that is also observed at the Laramie array 
stations. At these stations events from the north to northeast 
and northwest back-azimuths range from 20" to 80' in fast 
polarization direction, while events from the west trend from 
100" to 170" in fast polarization direction (Figure 4a). 

The Laramie Array crosses the Cheyenne Belt north of 
Laramie, Wyoming (Figure 2). Variations in shear wave split- 
ting parameters from stations within the Laramie array were 
examined closely to search for any variation associated with 
the Cheyenne Belt. The only stations with shear wave splitting 

measurements with different back-azimuthal variation than 
the majority of the stations are the southernmost stations L01, 
LO2 and one result from LO3 (Table 6; see CDROM in back 
cover sleeve). When plotting the variations of CD-ROM sta- 
tions N00-N13 and Laramie array stations by polarization 
angle, a mode- 180 variation is seen with polarization angle 
(Figure 3). Plots of 6t versus polarization angle show a wide 
scatter from 0.5 seconds to 2.5 seconds (Figure 3b). Models 
with two layers of anisotropy predict variation with a mode- 
90 pattern (solid black line in Figure 3) with polarization 
angle and back-azimuth [Ozalaybey and Savage, 19941. This 
mode-90 pattern can help distinguish between a 2-layer 
anisotropic model and a model with a plunging symmetry 
axis, as the latter has a mode-360 variation with back-azimuth. 
These possibilities will be discussed more fully in a later 
section. 

The backazimuthal variations in shear wave splitting polar- 
ization directions of the Laramie Array and the northern CD- 
ROM stations (N00-N13), are remarkably similar (Figure 4). 
Events from the north to northeast and northwest back- 
azimuths range from 20" to 80" in fast polarization direction, 
while events from the west trend from 100" to 170" in fast 
polarization direction. The consistent variation in shear-wave 
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Figure 4 b. Grid search over anisotropic plunge and plunge azimuth for CD-ROM stations N00-N13. Contours represent 
(X2&, + X2$ ) for range of a-axis of orientation of olivine. White colors represent large misfit, while black represents good 
fit to the data. The white star is the best fitting model at plunge = 65 degrees, azimuth = 280 degrees. 

splitting parameters with respect to back-azimuth between 
the CD-ROM and Laramie lines, despite their east-west sep- 
aration by 100 km, strongly suggests a common regional 
mechanism for the anisotropy rather than geographically het- 
erogeneous anisotropy. 

Using fresnel zones, we can arrive at a rough depth to 
anisotropy estimate [Alsina and Snieder, 19951. As stations 
N13 and N 17 are about 40 km apart and show distinctly dif- 
ferent shear wave splitting, it can be assumed that these two 
stations represent different anisotropic regions. For 8 s period 
waves (similar to the periods recorded in this study), Fresnel 
zones at 80,200, and 440 km depth have diameters of approx- 
imately 60 km, 100 km, and 140 km, respectively. Therefore 
the anisotropy seen should be no deeper than 80 - 140km in 
depth. This would put the anisotropy in the lithosphere. 

Two-layer Modeling. Two-layer modeling was performed 
to try and model the back azimuthal variations in shear 
wave splitting parameters observed at the northern CD- 
ROM and Laramie array stations. The forward modeling 
algorithm described in Ozalaybey and Savage [I9941 was 
used in these analyses. The input parameters are the $ and 
6t for each layer. 

A grid search was performed over the four splitting param- 
eters $2, 6t, and 6t2) for two layers of anisotropy, where 
layer 1 is the bottom layer and layer 2 is the top layer. From 
these grid searches, a model with a low root mean squared 
(rms) value was used as starting model to plot against the 
data to search for acceptable models. Root mean squared val- 
ues are the sum of the square root of the difference of the 
observed and predicted values, divided by the number of 
values: 

where Qobs are the observed data (both $ and 6t) , are the 
model predicted values (both $ and 6t) and n is the number of 
input observed values. 

The best fitting two-layer model is shown in Figure 3. The 
fast polarization for the lower layer, $,, is 62", parallel to 
absolute plate motion. The delay time, 6t1, for the lower layer 
is 0.7 seconds. The upper layer has fast polarization direc- 
tion, $2, of 120' and delay time 6t2 of 1.5 seconds. This upper 
layer might represent some fossil lithospheric deformation. 
The two-layer model shown in Figure 3 is plotted versus polar- 
ization angle to show the observed data in a more detailed 
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Figure 5. Models of plunging axis of symmetry. Azimuth is set at 290 degrees, plunge ranges from 60 to 70 degrees, and 
path length, L, varies from 220 to 330 km. Open symbols represent stations (diamonds: N00-N13, triangle: N14-N16, aster- 
isks: L03-L3 1, squares: L16,Ll8,L22) , while filled symbols are the models. Dashed lines are observed null directions. A. 
Q versus back-azimuth. Note that models for a given plunge overlap in many cases. B. 6t versus back-azimuth. 

way, as many back-azimuths are poorly represented. The pre- 
ferred model fits the large @ change observed near polariza- 
tion -70°(back-azimuth 280") well as well as the @-observed 
between polarization 70" to 90" and -90 to -95" (240" and 
274" backazimuth). However the @ data between polarization 
0" to 60" (back-azimuths 0" to 32") are not fit well by the 
model. Predicted @'s from this model are much larger than 
those observed between polarizations -70" to -40" (back- 
azimuths 290" to 320"). In the plot of observed 6t and model 
6t (Figure 3b), the model does not fit the minimal variations 
in observed 6t, nor does the model line up well with observed 
null measurements. 

Many two-layer models fit the observed data in certain 
places, but none fit all the variations. There is little variation 
in the observed at's with back-azimuth or polarization angle, 
so it is more difficult to constrain a single model. Any 
anisotropic two-layer model will show 90-degree variation in 
both back-azimuth and polarization angle. More complete 
back azimuthal coverage would be needed to further distinguish 
between possible models. In the plot of back azimuth there is 
not a mode-90 variation seen clearly (Figure 4). With a mode- 

90 variation there should be observed-@ of about 120-160" 
between polarization angles -20 to at least 5 (Figure 3). There 
are no observed splits between -20" to 0" polarization (Fig- 
ure 3), making it difficult to constrain the model. Where there 
are observed shear wave splitting measurements, around polar- 
ization angle 4, the values of observed @ are between 20" and 
90°, which do not correlate with the observed @ from polar- 
ization angle -86" (1 10" to 165' observed @). 

With many models fitting the data equally well it is diffi- 
cult to select a final a 2-layer model and assign meaningful 
uncertainties to it. One advantage of the grid search is that 
many poorly fitting models can be rejected, and trade-offs 
between parameters can be visualized. The broad class of 2 
layer models that fit the data best have a lower layer of 
anisotropy aligned northeast to east-northeast and an upper 
layer of northwest to north-northwest. 

Plunging Symmetvy Axis Modeling. Since the stereographic 
projections of the data do not show 90" or 180" symmetry of 
splitting with backazimuth, models with a plunging symme- 
try axis of anisotropy are tested. Hartog and Schwartz [2000] 
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Figure 5b. 

found evidence for a plunging axis of symmetry in anisotropy 
north of the Mendecino triple junction. They suggest that the 
subduction of the Juan de Fuca plate has caused the plunging 
anisotropy. 

The codes used to perform this modeling were acquired 
from Renate Hartog [Hartog and Schwartz, 20001. They per- 
form a grid search over a suite of symmetry axis azimuths, 
plunges, and path lengths for 4% anisotropy for a single 
anisotropic layer, comparing splitting parameters predicted 
from each model with those observed. Models with either 
hexagonal or orthorhombic symmetry can be explored. With 
hexagonal symmetry there are two symmetry values (a, and 
blc), while orthorhombic models have three values (for the 
a, b, and c axes). As olivine anisotropy is mainly dependent 
upon the a-axis orientation [Christensen 19841, the hexagonal 
model is used in this study. The code also allows for input of 
specific olivine or petrological information if it is available. 
Though at present, no such data is available in the CD-ROM 
study region. An end-member model, as used in Hartog and 
Schwartz [2000], where olivine is perfectly aligned is used. 
The percent weight of the olivine is 25%, with 75% being an 
Isotropic medium. This composition produces elastic prop- 
erties similar to those of the upper mantle values from 

IASPEI91 model (Vp = 8 kmls, Vs = 4.47, p = 3.32 gndcc), 
resulting in a percent anisotropy of 4% [Hartog and Schwartz, 
20001. As the choice of 4% anisotropy is due to lack of phys- 
ical data, the acceptable path lengths would be larger. 

The grid search over shear wave splitting measurements 
from stations Northern CD-ROM stations NO0 to N13 (using 
only "good" or better measurements) results in an inclined 
axis model of azimuth 280°, plunge 65" (from horizontal) 
and a path length of 220 km or 1.5 seconds (Figure 4 and 5). 
The path length is converted to 6t by the following equation 
[Hartog and Schwartz, 20001 

Where L is path length, Vf is fast S-wave velocity, and Vs 
is slow S-wave velocity. As can be seen by the plot of error esti- 
mates (X26, and X2$) in Figure 4a, the model is more depend- 
ent on azimuth than on the plunge angle. This is due to the 
model is more dependant on azimuth than plunge. The azimuth 
is mainly controlled by the fast direction of shear wave split- 
ting and the plunge is dependent on the delay times. The shear 
wave splitting data shows more variation in fast directions 
than in delay times, so such a dependency is expected. For a 
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given azimuth, a large range of plunge angles fit the data with 
similar misfit, thus the plunge angle is not well resolved. The 
path length also has a range of acceptable values. The model 
does show significant sensitivity to plunge azimuth, which is 
thus better resolved than the actual plunge inclination. 

The misfit values were calculated by summing the squared 
differences of the observed and predicted values and dividing 
by the squared measured errors [Hartog and Schwartz, 20001: 

where @pred and atpred are the predicted model values, the @,,, 
and 6tobs are the observed values and ogt are the measured 
misfits. The smaller the chi-squared value, the better the model 
fits the data. Both the @ and 6t observed values are given 
equal weighting in the model. 

The Laramie Array data were split into three groupings 
based upon similarity of splitting measurements and geo- 
graphic proximity to invert for models. For Laramie array 
southern stations LO3 to L12, the resulting best fitting model 
has azimuth=290° (ie. plunges to the west northwest), 
plunge=65", L=220 km, and 6t=1.5s. Stations L13 to L22 
(without L16, L18, L22) produced a best fitting model with 
azimuth=290°, plunge=70°, L=340 km and 6t32.3. Stations 
L23 to L3 1 resulted in a model of azimuth=270°, plunge=70°, 
L=270 km and 6t=1.3s. Stations L16, L18 and L22 produced 
anomalous results when they were included with the other 
Laramie Array stations. Eliminating these stations from the 
modeling produced acceptable results. These stations have 
similar results to the near-by stations (Table 6; see CDROM 
in back cover sleeve, Figure 2, Figure 4), so the anomalous 
model results are difficult to explain. 

Models were determined for four subsets of the data, and 
produced similar results. Azimuths vary between 270" and 
290°, plunges from 60 to 80 and the at's from 1.3 to 2.3 sec- 
onds. It might be expected that there would be a variation 
between north CD-ROM and Laramie arrays, given that they 
are separated by 110 km east-west, as well as within the indi- 
vidual arrays, but it is striking that they still come up with 
similar models. 

Comparing a suite of plunging symmetry axis models with 
a range of plunge azimuths from 270" to 300°, plunges 
between 50" and 70" and varying path lengths, the models in 
the 290"-azimuth suite best fit the observed data (shown in Fig- 
ure 5). Models with plunge azimuths from 270" to 280" have 
lower predicted phi values in the 264" to 274" backazimuthal 
range than is observed. The amplitude of predicted @ variations 
is smaller in amplitude than the observed @ variations, except 

between back-azimuth 0" to 32" and 280" to 320". Models 
with plunge azimuths of 300" over estimate values of (I 
between back-azimuths 0" to 30". 

Azimuth-290" models (plunge = 60" to 70") closely approx- 
imate the majority of the observed splitting parameter ampli- 
tude variations (Figure 5). The plunge=70°, 6t-model does 
not fit as well as the plunge = 60" in the west and northwest 
back-azimuths, while the plunge=70°, @-model fits better than 
the plunge = 60" in amplitude of variations. Choosing a path 
length (L) is complicated by there not being a distinct varia- 
tion in split time, 6t, with @. The 6t observed values also do not 
vary greatly with back-azimuth, further complicating the 
choice. Therefore the best fitting model has azimuth 290" +/- 
lo0, plunge =65" +I- 5" and 6t = 1.9 +I- 0.5 seconds. 

The observed null directions cluster around back-azimuth 
250°, with outliers at 299" and 141" (shown as dotted lines in 
Figure 5). If there were a plunging symmetry axis, one would 
expect the nulls and small split values to be in the azimuth of 
plunge, as there would be no splitting observed along the axis 
of symmetry (if the plunge angle were the same as the inci- 
dence angle). With a plunge of 65", incidence angles of around 
25" would show nulls along back-azimuth 290°, as this would 
be the axis of plunging anisotropy. S-waves would have an inci- 
dence angle this large. One S-wave event recorded on the CD- 
ROM array, with back-azimuth 303.7 and incidence angle of 
about 17", had results for two CD-ROM stations with very small 
6t values (Table 3 and 5; see CDROM in back cover sleeve). 

Laramie southernmost stations LO1 and LO2 were modeled 
using all splitting results (good, ok and weak) and the result- 
ing plunging symmetry axis model has symmetry axis 
azimuth=340°, plunge=70°, L=150 krn and 6t =0.9. The LO1 
and LO2 plunge azimuth is more north-directed than the plunge 
axis found with the northern Laramie array stations, and points 
towards the other models (LO1 and L02) plunging axis. These 
2 stations may be influenced by the back azimuthal variations 
to the north as well as from different anisotropy variations to 
the south. As the Laramie Array did not continue hrther south 
it is difficult to discern whether this is a separate anisotropy 
zone, or a freznel zone complication. A similarity happens in 
the CD-ROM line with N14, N15 and N16. 

Travel time tomography using data from the CD-ROM north 
array shows a high P-wave velocity anomaly dipping steeply 
(approximately 50 degree plunge) north [Dueker et al, 20011. 
This may be indicative of a down welling piece of lithosphere 
that has caused a thermal anomaly or of a fossil slab with a fast 
velocity anomaly in the down-dip direction. 

A possibility for the change between LO 1 and LO2 to the rest 
of the array (with respect to @ and backazimuth), is that it 
may indicate the location of the Cheyenne Belt (Figure 2). 
As the Laramie array is only 50 krn long, it may be difficult 
to locate the Cheyenne Belt through shear-wave splitting. 
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While SKS phases have a steep incidence angle (5" to 12O), 
many ray paths could go through areas north and south of the 
Cheyenne Belt, therefore complicating the splitting parame- 
ters. As most of the splitting events have come from the north- 
west and western back-azimuths, few rays sample the mantle 
south of the Cheyenne Belt. This may be the reason for not see- 
ing a change in splitting parameters between L24-L25, which 
is north of the surface expression of the Cheyenne Belt, and 
L23 to the south. 

Discussion 

A single layer of anisotropy is an appropriate model for the 
southern CD-ROM stations as well as for the region between 
N17 to N26. North of the Cheyenne Belt a single layer is not 
viable, as the average fast axis for the observed data is 1 10" 
and does not intersect any data. 

Neither the two layer anisotropic models nor the plunging 
anisotropic symmetry axis model explain all of the shear wave 
splitting observations perfectly. Introduction of additional 
free parameters, such as more than two anisotropic layers or 
more than one plunging symmetry axis, may fit the observed 
data better, but such complex modeling may not be warranted 
without better back-azimuthal data coverage. 

With the two anisotropic layer best fitting model, the upper 
layer has fast axis at 120°-1600, roughly perpendicular to the 
Cheyenne Belt which trends ENE-WSW, while the lower 
layer (layer 1) is roughly parallel to the Cheyenne Belt. As 
the back-azimuthal variations are noticed north of the suture 
zone, the variations in the upper layer may be indicative of 
fossil strain in the lithosphere. Layer 2 may correlate to sur- 
face deformation during orogenesis. Dikes mapped north of 
the Cheyenne Belt could be indicative of the anisotropy in the 
upper layer [Duebendorfer and Houston, 19871. Layer 1, 
roughly parallel to the Cheyenne Belt, could represent the 
accretion event, strain during wrench fault deformation, or 
it could be current strain due to absolute plate motion 
deformation. 

The plunging anisotropic symmetry axis model (Figure 5) 
is our preferred model. Viewed back-azimuthally a mode-90 
variation could still be possible with the observed $, as there 
are some missing polarization angles and backazimuths, but 
there is no mode-90 pattern with the observed 6t values. As the 
6t values only vary minimally, small at the western and north- 
western back-azimuths and larger at the northern and north- 
eastern back-azimuths, a model that reflects this very minimal 
variation is preferable. Two-layer models have rapidly varying 
6t values, but with the plunging symmetry axis models the 
variation is much more gentle, as we observe. 

The plunging symmetry axis model is difficult to explain by 
surface geology. The plunging axis might be due to asthenos- 

pheric flow interacting with strong lithosphere-asthenosphere 
boundary topography associated with the Archean-Proterozoic 
transition. Such a model was suggested by Bormann et al. 
[I9961 to explain splitting measurements in Europe. Another 
hypothesis is that the splitting patterns could be related to the 
high seismic velocity feature seen in the teleseismic travel 
time tomography of Dueker et al. [2001]. Down-welling asso- 
ciated with such a feature could cause considerable strain in 
the surrounding area and result in alignment of the a-axis of 
olivine, although one might expect more of a lateral change 
in inclined axis values. For the number of stations and spatial 
size of the consistent inclined axis, the downwelling would 
need to be rather large and consistent over this large area. 
Other splitting results in the extended region show a consis- 
tent NE-SW orientation well west of the CD-ROM array at the 
Snake River Plain [Schutt et al. 19981, but complex and incon- 
sistent orientations closer to the CD-ROM array from the 
Deep Probe and Lodore arrays [Humphreys et al., 20011. 
Without additional measurements it is difficult to assess the 
lateral extent of such a downwelling feature. 

Another possible explanation for the northwest plunging 
axis of symmetry would be the combination of compressional 
and shear motion across the Cheyenne Belt. North-south com- 
pression combined with left-lateral shear across the Cheyenne 
Belt could produce the NW directed plunge axis modeled. 
Shear determined from surface outcrops of rocks at the 
Cheyenne Belt is thought to consist mostly of right-lateral 
motion [Duebendorfer and Houston, 19871, opposite of what 
we are seeing at depth. 

A structural possibility, and our preferred model, as pro- 
posed by Dueker et al. [2001] would involve a "fossil slab" 
accreted to the bottom of the lithosphere during the Pro- 
terozoic accretion event (Figure 6). This slab could be com- 
posed of either eclogite or some anisotropically fast structure, 
as would be suggested by the shear wave splitting results. A 
fossil slab would show consistent results over a large lateral 
area. The tomographic results show a fast velocity feature 
plunging 50" to the north. Without depth constraints on the 
shear-wave splitting it is d~fficult to discern between a dip- 
ping slab with slab-parallel anisotropy and a slab with plung- 
ing anisotropy. 

Conclusions 

Shear wave splitting results from South CD-ROM show con- 
sistent northeast directed shear-wave splitting, indicative of 
either absolute plate motion (APM) andor fossil accretion. 
North CD-ROM back-azimuthal results compare well with the 
Laramie Array splitting parameters, suggesting a common 
anisotropic fabric rather than laterally heterogeneous anisotropy. 
The azimuthal variations of splitting from both north CD-ROM 
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Figure 6. Block model of shear-wave splitting interpretation, showing the plunging symmetry axis as a north-dipping 
slab. The plunging anisotropy is only seen north of the Cheyenne Belt in the CD-ROM north data. The Laramie array 
tomography shows a high velocity feature that plunges to the north (Hum and Dueker, this issue). The slab may or may 
not touch the base of the crust, as tomography shows it at about 200km depth. 
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the best model is the one with a slab beneath the crust that 
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tomography has been forward modeled as an anisotropic slab 
that steeply dips to the north [Huan and Dueker, this issue]. As 
the variations start north of the Cheyenne Belt on the CD- 
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event [Karlstrom et al., 20021. 
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Utilizing the Rocky Mountain Front (RMF) broadband seismic dataset acquired 
in 1992, this study has derived the seismic attenuation structure underlying part of 
the Southern Rocky Mountains and surrounding areas through measurements of 
differential t* of S-phase waveforms. Previous studies of the area include P, S and 
surface wave travel time tomography, and all indicate low upper mantle velocities 
below the Rocky Mountain region. Calculations of intrinsic attenuation coupled 
with current velocity models aid in the determination of temperature, partial melt 
distributions, and compositional variation. A N-S zone of high shear wave attenu- 
ation (Qs = 30) is found in the mantle beneath the Rocky Mountains and lies east of 
the region of lowest shear wave velocity. Relationships between shear wave atten- 
uation and shear wave velocity are consistent with both thermal and compositional 
variability. Along the eastern Colorado Rockies and due north of the RIO Grande Rift, 
the relationships are consistent with an interpretation of elevated temperatures by up 
to 50 K at 125 km depth. West of this region low velocities and low attenuation 
suggest either unusual composition or very high temperatures. The low density 
mantle material beneath the Colorado Rocky Mountains in addition to increased 
crustal thickness and low density crustal intrusions provides a density contrast suf- 
ficient to support its overburden. 

1. INTRODUCTION 

For decades, geologists have questioned the mechanisms 
responsible for the high topography of the Rocky Mountains. 
Are the mountains supported by crustal thickening due to 
shortening (Airy root) or are there lateral density contrasts 
in the crust (Pratt compensation)? Is the lithosphere suffi- 
ciently rigid to support the topography? Does support come 
from the mantle rather than the crust? Measurements of crustal 
thickness by Sheehan et al. [I9951 and Li et al. [2002] indi- 
cate an increase in crustal thickness that is not entirely able to 
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support the overlying Rocky Mountains. Models of flexural 
support indicate that little of the observed topography is sup- 
ported by bending of the elastic plate [Sheehan et al., 19951. 
These observations imply that regions of the crust and/or 
mantle have a reduced relative density. 

Previous measurements that have explored the role of 
reduced crustlmantle density centered on measuring the 
change in seismic velocity across the region. Lee and Grand 
[1996], using the Rocky Mountain Front seismic dataset, 
measured shear wave travel times from teleseismic S-phase 
arrivals beneath the Colorado Rocky Mountains. The result- 
ing shear wave velocity structures indicate reduced upper 
mantle velocity directly beneath the Colorado Rocky Moun- 
tains (Figure 1). The reduced upper mantle velocities trend 
north-south beneath the Colorado Rocky Mountains where the 
minimum shear wave velocity, -9% relative to western Kansas, 
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Figure 1. Horizontal slices of shear velocity variation [Lee and Grand, 19961 at four depths. Solid black lines denote state 
boundaries. Thick dashed solid lines delineate the Rocky Mountain region. Negative values (white) indicate slower veloc- 
ities. Shear velocities beneath the Colorado Rocky Mountains are reduced by up to 9% relative to western Kansas. The tran- 
sition to higher velocities in the east is believed to signify the transition to the stable craton. 

occurs along this trend northwest of the Rio Grande Rift. 
Hessler [I9971 produced a similar map from P wave travel 
time tomography but with smaller variations in P wave veloc- 
ity, -4% (also summarized by Lerner-Lam et al. [1998]). Li 
et al. [2002] measured surface wave dispersion and inverted 
for crustal and upper mantle shear wave velocity. The great- 
est difference between the models of Lee and Grand and Li 
et al. is from 50 to 100 km depth beneath southwest Col- 
orado where Lee and Grand's greatest decrease in shear veloc- 
ity, -9%, corresponds to a decrease of only -6% from the 
model of Li et al. In addition, this position correlates with Li 
et al.'s thickest crust. Li et al. also find slow crustal shear 
velocities beneath the Sawatch Range in central Colorado 
which is correlated with high heat flow [Decker et al., 19881. 
Decker et al. used heat flow measurements and Bouguer 
gravity anomalies to infer the presence of granitic intrusions 
that were emplaced in the Miocene through the Quaternary. 

Li et al. point out that this compositional variation could 
explain the reduced shear velocities. 

Changes to seismic velocity can result from changes to sev- 
eral material properties including temperature, composition and 
partial melt. If Lee and Grand's measured 9% lateral decrease in 
shear velocity in the upper mantle were due solely to increased 
temperature, using the scaling relations of Nataf and Ricard 
[I9961 for changes in velocity with respect to temperature, 

changes in temperature would be over 800 K. Lateral changes 
of this magnitude are unlikely. Such changes would produce 
density contrasts far exceeding those required to support the 
Rocky Mountains as well as produce wide spread melting. 
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Karato [I 9931 shows that velocity-temperature scaling rela- 
tionships are dependent on attenuation (Q-'), a fact that Nataf 
and Ricard briefly considered but did not fully exploit. Using 
Karato's relations with a Q of 50, a 9% S-wave velocity con- 
trast will predict a change in temperature of almost 400 K. If 
only half of the measured velocity contrast is attributable to 
changes in temperature, a Q of 50 coupled with AV, of 4.5% 
implies a change in temperature of only 200 K. 

Attenuation models coupled with velocity models can also 
lead to models of the unrelaxed velocity [Minster andAnder- 
son, 19811 which is sensitive to composition including the 
effects of partial melt [Dufb and Anderson, 1989; Hammond 
and Humphreys, 2000bl. If half of the measured velocity con- 
trast were due to partial melt, Hammond and Humphreys 
[2000b] predicts that a 5% decrease in shear velocity would 
accompany a 0.6% increase in partial melt. 

Previous studies of the attenuation structure beneath west- 
ern North America indicate broad regional variations. Lay 
and Wallace [I9881 examined multiple ScS wave attenua- 
tion west of the Rocky Mountains and found the highest 
attenuation values, QsCs = 95 * 4 ,  beneath the Basin and 
Range. The lowest attenuation values, Q,,, = 344 * 88, were 
measured beneath the Pacific Northwest. Al-Khatib and 
Mitchell [ l  99 1 ] measured Rayleigh wave attenuation coef- 
ficients across several regions of western North America. 
One measurement traversed the eastern Colorado Rocky 
Mountains on its way from southern New Mexico to Edmon- 
ton, Alberta. Average Qp along this path reaches a minimum 
of 35 at 150 km depth. A higher resolution study [Slack et al., 
19961 measured P and S wave travel time delays and differ- 
ential t* across the Rio Grande Rift. Differential t* spans a 
range of 3 seconds for S-waves and 2 seconds for P-waves, 
but there is significant scatter in their data with respect to 
the relationship between delay time and differential t*. Pos- 
sibly because of this scatter, they do not attempt to solve for 
Q. Global models [Romanowicz, 1995; Bhattachatyya et al., 
1996; Reid et al., 20011 are consistent with the above stud- 
ies and also lack the resolution to quantify changes in tem- 
perature, partial melt and composition in the upper mantle 
beneath the Rocky Mountains. 

In this paper, we measure the integrated differential atten- 
uation of teleseismic S-phases, 6t* [Sheehan and Solomon, 
19921, and correct for sedimentary basin reverberations. 
This measurement along with an a priori velocity model and 
ray path modeling is used to derive the shear wave attenua- 
tion structure in the upper mantle. This information is cou- 
pled with the Lee and Grand shear wave velocity model 
[ l  9961 to identify regions of compositional and thermal vari- 
ability. Karato's shear velocity - temperature derivative rela- 
tionship [1993] is applied to estimate the mantle thermal 
component of isostatic compensation while an analysis is 

performed using the residual topography to estimate the best 
relationship between density and unrelaxed shear velocity, 
dnpldnV5,  and better constrain the likely compositions. 
The mantle component of isostatic compensation is com- 
bined with estimates of compensation due to changes in 
crustal thickness using the model of Li et al. [2002] to eval- 
uate overall isostatic compensation. 

2. at* MEASUREMENT 

The RMF seismic dataset was acquired by a two dimen- 
sional array of 37 broadband multicomponent seismometers, 
26 of which were used for this study (Figure 2, Table 1; see 
CDROM in back cover sleeve), deployed for a period of nearly 
seven months during 1992 [Sheehun et al., 1 995; Lerner-Lam 
et al., 19981. Twenty-seven stations were Guralp CMG3-ESP 
seismometers with a 30 second corner period two were Guralp 
CMG3 seismometers with a 10 second corner period and 
eight were Streckeisen STS-2 seismometers with a 120 sec- 
ond corner period. The instrument response of the seis- 
mometers is flat below the corner period. Events are initially 
extracted based on the following criteria: 

65" < A < 85" & m,, > 5.6 
45" < A < 65" & mh > 5.4 
30" < A < 45" & m,, > 5.3 

where A is the epicentral distance in degrees and m,, is the 
body wave magnitude. All waveforms are visually inspected 
before picking windows for signal and noise (Figure 3a). 
Waveforms with no recognizable S phase are removed. The 
resulting dataset consists of 380 S-wave traces from 37 events 
(Figure 4, Table 2; see CDROM in back cover sleeve). 

Each waveform undergoes conditioning before the calcu- 
lation of lit*. The channels are rotated to obtain the transverse 
component so as to isolate SH motion and minimize S to P 
conversions. The waveforms are band pass filtered to between 
0.005 and 0.4 Hz and cropped to a 200 second window sur- 
rounding the hand picked S arrival. The waveform's trend and 
mean are removed after which a 10% cosine taper is applied. 
The station's instrument response is removed and then the 
waveform is reconvolved with a common instrument response, 
that of the CMG-3 ESP broadband seismometer. The waveform 
is further reduced to a 30 second window centered on the S- 
pulse and multiplied by a gaussian taper. Larger windows and 
less severe tapers result in lower signal to noise ratios which 
degrades the measurement of at*. A multi-taper spectral analy- 
sis [Percival and Walden, 19931 with a time-bandwidth prod- 
uct of 3 is performed on the prepared time series to obtain 
the station spectra (Figure 3b). 

For our measurements, t* for a given signal is measured 
relative to a reference spectrum. The reference spectrum is 
derived from a pseudo-source which is the alignment and 
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Figure 2. Seismic stations of the Rocky Mountain Front seismic experiment (RMF) used in this study on gray-scale topo- 
graphic relief map. Stations are denoted by filled circles and a three letter station code. Geologic provinces are separated 
by thick dashed lines. 

stack of all signals for a given event. The spectra for the sta- thetic tests are performed to finther examine the contribution 
tion trace and the reference trace (Figure 5a) are given by: ofcrustal response terms (Appendix 1.1; see CDROM in back 

cover sleeve) and a correction to at* is made using estimated 
basin thicknesses, shear velocities and impedance contrasts. 

AS (f) = GSS(f I S  (f )& (f )e-"/i" (2) The remaining spectral ratio is 

where f is the frequency, G is the geometrical spreading, S is 
the source function, I is the instrument response, R is the 
crustal response, and e-@* results from the energy loss along 
the ray's path from source to receiver. The subscripts S and R 
refer to the station and reference respectively. To find 6t*, we 
look at the ratio of spectral amplitudes, As@/AR(f). Relative 
t* is calculated for a given event to facilitate the cancellation 
of the source term in the spectral ratio. If the geometrical 
spreading is frequency independent, at* will not be a function 
of G. The instrument response cancels because we have 
removed the station instrument response, Is@, and recon- 
volved the waveform with a common instrument response, 
IRfl. At this point, the crustal response terms are removed. Syn- 

Solving for at*, we have 

The slope of the curve between ln(As@/AR@)/(-z) and f 
is at*. We make at* measurements by finding the slope of 
the straight line that is fit to the curve of In(As@/A,@)/(- 
z) vs. f over the frequency range 0.02 to 0.1 Hz (Figure 
5b). This frequency range is used in the measurements for 
two reasons. The spectral energy at these frequencies is 
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high, the spectral decay at higher frequencies can be dom- 
inated by scattering attenuation, and the spectral energy at 
lower frequencies can be contaminated by decreased sen- 
sitivity of the sensors. 

The total number of traces for which 6t* is calculated is 
380 (Table 3; see CDROM in back cover sleeve). The num- 
ber of traces originating from the northwest is 280, the north- 
east, 25, the southeast, 75, and southwest, 0. After removing 
apparent 6t* due to basin reflections (Appendix 1.1; see 
CDROM in back cover sleeve), the variance of 6t* is 0.63 
seconds. Appendix 1.2 (see CDROM in back cover sleeve) 
uses synthetics to determine that 75% of this variance could 
be due to normally distributed random noise. This may seem 
excessive but Appendix 2 (see CDROM in back cover sleeve) 
shows that a properly weighted inversion can produce a rea- 
sonable model. 

Figure 6 is an average 6t* map for events originating 
from the northwest (top) and southeast (bottom) for uncor- 
rected (left) and basin corrected (right) 6t* values. All at* 
values for events originating from a given direction for a 
given station are weighted by the inverse of the standard 
deviation of 6t* error due to normally distributed random 
noise (Appendix 1.2; see CDROM in back cover sleeve) 
and averaged, and the resulting weighted average is placed 
at the station location. The basin corrections tend to be neg- 
ative resulting in an increase in 6t* in the basins after the cor- 
rection is applied. Observations of the spatial distribution of 
at* in dependence on backazimuth are inconclusive. It 
appears possible that high at* moves to the northwest when 
examining events from the southeast and to the southeast for 
events from the northwest. The lack of an obvious pattern 
may mean that the measurements have considerable error or 
that the distribution of attenuation in the upper mantle is 
sufficiently complex to make the examination of these at* 
maps inconclusive. 

3. 6Q-' INVERSION 

Solving for d~fferential attenuation is a relatively straight for- 
ward inverse problem. Relative t* is related to attenuation, 
Q-l, through the following expression: 

where z is the travel time. As before, the subscripts S and R 
refer to the station and reference respectively. at* is the dif- 
ference in the integrated effect of energy loss along the ray path 
between a reference trace and a station trace. In order to turn 
(6) into a tractable inverse problem, we assume that dz, = 

dz, = d z  such that 
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Time (s) 

0 0.1 0.2 0.3 0.4 0.5 
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Figure 3. Example time series (a) and associated spectra for signal 
and noise (b). (a) Seismic phases S and ScS are denoted for reference. 
The dashed vertical line is the location of the center of the 30 sec- 
ond time window for the noise. This time series was recorded at sta- 
tion DGO and is from a magnitude 5.7 earthquake in northern Japan 
(backazimuth of 3 18 degrees, distance of 76 degrees, and depth of 
3 17 km). (b) Signal spectra (solid line) and pre-event noise spectra 
(dashed line). Signal to noise ratio is 28.5. The vertical dashed dot 
lines span the frequency range over which the 6t* measurement is 
made. 

st* = J AQ-'d~ 

where 
1 AQ-I = Q,-' - Qs- (8) 

We use the at* measurements, the ray path derived from 
2-D ray tracing and the western U.S. one dimensional veloc- 
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Figure 4. Locations of earthquakes used in this study (filled cir- 
cles). Most of the events originate from either the northwest or south- 
east. Thick solid black circles are 30 and 80 degrees distant from 
the center of the RMF seismic array. 

ity model, TNA [Gvund and Helmherger, 19841, to invert for 
variations in Q-' in the study area. We assume that variations 
in Q between seismic rays for a given event are confined to 
the upper 400 km of the mantle. 

Singular value decomposition [Menke, 19841 is used to do 
the inversion. Equation 7 can be written in the form 

where 6tL* is the data vector consisting of N 6t* measure- 
ments, 4Q, , is the model vector of differential attenuation in 
each of M blocks, and d~~~ is the data kernel matrix with ray 
path travel time information. Singular value decomposition 
seeks a solution to 

where 

Equation 1 1 is referred to as the natural generalized inverse. 
It is composed of D, a matrix of eigenvectors that span the data 
space, M, a matrix of eigenvectors that span the model space, 
and A, a matrix of eigenvalues whose diagonal elements are 
the singular values. The parameterp corresponds to the num- 
ber of largest singular values kept when calculating dz-I .  In 
our case we have chosen to use all singular values within two 
orders of magnitude of the largest. Using only the largestp sin- 
gular values is referred to as a truncated singular value decom- 
position (TSVD) and is equivalent to damping the solution, 
reducing model variance at the expense of model resolution. 

In order to reduce the adverse effects of significant ran- 
dom noise, we use a weighted TSVD where the weights, W, 
are the inverse of the standard deviation of 6t* error due to nor- 
mally distributed random noise (Appendix 1.1 ; see CDROM 
in back cover sleeve) [Meju, 19941. Multiplying both sides 
of (9) by W, we have 

We now seek a solution to 

The eigenvectors and eigenvalues of equation (1 1) are now 
found for the quantity (W~T) - ' .  

The inversion is solved for average attenuation values in 
100 x I00 x 100 km bins extending from 1 13.7OW to 96OW, 
33.7"N to 43.6"N, and 0 to 400 km depth. The bins are off- 
set by 10 km in each direction and the inversion is repeated, 
producing a total of 1000 inversions. This procedure is done 
twice. In the first iteration, a solution for the event mean is 
includcd. In the second, the 1000 cstimatcs of the event mean 
from the first iteration are averaged, removed from the at* 
data, and the inversion is performed again without the solu- 
tion for the event mean. The inversions are sequentially com- 
bined, generating a psuedo-effective resolution of 10 km, 
and smoothed by convolving the model with a 200 x 200 x 
50 km unit box. 

For regions in the model with a resolution derived from the 
resolution matrix (A2.1) greater than 0.3, the range in 4Q-I is 
0.04. The variance reduction of the corrected 6t* data due to 
the resulting model is lo%, a value that is expected given the 
amount of random error in 6t* (Appendix 2; see CDROM in 
back cover sleeve). Romanowicz [I9951 reports a variance 
reduction of 49% for her global model of upper mantle shear 
wave attenuation, a value approaching the variance reduction 
achieved in velocity tomography. Reid et al. [2001] generate 
a variance reduction of 23% in their upper mantle shear wave 
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Q model while their velocity model is able to produce a vari- 
ance reduction of 67%. 

The ray path travel times are calculated using a one- 
dimensional velocity model. Because of this assumption, the 
resulting Q-I model is incorrect by an amount approximately 
equal to the fractional difference between the one-dimensional 
velocity model and the true Earth velocity structure. For exam- 
ple, where the Earth velocities are 5% lower than the one- 
dimensional velocities, the actual Q-' model should also be 
reduced by 5%. A competing effect not accounted for is that due 
to focusing and defocusing of the seismic energy from lateral 
velocity heterogeneities. Our analysis of this phenomenon sug- 
gests that when using our technique for measuring t* and the 
velocity perturbations of Lee and Grand Q-' will decrease by 
less than 5% in regions of low velocity (focusing) and increase 
by less than 5% in regions of high velocity (defocusing). These 
regions will be flanked by decaying oscillations of high and low 
Q-'. Work by Allen et al. [I9991 indicates that focusingldefo- 
cusing effects on t* in the vicinity of the Icelandic plume could 
be more than two orders of magnitude larger than those deter- 
mined here. The difference is primarily due to the potentially 
small radius of the Iceland plume, 100 km, its vertical orien- 
tation, and its large shear velocity anomaly, -12%. We calcu- 
late that the combined errors due to the focusingidefocusing and 
ray path travel time effects are minimal. 

Figure 7 provides horizontal slices of the resulting differ- 
ential shear wave attenuation model. When basin correc- 
tions are not applied, the negative attenuation anomalies 
correlate very well with the positions of the basins. The pri- 
mary feature of this corrected model is the large relative 
attenuation trending north-northwest directly beneath the 
eastern Colorado Rockies. This feature extends to around 
150 km depth and coincides with a modest decrease in shear 
wave velocity (Figure 1). An anomalous region exists just to 
the west where a decrease in attenuation coincides with the 
lowest velocities. Is this relationship a consequence of the 
high temperature side of an attenuation peak or composi- 
tional variability? At greater depths, the correlation to fea- 
tures at shallow levels disappears. 

4. THE PHYSICAL STATE OF THE UPPER MANTLE 

To fully appreciate these results, attenuation measurements 
are combined with velocity measurements [Roth et ul., 2000; 
Anderson, 1989; Nowick and Berry, 19721. This analysis can 
be used to estimate the temperature [Kurato, 1993; Sato and 
Ryan, 1994; Goes et al., 20001, percent partial melt [Ham- 
mond and Humphreys, 2000b; Hammond and Humphreys, 
2000a; Sato and Ryan, 19941, and composition [Kurato and 
Jung, 1998; D u f i  anddnderson, 19891 of the material through 
which the seismic wave has passed. Most regional velocity 
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Figure 5. Example spectra for the signal (solid line) and reference 
(dashed line) (a) and spectral ratio (solid line) with linear fit (dashed 
line) (b). (a) The signal spectrum is that shown in Figure 3b limited 
to the frequency range 0.02 to 0.1 Hz. The reference spectrum is the 
average of spectra from all stations present for a given event. (b) The 
solid line is the natural log of the ratio of amplitudes between the 
station and the reference divided by -n. The dashed line is the lin- 
ear fit to the solid line over the frequency range 0.02 to 0.1 Hz. 
For this example, 6t* is 0 . 5 9 .  The difference to the value given in 
Table 3 (see CDROM in back cover sleeve) is due to the removal 
of the event mean. 

studies have either assumed a constant one dimensional Q 
profile with depth or assumed a simple relationship between 
velocity and Q [Goes et al., 2000; Soholev et al., 19961. Not 
knowing the true value of Q or its relationship to tempera- 
ture, frequency, or velocity can be detrimental in the inter- 
pretation of sub-surface anomalies. 
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Uncorrected Basin Corrected 

Figure 6. Weighted average &* maps for events originating from the northwest (top) and southeast (bottom) for uncorrected 
(left) and sediment corrected (right) values of 6t*. The weight is the inverse of the expected standard deviation of 6t* due 
to random noise (Appendix 1.2; see CDROM in back cover sleeve). Symbols are placed at station locations. Larger sym- 
bols indicate greater 6t*. 

Based on laboratory experiments [Jackson, 19931, atten- 
uation is commonly observed to follow a power-law rela- 
tionship where Q is proportional to angular frequency, w, 
raised to some positive power a. This model is believed to 
be due to the movement of dislocations having a range of 
thermally activated strengths and relaxation times and/or 
activation energies encompassing periods of at least lo-' to 
lo2 seconds. Minster and Anderson [I9811 proposed that 
there should be a minimum and maximum relaxation time 
spanning two to three decades in frequency. Above and below 
these values, attenuation is predicted to drop off to zero and 
produce an attenuation band or peak [Nowick and Berry, 
19721. Anderson and Given [I9821 presented frequency 
dependent attenuation results in the mantle to which they 
ascribed an attenuation band but their results as to the max- 
imum and minimum relaxation times was inconclusive. From 

frequency dependent t* measurements, Warren and Shearer 
[2000] are unable to conclusively observe an attenuation 
band but are able to state that attenuation decreases with 
increasing frequency. 

4.1 Effects of Composition 

The relationships between the shear attenuation model and 
shear velocity model are presented in Figure 8. The relative 
shear velocity model is converted to absolute velocities by 
assuming the values given by Lee and Grand [I9961 are rel- 
ative to PREM and that the average shear velocities in the 
model below 250 krn depth are equal to PREM. To make this 
comparison and perform the analysis below, we must also 
assume that the frequencies used to measure velocity and 
attenuation are the same, -0.06 Hz. 
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Figure 7. Differential attenuation tomography results at four depths. Relatively strong attenuation occurs beneath the 
eastern Rocky Mountains to depths of -150 krn and trends north from the Rio Grande Rift. 

Compositional and thermal effects can result in a given 
value of attenuation and velocity. If we assume that Q has a 
positive power law dependence with respect to frequency ( a  
> 0), Minster and Anderson [I9811 provide the following 
relationship between velocity and attenuation 

V, is the unrelaxed shear velocity due either to sufficiently high 
frequency or low temperature where anelastic mechanisms 
do not have time or energy to operate. The unrelaxed veloc- 
ity depends primarily on composition. For example, the frac- 
tional change in the unrelaxed shear velocity relative to the 
fractional change in the iron content for Proterozoic sub con- 
tinental lithospheric mantle (SCLM) [GrifJin et al., 19991, 
dnVs/GX,, is approximately -0.3 (Table 4; see CDROM in 
back cover sleeve). A 1% decrease in iron content increases 

the shear velocity by 0.3%. Decreasing iron content, an effect 
that accompanies older and more mature SCLM and the melt- 
ing of mantle peridotite, increases the seismic velocity. Another 
compositional effect that can change shear velocity is sim- 
ply the bulk mineralogy. More mature SCLM typically has 
less garnet and more olivine. In going from the Phanerozoic 
to Archean compositions reported by Griffin et al. [I9991 
where garnet decreases by 4% and olivine increases by 3%, 
shear velocity increases by 5%. 

If the relationship provided by Minster and Anderson is 
correct and we know a ,  then we can use velocity and attenu- 
ation models to solve for changes in V,, an indicator of com- 
positional variation. Values for a measured in the laboratory 
on polycrystalline aggregates under upper mantle conditions 
at seismic frequencies range from 0.2 to 0.3 [Karato and Spet- 
zler, 19901. Seismological estimates for a are on the order of 
0.15 [Warren and Shearer, 2000; Sobolev et al., 19961. 

The straight lines in Figure 8 represent different values of 
a in equation 14. For the upper layers at 75 and 125 km depth, 
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Figure 8. Velocity versus relative attenuation for four depths. The gray scale is proportional to the number of model points 
having that velocity and attenuation, a 2-D histogram. The dashed-dot lines are plots of velocity versus attenuation accord- 
ing to equation 14 for different values of a. Movement along a line is due to changing temperature while movement across 
a line is due to changing V,, or composition. Seismological studies have found a equal to 0.15 [Warren and Shearer, 
2000; Sobolev et al., 19961 while laboratory experiments have found a between 0.2 and 0.3 [Karato and Spetzler, 19901. 

the overall trend in the data shows low values of a, on the 
order of 0.15. If we examine the slope of the smaller scale 
trends and trends at greater depth, 175 and 225 krn, we see that 
the slope increases to values of a closer to 0.25. We there- 
fore examine compositional variability by rearranging equa- 
tion 14, using the Vs and Q-' models and assuming a equals 
0.25, and solving for the percent change in unrelaxed shear 
velocity, %AVv The resulting compositional models pre- 
sented below do not change significantly for a equal to 0.15. 

Figure 9 contains horizontal slices of the relative unrelaxed 
shear velocity. Unrelaxed shear velocities tend to increase grad- 
ually to the east and may reflect temperature dependent phase 
changes such as the reactions in Table 4 (see CDROM in back 
cover sleeve). Application of equation 14 predicts very low 
unrelaxed shear velocities beneath the southwestern Colorado 
Rocky Mountains. If this were partial melt and the local fluid 
flow attenuation mechanism were operating [Hammond and 
Humphreys, 2000b; Hammond and Humphreys, 2000a1, we 
would see relatively low unrelaxed velocities. A shear velocity 

reduction of 6.5% would indicate 0.8% partial melt (Table 4; see 
CDROM in back cover sleeve). But conventional models of 
attenuation in which attenuation simply increases with tem- 
perature suggest that attenuation would remain high since high 
temperatures would presumably be needed to produce partial 
melt. Since the shear wave attenuation has dropped considerably, 
we have either observed a very unusual composition or the 
high temperature side of an attenuation peak [Anderson and 
Given, 19821. If we are in fact on the high temperature side of 
an attenuation peak, equation 14 no longer holds in this region 
and unrelaxed velocities are greater than presented in Figure 9. 
After assessing the possible changes in temperature, we will 
return to the question of composition. 

4.2 Effects of Temperature 

We can calculate changes in temperature for the case of 
either unusual composition or the high temperature side of 
an attenuation peak. We adopt the relation for the temperature 
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Figure 9. Unrelaxed shear velocity at four depths. Unrelaxed shear velocity gradually increases to the east from the Col- 
orado Rockies. A significant drop in unrelaxed shear velocity occurs beneath the southwest Colorado Rocky Mountains 
and may indicate either high temperatures and an attenuation peak or unusual compositions. 

derivative with respect to shear velocity given by Karato 
[ 19931 including effects of pressure, 

d lnV,/dT is the normalized derivative of the shear velocity 
with respect to temperature for the unrelaxed state. From 50 
to 400 km depth, d lnVU/dT for olivine, assumed to be the 
dominant mineral in the upper mantle for this region, is approx- 
imately -0.76 x K-' [Karato, 19931. w is the angular fre- 
quency. F(a) is a constant related to the frequency dependence 
of attenuation where Q is proportional to @. F(a) is given by 

Again we choose a = 0.25 which gives F(a) = 0.95. As a 
goes to 0 ,  F(a) goes to 1. A larger value of a reduces the 
dependence of ( 1  5) on Q. H* is the activation energy of the 
thermally activated process, V* is the activation volume, P is 
the pressure, R is the gas constant and T is the reference tem- 
perature. We use H* = 500 kJ/mol, the activation energy for 
the diffusion of oxygen through olivine [Karato and Spetzler, 
19901. The activation volume, V*, controls how pressure 
affects the activation energy. We use V* = 4 x m3/mol 
[Anderson, 19891. The pressure in the mantle is taken from 
PREM [Dziewonski anddnderson, 19811 and the reference 
temperature is taken from the geotherm reported by Stacey 
[1992], -1200 to 1800 K from 50 to 400 km depth. 

This formulation requires absolute attenuation. In addition, 
to account for composition, we must consider d lnVs for veloc- 
ities relative to the unrelaxed shear velocity, (Vs - Vu)/VU, for 
which the calculation of V, also requires absolute attenua- 
tion. We determine absolute attenuation by assuming that the 
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Figure 10. Temperature contrast at 75 and 125 km depth from the use of equation 15. In a) equation 14 holds in all regions, 
i.e. there is no attenuation peak. Maximum temperature contrasts are limited to elevated values of 80 K at 125 krn beneath 
the eastern Colorado Rockies. In b) equation 14 holds everywhere except in the region of very low unrelaxed shear veloc- 
ity, i.e. the low velocities beneath southwest Colorado are due to an attenuation peak resulting from very high temperatures. 
Unrelaxed shear velocity is not allowed to drop below the values on the edge of the anomalously slow region, -2%AV, Max- 
imum temperature contrasts increase to elevated values of over 300 K at 75 km beneath the southwestern Colorado Rockies. 

smallest absolute attenuation in our model is close to zero 
and add a constant value to our differential attenuation model. 
We add 0.0 15 to our relative attenuation model and require 
attenuation to be positive and greater than 0.005. The require- 
ment that absolute attenuation be greater than 0.005 is done 
only to inhibit extreme changes in temperature. 

We must now consider two cases when applying (1 5) to 
derive changes in temperature. The first case assumes that 
the power-law relation between velocity and attenuation, 
equation 14, holds in all regions and that the composition 
of the upper mantle beneath the southwest Colorado Rocky 
Mountains is unusual. In this case, changes in temperature 
derived from equation 15 are independent of velocity since 
the fractional change in velocity becomes only a function 
of attenuation, 

Changes in temperature are then proportional to attenuation 
with the greatest increase in temperature beneath the eastern 
Colorado Rocky Mountains (Figure 10a). At 125 krn depth, 
temperatures are elevated to about 80 K greater than the anom- 
alous region to the southwest and only 50 K greater than the 
Great Plains. For the second case, where the anomalous region 
is due to an attenuation peak, the unrelaxed shear velocity is 
not allowed to fall below the highest unrelaxed shear velocity 
along the boundaries of this anomalous region. Equation 15 
for velocity-temperature relations still holds, though for a dif- 
ferent value of a as it goes to zero and becomes negative on 



BOYD AND SHEEHAN 373 

the high temperature side of the attenuation peak. We con- 
tinue to use a equals 0.25 and incur a small penalty. For this 
case, temperatures at 125 km depth beneath the southwest 
Colorado Rocky Mountains increase by over 300 K (Figure 
lob). 

4.3 Upper Mantle Composition and Isostatic Compensation 

An additional constraint to help us differentiate the possi- 
ble thermal and compositional models is the subsurface den- 
sity distribution required to support the Rocky Mountains and 
surrounding regions. We first account for thermal contributions 
to upper mantle isostacy for the two temperature models and 
isostatic compensation due to thickened crust [Li et al., 20021 
assuming a constant density contrast across the Moho of 400 
kg/m3. We then look for the relationship between density and 
velocity in the upper mantle that produces the best variance 
reduction of the residual topography. This relationship is com- 
pared to predicted values to estimate the compositional het- 
erogeneity in the upper mantle. The remaining topography, 
after accounting for the above factors, is due to density anom- 
alies in the crust. 

Fractional changes of density with respect to velocity, 
dnpIdnV,, are estimated for several different mineral reac- 
tions, changes in temperature, and partial melt (Table 4; see 
CDROM in back cover sleeve). Density, velocity and ther- 
mal expansivity (- 3.3 x K-l) are calculated using the 
techniques of Bina and Helffrich [I9921 and Holland and 
Powell [I9981 and the mineral data compiled by Hacker et 
al. [2003]. A starting mineral assemblage of preferred Pro- 
terozoic SCLM [Grzrin et al., 19991 is used and the above 
values are averaged from 50 to 200 krn depth. We compute the 
mantle thermal component of isostatic compensation using 
the two differential temperature models described previously 
while assuming that mass anomalies affecting compensation 
are confined to between 50 and 200 km depth. The mass 
needed to compensate the mass deficit in the mantle results in 
topography having a density of 2700 kg/m3 [Snelson et al., 
19981. We also calculate the crustal component of isostatic 
compensation using the crustal thickness map of Li et al. 
[2002] and a density contrast across the Moho of 400 kg/m3. 

Figure 11 shows the variance reduction of smoothed topog- 
raphy in dependence on dnpldnVs for the upper mantle due 
to changes in composition while accounting for upper man- 
tle thermal and crustal thickness contributions. Thickened 
crust alone accounts for 57% of the topographic variance 
(solid horizontal line). Up to an additional 7% of the variance 
can be explained by the thermal variations in the upper man- 
tle (short horizontal lines spanning their associated values of 
dlnpldlnV,). Two cases are presented representing the two 
possible relationships between velocity and attenuation. 

Figure 11. Variance reduction of elevation data versus fractional 
derivative of density with respect to shear velocity. The solid hori- 
zontal line is the variance reduction for thickened crust. The dashed 
line represents the low temperature model while the dashed-dot line 
represents the high temperature model. The short horizontal lines 
indicate the variance reduction due to the addition of thermal effects 
and span the appropriate range of &npl&nVs for that phenomenon. 
The curved lines represent the addition of the compositional com- 
ponent of mantle compensation for a range of &np/dlnVs The ver- 
tical lines are values of &np/dlnV, for the different compositional 
effects in Table 4 (see CDROM in back cover sleeve). 

Each case results in a thermal model and compositional 
model. The dashed-dot line represents mantle contributions 
to isostacy when there is an attenuation peak (case 1) while 
the dashed line represents contributions when attenuation 
has a simple linear relationship to velocity (case 2). The ver- 
tical lines are values of dlnpidlnV, for the different compo- 
sitional effects in Table 4 (see CDROM in back cover sleeve). 
For case 1 where high temperatures coincide with the low- 
est shear velocities, the thermal model increases the vari- 
ance reduction by 7%. The compositional counterpart for 
this case adds little improvement. For case 2 where unusual 
composition coincides with the lowest shear velocities, the 
thermal model increases the variance reduction by less than 
1% but the corresponding compositional model improves 
the variance reduction by 14%. 

For both relationships between velocity and attenuation, the 
best dlnpldnV, lies somewhere between melt with basalt 
depletion and the other mineral reactions. Assuming that no 
FeIMg fractionation occurs for reactions 1-6 (Table 4; see 
CDROM in back cover sleeve), the measured value of 
dnp/dnVs implies that some melt is present. The high tem- 
perature case would make hydrous phases unstable. Antig- 
orite is stable below 1000 K [Bromiley and Pawley, 20031 
while phlogopite can remain stable up to 1600 K [Sato et 
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Figure 12. Residual topography after the compensation of thickened crust and upper mantle density contrasts. The remain- 
ing uncompensated topography is in the central Colorado Rockies, a position coinciding with low crustal shear velocities 
and the inferred presence of a large low density granitic intrusion. 

al., 19971. Increasing temperature is likely to drive garnet to 
orthopyroxene and corundum (reaction 2) [Aranovich and 
Berman, 19971 or garnet and olivine to orthopyroxene and 
spinel (reaction 6) [Danckwerth and Newton, 19781. These 
reactions have the correct sense in that higher temperatures 
produce compositions that are slower and lighter, however 
reaction 2 is unlikely to produce a large signal because of its 
small values of &nVs/dR (Table 4; see CDROM in back 
cover sleeve) and dRIdT [Aranovich and Berman, 19971. 
Though the high temperature model with its' associated 
compositional variations produces a consistent interpreta- 
tion, the second case in which velocity has a simple linear 
relationship with respect to attenuation produces a better 
variance reduction. For such a model, elevated temperatures 
are slight and melt will only be present if the melting tem- 
perature has been reduced by the presence of hydrous phases. 

Researchers have speculated on the presence of phlogopite 
in the upper mantle beneath southwest Colorado but have not 
been able to determine its subsurface extent. If we assume 
that our data is explained by the presence of phlogopite and 
partial melt, we can derive their proportions from the esti- 
mated &npldlnV, in Figure 11, 0.096, and the relations 

which give 

Antigorite is unlikely to be stable very far below the Moho 
while phlogopite could be stable throughout most of the 
mantle lithosphere. The presence of phlogopite in the upper 
mantle beneath southwest Colorado is consistent with its 
presence in lamproite dikes in the Colorado Plateau [Wan- {*] a in V, - {a in & ' (20) 
namaker et al., 20001 and highly potassic magmatism in alnv, , 
southwest Colorado [Mutschler et al., 19871. 

a ln v, 
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The subscript A denotes reaction 9, melt with depletion, and 
subscript B denotes reaction 4, substitution of olivine with phl- 
ogopite. In solving for (dnV,),/dnV,, the fraction of velocity 
anomaly due to partial melt, we find that 66% of the velocity 
anomaly is due to melt and the remainder, 34%, to phlogopite. 
Using the derivatives of velocity versus phlogopite or melt frac- 
tion (Table 4; see CDROM in back cover sleeve) and the frac- 
tional change in the unrelaxed velocity, we conclude that if up 
to 6% of the unrelaxed velocity anomaly is due to these 
processes, there is up to 0.5% partial melt and up to 3% sub- 
stitution of olivine with phlogopite beneath the southwest Col- 
orado Rockies. If the unrelaxed shear velocities beneath 
southwest Colorado were higher due either to greater anelastic 
shear velocities or greater attenuation, the value of dnpldnV, 
for which there is a maximum variance reduction of residual 
topography would be greater. Because of this and the reduc- 
tion in the velocity anomaly, there would be less partial melt. 

The residual elevation anomaly after accounting for thick- 
ened crust and the thermal effects of the low temperature upper 
mantle model and its associated compositional effects as stated 
in the previous paragraph is shown in Figure 12. Nearly 1.5 
km of elevation remains in central Colorado. Work by Li et al. 
[2002] have found slow shear wave velocities in the crust of 
central Colorado and attributed these slow velocities to low 
density granitic intrusions [Decker et al., 19881. To account 
for the residual elevations in central Colorado, the density of this 
material distributed over the h l l  height of the crust, 45 km, 
should be reduced by about 3%. Decker et al. suggested 4.5% 
but distributed the anomaly over 30 km of the upper crust. 

Some of the negative elevation residual anomalies coincide 
with the thickest crust (e.g. southwest Colorado). Li et al. 
point out that their crustal thickness model would allow a 5 km 
reduction in crustal thickness to be compensated by a 3% 
reduction in shear velocity. If limited to the negative anomalies 
in the southwest Colorado Rocky Mountains, this effect would 
reduce the variance of the elevation residual and provide a 
better correlation between the velocity models of Li et al. 
[2002] and that of Lee and Grand [1996]. 

5. CONCLUSION 

Before too much weight is given to any interpretation, we 
must respect the amount of uncertainty. The primary problem 
with the results presented above and most field t* measure- 
ments is the significant amount of noise expected for each meas- 
urement. Appendix 1 (see CDROM in back cover sleeve) sheds 
light on some of the possible errors present in the at* measure- 
ment while Appendix 2 (see CDROM in back cover sleeve) 
evaluates the effect of some of this error on model resolution. 
Errors considered for the at* measurement include normally 
distributed random noise and non random noise from basin 

reflections. Additional errors that are not considered include 
anisotropy, multipathing, improper ray tracing resulting from 
not using a three dimensional velocity model and frequency 
dependent variations in amplitudes across the array resulting 
from source radiation patterns. In addition to the uncertainty of 
the observations, the theoretical relationship between shear 
velocity and attenuation is uncertain. Rock physics experimen- 
tation has made progress but has had difficulty making absorp- 
tion and dispersion measurements under mantle conditions at 
seismic frequencies with rocks of appropriate composition. Fur- 
ther, the temperature models presented above are relative and 
knowing the correct phase relationships between mineral assem- 
blages requires knowing the absolute pressure and temperature. 

Aside from the uncertainties, several results can be stated. 
High attenuation underlies the eastern Colorado Rockies and is 
likely due to elevated temperatures. East of the Rockies, atten- 
uation gradually decreases as velocity gradually increases 
reflecting at least a simple decrease in temperature. To the west 
low attenuation coincides with the lowest velocities, and the 
interpretation is less conclusive. If a frequency limited attenu- 
ation band is active, the low velocities and low attenuation may 
be very hot mantle, over 300 K above its surroundings. If atten- 
uation obeys a more simple relationship to velocity as in equa- 
tion 14, this anomalous region is due to compositional variation. 
Our preferred model assumes a linear relationship between 
velocity and attenuation over the temperatures and frequencies 
encountered in this study and suggests that the southwest Col- 
orado Rockies are underlain by up to 0.5% partial melt and the 
substitution of up to 3% olivine with phlogopite. 

After the addition of various density anomalies, we find 
that the Colorado Rocky Mountains are supported by low 
density mantle, thick crust [Li et al., 20021, and in some cases, 
low density crust [Li et al., 20021. The low density mantle 
may either be thermal and/or compositional in origin. The 
presence of recent and potassic magmatism above the anom- 
alous region suggests that partial melt and the presence of 
phlogopite are responsible for at least some of the decrease in 
velocity and density. 
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Upper mantle velocities in the regions of the Rio Grande rift and the Southern Rockies were 
investigated using Pn waves from the broadband seismic data obtained from the Continen- 
tal Dynamics - Rocky Mountain (CDROM) experiment. A velocity of 7.8 +I- 0.1 k d s  on 
the eastern flank of the Rio Grande rift in New Mexico was measured from epicentral dis- 
tance vs. travel tlme data for ten Pn measurements from a south-western New Mexico earth- 
quake that was in-plane with the southern CDROM line. Thirty-two interstation Pn 
measurements were made using eight western United States earthquakes. Using these meas- 
urements another bulk velocity estimate was made by solving for the best-fit velocity for inter- 
station distances and travel times; this method also shows that the upper mantle beneath 
the Rio Grande rift has a slow velocity of 7.8 +I- 0.1 k d s .  This low velocity is consistent 
w~th  the high heat flow in the Rio Grande rift area and the evidence of modern rifting. Indi- 
vidual measurements made in the north end of the southern Rocky Mountains are near the 
global average Pn value of 8.1 kmls. 

1. INTRODUCTION 

The Continental Dynamics - Rocky Mountain (CDROM) 
passive source seismic experiment studies the effects of the 
assembly, stabilization, and reactivation of the western United 
States by providing constraints on the modern crust and man- 
tle structure. The present day mantle structure may reflect 
past tectonism andlor a reactivated tectonic regime. More 
specifically, the seismic velocity of the upper mantle can help 
us determine the physical state of the upper mantle and the 
presence of current tectonic activity. 

Two simultaneous deployments of 48 seismometers con- 
tinuously recorded seismic activity from April of 1999 until 
June of 2000. The broadband instruments recorded local, 
regional and teleseismic earthquakes. The seismic stations 
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were arranged in two NNE-SSW trending lines, which coin- 
cide with the active seismic source studies. Station locations 
are provided in Figure 1 and Table 1. The combination of the 
passive-source and active-source studies will provide us with 
both a detailed understanding of the shallow subsurface and 
a glimpse at the deeper structure of the mantle. The north- 
ern seismic line extended from Rawlins, Wyoming to Steam- 
boat Springs, Colorado and traversed the ancient suture 
zone between the Archean Wyoming province and the Pro- 
terozoic Yavapai province. The southern line extended from 
the San Luis Basin in Colorado to Las Vegas, New Mex- 
ico and crossed the suture zone between the Yavapai province 
and the younger Mazatzal province. The southern line is 
also very proximal to the Rio Grand rift and the recent tec- 
tonism in the Jemez lineament. 

The southern deployment was in place from April of 1999 
until March of 2000 and the northern line was in place from 
June of 1999 until June 2000. Periods of bad weather and 
equipment malfunction caused some power outages, espe- 
cially at the beginning of the experiment, but for the most 
part a good signal was continuously recorded throughout the 
experiment. The deployment consisted of 25 instruments 
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The results from this study will provide an additional con- 
straint for the near-surface structural model. 

2. INTERSTATION PN STUDY 

Figure 1. Map showing the location of the CDROM stations and 
the earthquakes used in this study. The stations are shown as circles 
and the earthquakes are shown as stars. The station spacing is approx- 
imately 10 km. 

across the northern suture zone and 23 across the southern suture 
zone. The instruments included 27 STS-2 seismometers, 15 
CMG3T seismometers and six CMG40T seismometers. The 
sampling rate of the experiment was 25 samples/sec for the 
beginning (April - October) of the experiment and then was 
reduced to 10 samples/sec. The sampling rate was reduced 
because inclement weather would prevent the sites from being 
visited in the winter; therefore a lower sampling rate was needed 
in order to preserve field disk space. The stations were arranged 
in a linear, north-northwest trending array with station spacing 
at approximately 10 km. This short interstation distance was 
necessary in order to document possible abrupt changes in the 
mantle that may correspond to terrane boundaries. 

This study contributes to the spirit of the Continental 
Dynamics project by providing an independent data set that can 
be used to enhance the findings of researchers working in 
other areas of seismology and earth science. The upper man- 
tle seismic velocities obtained in this study could potentially 
enhance the crustal and upper mantle seismic velocity mod- 
els developed by the researchers working on the active source 
seismic data. The active source studies often use PmP, a 
reflected phase, to determine the depth to the Moho, but this 
phase offers little information on the upper mantle velocities. 

The arrangement of the CDROM stations in a NNW-SSE 
linear array was a tradeoff between crossing the province 
boundaries in a normal sense and recording teleseismic events 
for in-plane tomography and other analysis. However, it 
severely limited the number of events that could be used for 
interstation velocity analysis. Interstation velocity analysis 
has the advantages of reducing error due to earthquake mis- 
location and constraining the measured velocities to a finite 
location. The interstation Pn analysis requires an earthquake 
to be within three degrees of the same great circle path as 
two seismic stations. In order to create more suitable inter- 
station paths, the study was supplemented with data from 
IRIS Global Seismographic Network (GSN) station ANMO 
and United States Geological Survey - United States National 
Seismograph Network (USGS - USNSN) stations AHID, 
BW06, ISCO, LKWY and WMOK. 

The locations of the earthquakes that were used in this study 
are shown in Figure 1 and Table 2. These locations were taken 
from the USGS Preliminary Determination of Epicenters 
(PDE) bulletin. The seismic phase of most interest in this 
study is Pn. Pn is a refracted body wave that travels in the 
uppermost mantle. It is the first arrival when station-earthquake 
distances are between 2 and 16 degrees [Beghoul and 
Barazangi, 19891. When the source-station distance is less 
than 2 degrees the first arrival is Pg, when the distance is 
greater than 16 degrees the first arrival is P. The minimum 
distance where Pn becomes the first arrival is known as the 
crossover point. The crossover point depends on a variety of 
factors such as crustal thickness and velocity and mantle veloc- 
ity. Pn arrivals were picked on stations that had a clear Pn anival 
and that were on the same great circle path as another station for 
that same event. The stations were determined to be on the same 
great circle path as the events when the azimuth between the 
stations was within three degrees of the azimuth from each sta- 
tion to the event. A difference of three degrees provokes a veloc- 
ity difference of less than 1% over our average interstation 
distance. There were eight earthquakes that fit the requirements 
for the study; these eight events produced 32 velocity measure- 
ments. The velocities were calculated by dividing the distance 
between the two stations by the difference in the Pn arrival time 
at the two stations (ta and tb) as shown in equation (1) 

Velocity = distance between stations /(ta-tJ ( I )  

Calculated velocities are given in Table 3. All of the veloc- 
ities in Table 3 fall within an acceptable range of Pn values and 
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were picked from clear Pn arrivals. Velocities that were < 7.4 
W s  or > 8.5 W s  were discarded due to an obvious error 
in selecting the phase. The northern CDROM stations pro- 
duced velocities from 7.87 km/s to 7.99 kmls. The southern 
CDROM velocities ranged from 7.48 W s  to 8.4 km/s with 
a mean of 7.9 k d s .  The uncertainties for this study were esti- 
mated by using the extrema of possible arrival time picks to 
find the maximum and minimum possible velocity. The aver- 
age Pn velocity uncertainty was 0.04 k d s .  

Due to a small number of events, it was difficult to determine 
variations in Pn velocity on similar interstation paths. There 
were three repeat paths in the study with a standard deviation of 
0.02 k d s .  Ten stations, and one event, 99362205, (Located in 
SE New Mexico, 75 miles SE of Roswell, New Mexico, May 30, 
1999, ml=3.9, depth = 10 km) produced twenty-two measure- 
ments. Four of the eight events produced only one measurement 
each and three events produced two measurements. 

Only three events were in locations suitable for the inter- 
station analysis using the northern stations. Event 99362149 
(located in SW Utah, January 2, 1998, ml = 4.5, depth = 5 
krn) gave a velocity of 7.94 W s  between AHID and LKWY. 
Event 99362 17 1 (located in western Wyoming, June 20, 1998, 
ml = 4.4, depth = 0 km) provided a velocity of 7.99 kmls 
between BW06 and ISCO. Event 99362197 (located in south- 

ern Wyoming April 6, 1999, ml = 4.3, depth = 10 km) gave a 
velocity of 7.87 km/s between ISCO and WMOK. 

Event 99362205, located in southern New Mexico, was 
nearly perfectly aligned with both the northern and southern 
CDROM lines. Unfortunately, the northern stations had not yet 
been deployed at the time of this event and the event was only 
clearly recorded at ten southern stations. The other events 
used for the southern station analysis (99362206, 99362223, 
99362227,99362234) were located in northern Mexico and all 
utilized station ANMO in the interstation measurements. Event 
99362227, located in northern Mexico at a SW azimuth from 
the CDROM south line, gives a particularly low velocity of 7.6 
k d s  and is discussed further in the next section. 

Since event 99362205 was recorded at the most stations 
and was aligned with the southern CDROM line we calcu- 
lated the upper mantle velocity in the Rio Grande rift region 
with data from that event. We plotted epicentral distance vs. 
the total phase travel time for event 99362205, shown in Fig- 
ure 2. The scatter in the data set is rather insignificant, +/- 
0.2 s. This small amount of variation can be caused by lat- 
eral variations in earth structure such as topography on the 
moho, station elevation, and slight differences in the Pn picks. 

We also calculated the upper mantle velocity using all of the 
southern interstation travel time and distance data from the 

Distance (km) 

Figure 2a. Plot showing epicentral distance vs. Pn travel time for event 99362205. Ten stations recorded a clear Pn arrival 
for this event. 
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Figure 3. Rcduced velocity plot showing data from the eight stations used in the interstation study. Each data point rep- 
resents the distance between a two-station pair plotted against the interstation travel time. The best fit velocity for the 
data set is 7.83 +I- 0.12 kmls. 

eight western US events. We plotted interstation distance vs. 
interstation travel time. A Pn velocity of 7.8 +I- 0.12 kmls 
best fit this data. The data is shown in a reduced velocity plot 
with a reduction velocity of 7.83 kmls in Figure 3. 

3. DISCUSSION 

We characterize the upper mantle in the Rio Grande rift 
area using the velocity of 7.8 +I- 0.1 kmls. This velocity was 
achieved through two methods: calculating the best-fit line 
through our distance vs. travel time data for one event 
(99362205) and by using all of the interstation travel time 
and distance data available for the southern stations. The indi- 
vidual velocity measurements can be seen plotted at the inter- 
station midpoints in Figure 4. The particularly low velocity 
produced by event 99362227 may be due be due to an inter- 
station path that lies almost entirely within the Rio Grande 
rift. The NE-SW alignment of the ray path from event 
99362227 is in the direction of the dominant fast SKS polar- 
ization direction for the region (Fox and Sheehan, this issue) 
thus the slow Pn velocities are inconsistent with the regional 
mantle anisotropy. Robust Pn estimates for the region are not 
available. A Moho dipping down to the north could also pro- 
duce slow Pn velocities along this path. However, the Moho 

imaged by CDROM receiver functions beneath the CDROM 
South line (where the majority of our interstation paths are) 
is nearly flat [Zurek and Dueker, 2001; Karlstrom et al., 20021. 
The Rio Grande rift has a thin crust, slow Pn velocities, and 
high heat flow. Previous unreversed seismic profiles show the 
Pn velocity beneath the southern Rio Grande rift is about 7.7 
kmls [Olsen et al., 19791. The northern portion of the rift 
exhibits a Pn velocity of 7.7-7.8 kmls, which is much slower 
than the velocity of 8.2 kmls reported for the Great Plains 
[Stewart and Pakiser, 19621 but is very similar to the values 
of 7.7 kmls reported in the Basin and Range [Keller et al., 
19761. A Rayleigh wave dispersion study [Sinno and Keller, 
19861 also shows low Pn velocities (7.7 kmls) in the Rio 
Grande rift. The low Pn velocity we observe is consistent with 
the Pn velocities in other tectonically active areas [Hearn et 
al., 199 11. The Basin and Range province displays a similar 
Pn velocity of 7.8-8.0 kmls [Hearn et al., 19911. The Snake 
River Plain also displays a low Pn velocity (7.9 kmls), this is 
due to thermal heating. Heat flow measurements in the Rio 
Grande rift are varied and complex, but in general they are very 
high at about 75-125 mWm-2. Near surface anomalies can 
locally elevate heat flow measurements up to 160 mWm-2 
[Keller et.al., 19901. These high heat flow values are consis- 
tent with a low Pn velocity. The velocities measured adjacent 
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Figure 4. Pn velocities plotted at the midpoint of the stations used for calculation. Italicized numbers represent velocities 
< 7.8 kmls, regular numbers are velocities between 7.8 and 8.2 kmls, bold numbers are > 8.2 kmls. 
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to the Rio Grande rift are comparable to the velocities meas- 
ured in the Eastern Great Basin making it hard to distinguish 
between the two provinces based on upper mantle Pn veloc- 
ities. The presence of high mantle temperatures in a rifted 
area was also shown to exist beneath the Kenya rift [Fuchs et 
al., 1997; Prodehl et al., 19941. The rift exhibits low veloci- 
ties of 7.5-7.8 kmis while the adjoining unrifted craton has Pn 
velocities of 8.1-8.3 kmls. This is similar to the slow veloci- 
ties of the Rio Grande rift and the adjoining Great Plains. 

We have showed the upper mantle velocities surrounding the 
Rio Grande rift are slower than the surrounding Great Plains. 
The slower velocities can be attributed to elevated mantle 
temperatures andlor partial melt. Davis et al. [I9931 find an 
8% velocity reduction from the global average beneath the 
Rio Grande rift. This velocity reduction is attributed to 1% 
partial melt. We see only a 3 4 %  velocity reduction, at a shal- 
lower depth observed by Davis et al. [1993]. There is a strong 
correlation in between elevated upper mantle temperature and 
low Pn velocities [Hearn et al., 1991; Black and Braile, 19821. 
It seems clear that the low Pn velocities we are observing are 
also strongly correlated to a raised mantle temperature. 

We also tested whether individual Pn velocity measure- 
ments could be interpreted or if they may be influenced by 
Moho topography. The individual velocities measured have 
a variance of 6%. These variations may be due to changes in 
the upper mantle, but they also might be due to variations in 
Moho topography. We are using relatively short interstation 
path lengths for this study, therefore a small variation in Moho 
topography may represent a considerable percentage of the 
total path length. The CDROM refractionlwide angle reflec- 
tion study [Rumpel, 20011 and receiver hnction study [Zurek, 
20011 show a maximum crustal thickness variation of 5 krn 
over the area we are observing. Using forward modeling we 
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measure the potential influence of Moho topography on veloc- 
ity over our average interstation path length of 90 km. We see 
that 5 km of Moho topography can influence the apparent Pn 
velocity by up to 7% of 8.0 km/s. Our measured velocities 
vary 6% from 8.0 km!s therefore we cannot believe individ- 
ual velocity measurements for they may reflect Moho topog- 
raphy and not the state of the upper mantle. The results of 
Zurek et al., [2001] show a coarse picture of Moho topogra- 
phy. Our undulating pattern of results may reflect this topog- 
raphy variation as well as variations on a smaller scale. 
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We inverted Rayleigh wave data recorded in the Rocky Mountain Front Broadband 
Seismic Experiment for shear-wave velocity structure and azimuthal anisotropy. Dis- 
tinctive structures are imaged beneath the southern Rocky Mountains, the western 
Great Plains, and the eastern Colorado Plateau. Beneath the southern Rockies, shear 
velocities are anomalously low from the Moho to depths of 150 km or more, sug- 
gesting replacement or delamination of the mantle lithosphere. The lowest velocities 
are beneath the extension of the Rio Grande rift into southern Colorado and are prob- 
ably associated with partial melt. Beneath the Colorado Plateau, a thin, high-velocity 
lid is underlain by a low velocity layer to a depth of at least 160 km. Under the high 
plains, the velocities are above average down to -150 km depth, but not as fast as 
beneath the cratonic core of the continent. A crustal, low-velocity anomaly is observed 
beneath the high elevations of central Colorado. Elsewhere, inferred crustal thick- 
ness correlates with elevation, with the thickest crust beneath the San Juan Moun- 
tains in southwestern Colorado. These crustal anomalies suggest that much of the 
isostatic compensation for the high topography takes place withn the crust. We observe 
a simple pattern of azimuthal anisotropy in the Rocky Mountain region with fast 
directions rotated slightly counterclockwise from the absolute plate motion of the 
North America plate and strength increasing with period. The observed anisotropy 
can be explained by deep asthenospheric flow dominated by current plate motion and 
shallower and perhaps laterally variable anisotropy in the upper lithosphere. 

INTRODUCTION ated normal faulting may extend northward through much of 
the state [Keller and Baldridge, 19991. The southern Rockies 

The Colorado Rocky Mountains are located between the have experienced a number of tectonic events, including the 
tectonically stable Great Plains to the east and the elevated, but Laramide orogeny (-75-50 Ma), subsequent erosion, current 
stable Colorado plateau to the west. The Rio Grande rift regional uplift, and on-going extension [BurchJiel et al., 1992; 
extends into the Rockies in southern Colorado and associ- Karlstrom and Humphreys, 19981. 
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- .  
Seismic images beneath this region can provide observa- 

tional constraints on variations of velocity and thickness of the 
crust and mantle lithosphere across different tectonic provinces. 
Seismic tomography can therefore help us to better under- 
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stand the formation of the southern Rockies and the stability 
and evolution of the Great Plains. For example, tomographic 
studies of North America have shown that the Rocky Moun- 
tain Front represents a transition from a seismically slow upper 
mantle in western United States to a fast, cratonic structure in 
central and eastern North America [Grand, 1994; van der Lee 
and Nolet, 19971. This transition is imaged in more detail in 
regional body wave tomography in Colorado and western 
Kansas [Lee and Grand, 1996; Lerner-Lam et al., 19981. 
These studies reveal a low velocity volume in the mantle 
beneath the southern Rockies, which the authors interpret as 
indicating isostatic support of the Rockies through thermal 
buoyancy and partial melt in the upper mantle. Seismic 
anisotropy, which may be sensitive to deformation in the lith- 
osphere and flow in the asthenosphere, also provides impor- 
tant constraints on regional dynamic processes. There are 
rapid lateral variations in the fast direction of shear wave split- 
ting in Colorado and many null measurements [Savage et al., 
19961. Savage and Sheehan [2000] suggested that this com- 

plicated pattern indicated a complex strain regime that might 
be consistent with asthenospheric upwelling sheared by 
plate motion. 

In this paper, we use Rayleigh wave data recorded from 
the Rocky Mountain Front (RMF) Broadband Seismic Exper- 
iment (Figure 1) [Lemer-Lam et al., 19981 to obtain spatial and 
azimuthal variations in phase velocities, which we interpret in 
terms of crustal and upper mantle shear-wave structure beneath 
the Colorado Rocky Mountain region and surrounding ter- 
renes. Because there is a high density of stations in the RMF 
experiment, the lateral resolution in our study is greater than 
that in large-scale tomography studies [Grand, 1994; van der 
Lee and Nolet, 19971. Because Rayleigh waves at different 
periods sample velocity structure in different depth ranges 
and the fundamental mode is insensitive to deep structure, 
measuring phase velocities from 20 to 100 s period provides 
better resolution for velocity structure in the upper 100 km than 
can be obtained in regional, body-wave tomographic studies 
with station spacing comparable to the RMF experiment. In 

1 1 O'W 108"W 106"W 104"W 102"W 1OO"W 

elevation (km) 

Figure 1. Station locations on a relief map of the Colorado Rocky Mountains and surrounding terrenes. The two areas with 
the highest elevations include the Sawatch Range and the San Juan Mountains, respectively. The black triangles represent 
seismic stations of the Rocky Mountain Front Seismic Experiment [Lerner-lam et al., 19981. Thin dashed lines mark tec- 
tonic boundaries and thin solid lines are state boundaries. Thick dashed lines are locations of profiles A-C in Plate 3. 



LIETAL. 387 

addition, the frequency dependence of the azimuthal anisotropy 
of Rayleigh waves can provide constraints on variation of 
anisotropy with depth that complement the vertically aver- 
aged measure of anisotropy obtained from shear-wave splitting. 

Our approach involves two steps. The first step is to invert 
Rayleigh wave amplitude and phase data for phase velocities 
of the waves. This gives a direct indication of the informa- 
tion contained in the data independent of any assumptions 
needed for a stable inversion for earth structure. The second 
step is to invert for shear-wave velocity structure from the 
phase velocities obtained in the first step. We construct mod- 
els initially ignoring azimuthal anisotropy, seeking only to 
resolve lateral variations. Then we allow for the possibility 
of anisotropy and show the effects of this added model com- 
plexity on the estimates of lateral variations in phase velocity. 

DATA SELECTION AND PROCESSING 

Rayleigh wave data from 74 teleseismic earthquakes with 
body wave magnitudes larger than 5.0 and epicentral dis- 
tances from 30" to 120" (Figure 2) were used in this study. The 
events were recorded by 35 RMF broadband seismic stations 
that operated during May to December in 1992 (Figure 1). 
Most of the stations were located in Colorado, with one in 
eastern Utah and two in western Kansas. The sites were not all 
occupied simultaneously, so the actual coverage is not as good 
as would be expected given the distribution of sources and 

Figure 2. Distribution of earthquake sources used in this study. The 
azimuthal equidistant projection is centered on the center of the 
RMF seismic array. Each event is connected to the array center by a 
straight line representing the great circle ray path. Note the good 
azimuthal coverage of the data, which is important in solving for 
azimuthal anisotropy. 

receivers. Nevertheless, the coverage for surface waves is 
excellent (Figure 3), yielding many crossing paths that are 
needed for tomographic studies both inside and immediately 
outside the array. 

Because several types of seismometers were used in the 
RMF stations, we corrected instrument responses to match a 
single type. We filtered vertical-component seismograms with 
a series of 10 mHz wide, zero-phase-shift, 4th-order Butter- 
worth filters centered at frequencies of 50,45,40,35,30,25, 
20, 17, 15, 12, and 10 mHz. These frequencies sample veloc- 
ity structure to depths of 300400 km and provide good ver- 
tical resolution to about 150 km depth. Fundamental mode 
Rayleigh wave trains were isolated by windowing each fil- 
tered seismogram. Frequency bands with signal-to-noise ratio 
less than 3: 1 were rejected. A careful comparison of Rayleigh 
wave trains at all possible stations for each frequency was 
important for identifying problems such as timing errors and 
anomalous instrument responses. We then converted the fil- 
tered and windowed seismograms to the frequency domain 
to obtain phase and amplitude data. 

PHASE VELOCITY 

Phase velocity c in a uniform slightly anisotropic medium 
varies as 

where o is frequency, v is the azimuth of propagation of the 
wave, and A. to A, are velocity coefficients [Smith and Dahlen, 
19731. We neglected A3 and A4 terms here because they should 
be small for Rayleigh waves [Smith and Dahlen, 19731. Phase 
velocities are represented as weighted averages of values of A,, 
A,, and A, at neighboring points on a grid of nodes (Figure 4). 
The spatial resolution is controlled by adjusting the charac- 
teristic scale length of the 2-D Gaussian weighting function, 
which is supposed to be a function of wavelength. However, 
to simplify the calculation, we use 80 km, an intermediate 
value, for all frequencies in this study. To account for wave 
propagation effects such as focusing and multipathing that 
occur between the sources and the array, each incoming wave- 
field is represented as the sum of two interfering plane waves 
with amplitude, initial phase, and propagation direction for 
each wave to be determined in the inversion [Forsyth et al., 
1998; Li, 20011. We solve simultaneously for these wavefield 
parameters and the velocity parameters in an iterative, least- 
squares inversion. Two stages are employed for each itera- 
tion: a simulated annealing method is used first to solve for 
the two-plane wave parameters; then a generalized linear 
inversion [Tarantola and Valette, 19821 with damping and 
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Figure 3. Great circle ray paths in the vicinity of the RMF array at frequency 0.017 Hz. Ray path population varies some- 
what with frequency due to the change in number of events with acceptable noise levels. White triangles represent the RMF 
stations. Note good density of crossing paths both inside and immediately outside of the array. 

smoothing is applied to find both phase velocity coefficients 
at each node and the wave field parameters. 

Isotropic Phase Velocities 

To generate a reference model that will serve as a starting 
model in inversions for lateral variations in phase velocity, 
we first assume that phase velocities are uniform in the whole 
study area to obtain an average phase velocity at each fie- 
quency (Figure 5). Because the study area is characterized 
by three distinct tectonic provinces, the Colorado Plateau, the 
Rocky Mountains, and the Great Plains, we also solved for 
average phase velocities in each province by grouping the 
nodes by tectonic province (Figure 4). The nodes outside the 
array are treated as another group, but this region is hetero- 
geneous and less well-constrained, so the results are not shown 
in Figure 5. This regionalized inversion is equivalent to a clas- 
sic "pure-path" inversion, except that we use the average 
velocity for the whole study area as a starting model. The 
damping in the version is light and has virtually no effect 
except at the longest periods and in the least-well-constrained 
province, the Colorado Plateau. 

The average phase velocities from 20 s to 100 s beneath the 
Rocky Mountains are overall much lower than those beneath 

the Colorado Plateau and the Great Plains (Figure 5), indi- 
cating the presence of high temperatures andlor partial melt 
in the crust and upper mantle. Phase velocities in the Col- 
orado Rockies and the Great Plains increase gradually and 
smoothly with increasing period. The largest differences 
between these two provinces are at periods of 25 to 40s, which 
are primarily sensitive to structure in the crust and uppermost 
mantle down to depths of about 100 km (Figure 6). Dimin- 
ishing differences at longer periods indicate a decrease in 
velocity contrast at depths greater than 100 km. The disper- 
sion for the eastern Colorado Plateau lies between that for 
the Plains and the Rockies, but the velocity does not increase 
as smoothly with increasing period. Part of this oscillatory 
character may be due to larger uncertainties for this region, but 
the general feature of a decreased slope around 50 to 60 s is 
similar to that reported in an independent experiment in the 
Colorado Plateau [Lastowka et al., 20011 and is indicative of 
a pronounced low-velocity zone in the upper mantle underlying 
a high-velocity lithosphere. 

Using the average phase velocity for the region as a whole as 
a starting value, we solved for 2-D phase velocity variations 
across the array without apriori regionalization. Phase veloc- 
ities at the grid points (Figure 4) are used to generate maps on 
a finer grid of 0.1" by 0.1" using a smoothing length of 80 
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Figure 4. The grid used in phase velocity inversion. The nodes are grouped by tectonic province for calculating average 
phase velocity and azimuthal anisotropy of each province. Squares are nodes for the Colorado Plateau, triangles for the south- 
ern Rockies, and diamonds for the Great Plains. Crosses mark the nodes outside the array where model variance is large. 

krn. Plate 1 shows the maps of phase velocity anomalies at peri- 
ods of 25, 33, 40, 50, 59, and 67 s. A striking and consistent 
feature in these maps is a band of low velocities confined to the 
Colorado Rockies region. Confirming the results of the apriori 
regionalizaton, average velocities are highest in the western 
Great Plains, lowest in the Rockies, and intermediate in the east- 
ern Plateau. At 25 s, there is an almost circular pattern of low 
velocities in central Colorado. This pattern suggests that the 
crust must be thlcker andlor slower in this region than elsewhere 
in the southern Rockies, because phase velocities at 25 s are 
primarily sensitive to the upper 50 km (Figure 6). At 40 s, there 
are low phase velocities in the northern extension of the Rio 
Grande rift into Colorado. Because this anomaly is absent at 25 
s, it suggests that there must be a pronounced, low, shear-velocity 
anomaly in the uppermost mantle beneath the rift, probably indi- 
cating the presence of partial melt. Compared to the shorter 
periods, the lateral contrast in phase velocities at 50 to 67 s is 
reduced, but the contrast at 67 s is still about 3% from the slow- 
est area beneath the Rockies to the fastest beneath the Great 
Plains. Because these periods are relatively insensitive to the 
crust, these maps provide a clear image of a transition from a tec- 
tonic to a cratonic upper mantle in the vicinity of the RMF. 

Resolution 

To understand the significance of lateral variations in the 
phase velocity maps presented in Plate 1, a description of the 

resolution is needed. In our approach, the value at each point 
in a map represents a Gaussian weighted average over adjacent 
node points, with the value of the weight decreasing to lle 
of the maximum at the characteristic distance of 80 km. Lat- 
eral variations in resolution are indicated by lateral variations 
in the standard error or uncertainty in these averages, taking 
into account the covariance between values of adjacent node 
points. In the generalized linear inversion for phase velocities, 
the a posteriori covariance matrix, CM,, for model parame- 
ters (phase velocity at each node) can be directly calculated 
from 

where G is the partial derivative or sensitivity matrix relating 
predicted changes in phase and amplitude to perturbations in 
phase velocity, and Cn, and Cmm are the a priori data and 
model covariance matrices, respectively [Tarantola and Yalette, 
19821. The a priori model covariance acts to damp the least 
squares solution by assigning an uncertainty to the starting 
model and retaining it as a constraint in the inversion. In an 
undamped least squares inversion, very large velocity anom- 
alies tend to be assigned to poorly constrained regions of the 
model. In a highly damped solution, lateral velocity varia- 
tions are usually underestimated and velocity variations in 
the poorly constrained regions are very small. We choose rel- 
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Figure 5. Average phase velocities in tectonic regions. Circles and the solid line are for the whole area (Avc.), squares and 
the thick dashed line for the Colorado Plateau (CP), triangles and the thin dashed line for the Rockies (RM), and dia- 
monds and the intermediate dashed line for the Great Plains (GP). The bars represent one standard error on each measurement. 
Note that the errors are larger in the Colorado Plateau. 

atively light damping that tends to leave the amplitude of the 
velocity variations roughly constant throughout the study area, 
but assigns larger a posteviovi errors to the parts of the model 
that are poorly constrained. 

We plot in Plate 1 G twice the standard error of the weighted 
average velocities for a period of 33 s. Maps of the standard 
error at other periods are similar in form, but the errors increase 
for longer periods in the same manner as in Figure 5. The rea- 
son that variance increases with period is that the same mag- 
nitude error in Rayleigh wave phase produces larger 
uncertainty in travel time at longer periods and the signal-to- 
noise ratio and the number of acceptable signals also decrease. 
Not surprisingly, the errors are smallest where the density of 
crossing paths is greatest (compare to Figure 3). In the maps 
of velocity in Plate 1A-F, we use the 2.2% contour from 33 s 
as a mask, eliminating the illustration of velocity variations in 
regions outside this contour for being relatively poorly con- 

strained. Twice the standard deviation yields a rough guide 
to the 95% confidence level for velocity anomalies; if the 
change in velocity from one point to another in the maps is 
greater than two standard errors, then there is only about a 
5% likelihood that this difference would have arisen by chance. 
Thus, at 40 s, for example, the difference in phase velocity 
between the Rio Grande rift region and the central Rockies at 
40" N is significant at the 95% confidence level. 

SHEAR-WAVE STRUCTURE IN THE CRUST 
AND UPPER MANTLE 

Methodology 

Although the variations in Rayleigh wave phase velocity 
yield measures of the lateral and vertical variations in struc- 
ture that are easily interpreted qualitatively, for geological 
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Figure 6. Rayleigh wave sensitivity kernels at pcriods of 25 (squares 
and the dotted line), 40 (circles and the solid line) and 67s (dia- 
monds and the dashed line). The kernels are calculated from the ref- 
erence 1-D velocity structurc in thc southern Rockies (solid line in 
Figure 7). 

interpretation, we need to invert these observations for the 
velocity structure of the earth. Because the problern is non- 
linear and the structure is imperfectly resolved, the particular 
models we present will depend somewhat on the starting 
model. To obtain a reference model for this area, we started 
wit11 the phase velocities near station CCR and an initial, aver- 
age earth model (AK 135 from Kennett et ul. [ I  9951) that was 
modified to have a 48 km crust as constrained from receiver 
functions at CCR [Sheehan et ul., 19951. We chose CCR 
because it lies in the middle of the study area (Figre  1 ) where 
velocities are best constrailled and the velocities are inter- 
mediate between that of the central Rockies and the Great 
Plains. Model parameters are shear velocities in approxi- 
mately 20-km-thick layers extending to a depth of 200 km, with 
thicker but ultimately unresolvable layers extending to 600 
km. P-wave velocitics wcre coupled to S-wave variations with 
the same Poisson's ratio in each layer as in the starting model, 
so the sensitivity kernels shown in Figure 6 actually repre- 
sents the combined response to coupled velocity changes, not 
just the shear velocity. In isotropic models, the dominant effect 
is S wave velocity, but P velocity is important near the surface. 
For example, much of the sensitivity to crustal velocity at 67 

s (Figure 6) is due to P wave sensitivity, but the mantle response 
is almost entirely due to S wave sensitivity. There is not suf- 
ficient resolution to uncouple the P and S velocities in the 
inversion. We add crustal thickness as a parameter, preserv- 
ing a velocity discontinuity at the Moho, by increasing tlie 
thickness of the lower crustal layer at the cxpense of the thick- 
ness of the uppermost mantle layer. We adjusted the relative 
damping of crustal thickness and velocity variations to max- 
imize agreement between Rayleigh wave and rcceiver hnction 
data, although the latter were not explicitly employed as con- 
straints in the inversion. 

Synthetic phase velocities were computed using Tl~omson's 
algorithm [Thornson, 1997; Murtin et al., 19971 wliich allows 
for general anisotropy. Partial derivatives of phase velocity 
with respect to changes in model parameters wcrc obtained by 
finite ditTerences from a series of forward models in which 
individual parameters were perturbed. When inverting the 
maps of phase velocity for 3-D structure, we assumed for 
computational efficiency that as long as the crust is constant 
thickness, the partial derivatives are constant, because thc pri- 
mary non-linearity in the problem stems from variations in 
thickness of the layers. We tabulated partial derivatives for 
17 models with crustal thickness ranging from 34 to 66 km, 
then after each iteration in an inversion, selected two sets of 
partial derivatives whose corresponding crustal thickness are 
most close to the crustal thickness in the current model, and 
obtained the most appropriate partial derivatives by interpo- 
lating the sclcctcd two sets. The shear velocity models are 
damped by assigning a priori standard deviations of 0.1 knds 
to the starting model velocities and smoothed by introducing 
off-diagonal terms in t11c modcl covariance matrix that enforce 
a 0.4 correlation in the changes to adjacent layers. 

In this reference model at CCR with crustal thickness fixed 
at 48 km, thc S-wave vclocity in the upper mantle is indis- 
tinguishable from tlie AK 135 inodel, never difiering by more 
than 0.01 kmls (Figure 7). The S-vclocity in the crust is 3.32 
kmls in the top layer (0-20 km) and 3.73 kmls in the bottom 
layer (20 km-Moho), about 0.13 kmls slower than in inodel 
AK135. The similarity of mantlc structure is coincidental; 
there are substantial deviations from these rcferencc models 
in other parts of the study area. 

Ailcm~ge Structut,e in Tectonic P/.ovinces 

One-d~mens~onal  shear-wave models for the Colorado 
Plateau, southern Rock~es, and the Great Plains are distmctly 
d~fferent (F~gure  7) Shear veloc~ty undcr the Rockies is 
remarkably low from the surface to - 140 km depth. Velocities 
m the model are also slightly slow coliipared to AK 135 at 
greater depths where our data do not have good rcsolution; 
although the d~fference 1s probably real, the depth distribution 
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velocity (kmls) 

Figure 7. One-dimensional shear-wave velocity structures. The 
model ofAK135 is plotted as a dotted line. The thick solid line rep- 
resents our reference model at station CCR. The thin solid line is 
for the southern Rocky Mountains (RM). The thin and thick dashed 
lines correspond to the western Great Plains (GP) and the eastern Col- 
orado Plateau (CP), respectively. These models are based on the 
phase velocities for average regions shown in Figure 5. One standard 
errors of shear velocity under the Rocky Mountains are plotted at the 
center of each layer, based on the a posteriori covariance of the 
damped inversion. 

7 

of the anomaly is not well constrained. If such differences do 
exist, as is suggested by body-wave tomography [Lee and 
Grand, 1996; Lerner-Lam et al., 19981, the lack of resolu- 
tion from surface waves coupled with the damping of the 
model inversions would lead to an underestimate of the mag- 
nitude of the anomaly. Our model agrees with the preferred 
pure-path model for the southern Rockies shown in the paper 
of Lerner-Lam et al. [1998]. There is no discernible, fast, 
lithospheric lid. 

Vertical resolution depends on the period range sampled 
and the precision with which the phase velocities are measured. 
One measure of the resolution is the rank of the inverse matrix, 
which indicates the number of linearly independent combi- 
nations of model parameters that are resolved, or, equiva- 
lently, the number of pieces of information about the velocity 

structure that the data provides. For the southern Rockies and 
western Great Plains regions, the rank is 3.8; for the Colorado 
plateau, with larger errors on the velocities (Figure 5) the 
rank is 2.8; and for typical points in the maps of Plate 1, the 
rank is 2.9. The vertical distribution of the information is 
described fully by the resolution matrix. Crudely, three well- 
resolved independent pieces of information about the verti- 
cal velocity structure are: the average velocity in the crust; 
the Moho depth andlor average velocity from 40 to 70 km; and 
average velocity from 70 to -150 km. For the better-resolved, 
average structure of the Rockies and Great Plains, there is 
some additional information extending to depths greater than 
150 km. A posteriori standard errors for individual layers are 
smaller where the information density is higher, like in the 
crust (Figure 7). Average velocities over resolvable depth 
ranges are better constrained than the standard errors indi- 
cated for individual layers. The typical standard error for 
crustal thickness is a few kilometers, but it should be recog- 
nized that standard errors in any inversion of this type do not 
provide extreme limits. 

The model of the Colorado Plateau shows a fast lid from 
Moho to -100 km and a strong low velocity layer underneath 
it. Velocities in the low-velocity zone approach those beneath 
the Rockies in the same depth range. This relatively thin lid 
beneath the Colorado Plateau supports the model that nearly 
horizontal subduction of the Farallon slab mechanically thinned 
the lithosphere [Humphreys and Dueker, 1994; Spencer; 19961, 
in agreement with the surface wave interpretation of Las- 
towka et al. [2001]. Our model velocity in the lid is unusually 
high; this may be caused partially by chance variations in the 
observed phase velocities within the bounds expected given 
the larger standard errors (Figure 5), but there is also some 
tradeoff possible between lid velocity and crustal thickness. 
Our best fitting crustal thickness for this average dispersion 
curve is about 47 km. If we constrained the thickness to be in 
the 40-44 km range typical of seismic refraction and receiver 
function estimates for the Colorado Plateau [Sheehan et al., 
1997; Keller et al., 19981, the lid velocity could be reduced to 
4.6 to 4.7 kmls. 

In the model for the average western Great Plains, shear 
wave velocity is everywhere faster in the crust and upper man- 
tle than in AK135 and the reference model, with a subtle low 
velocity zone, indicating a cratonic lithosphere. Defining a 
thickness of the lid or lithosphere is difficult because there is 
a relatively small velocity contrast between lid and low-velocity 
zone. The structure is quite similar to that found for the west- 
ern Australian craton from Rayleigh wave tomography [Simons 
et al., 19991, but the velocities are clearly lower than beneath 
the core of stable North America [Brune and Dorman, 19631. 
The lower average velocities compared to the continental inte- 
rior are not surprising considering that the Rayleigh wave 
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phase vcloc~t~es systematically decrease and thc topography 
systernatlcally increase5 from western Kansas to the Rocky 
Mountam Front (Plate 1 and F~gure 1) The form of t h ~ s  van- 
ation 1s shown by our lnverslon for three-d~mens~onal structure 

3 - 0  Structure 

Varlat~ons of crust thlckness and veloclty anomal~es are 
shown In Plate 2 and 3. The crust 1s generally thlck ( 4 8  52 km) 
beneath the Colorado Rockies and thins gradually to 44 lun In 
the nearby Colorado Plateau and to 40 km In thc Great Pla~ns. 
There 1s a good, general correlat~on of crustal th~ckness w ~ t h  
regional elevat~on. The thrckcst crust is beneath one of the 
two most elevated areas of the Rockies, the San Juan Moun- 
tains (Plate 2A and 3A). An cxccpt~on to t h ~ s  correlat~on is 
local crustal thlnning beneath the other h~ghest area of the 
southern Rock~es ncar the Sawatch Range (Plate 2A and 3B), 
but in thls area thcrc is a strong, low veloc~ty (-3%) anomaly 
In the crust (Plate 2B, 2C, and 3B) that may Indicate low 
crustal dens~tlcs which could provlde local isostat~c compen- 
sation for the h ~ g h  topography [LL et ul., 20021. Some trade- 
off between the low velocity anomaly and crustal thickness 1s 
possible, but the crustal anomaly is resolvably d~fferent than 
the cffects of a change in cnrstal thickness, and the local thrn- 
nlng is confirmed by receiver funct~on analysis beneath sta- 
tions of the RMF experiment [Sheehurz et al., 1995; Keller et 
a l ,  19981. 

The variations of Moho depth In Plate 2A are significantly 
different than those reported in compilations of results from 
selsmlc reflection and refract~on profiles and receiver function 
stud~es [Prodchl and Lipmun, 1989; Sheehan et al . 1995; 
Keller et al., 19981. Those compilations show the thlckcst 
band of crust to the east of the Rocky Mountain Front and a 
generally poor correlation of crustal thickness with elevat~on 
in Colorado. The combinat~on of this lack of correlation with 
the discovery that P and S velocities beneath the southern 
Rock~es are lower than beneath either the Great Plalns or thc 
Colorado Plateau led to the hypothcsls that isostat~c com- 
pensatlon of the southern Rockles takcs place largely In the 
mantle [Euton, 1987; Sheehan et 01, 1995; Lee and Gmnd, 
1996; Lerner-Lam et a1 , 1998; Karlstronz and Hcrrnphi-eys, 
19981. In contrast, LL et ul. [2002] showed that the Bouguer 
grav~ty anomaly in Colorado could be matched by a combl- 
nation of crustal thickness variations as mapped In Plate 2A 
and ~ntracrustal dens~ty variations that are proportional to the 
veloclty anomal~es mapped In Plate 3B and 3C, indicat~ng 
that no significant contribution of buoyancy from the mantle 
is required. 

It is possible to reconcile the estimates of crustal thickness 
based on surface waves w~th the estimates from seismic reflec- 
tlon, refraction and recciver funct~on analys~s. First, there IS 

some posltlve correlat~on bctween S-wavc vcrtical travel tlmc\ 
through the crust est~mated from recelver firnct~on analysis 
'tnd the tunes predicted from our crustal modcls Second thc 
compllat~ons Include data from various types of \tud~es wlth 
drt'fer~ng quality and there may be some arnb~guou, poss~blc 
lnterpretat~ons that are necessarily hardcncd Into a defln~tc 
value In comptllng a map The Rayleigh wave datd \ct 1s mole 
uniform Third, and most ~mportantly, Raylc~gh waves do not 
d~rectly detect s e ~ s m ~ c  dlscont~nu~t~es Thcy arc sensltlvc to 
average veloc~tles over depth ranges, so a 5 km change 111 

Moho depth w ~ t h  a 0 7 kmls veloclty contra\t at 50 km is 
roughly equlvalcnt to a 0 1 kmls velocity changc over a depth 
range of 35 to 70 km The unportant pornt, howcvcr, 1s that the 
Rayle~gh wdve data requlrc clthcr substantral varidtiollr In 
crustal thicl<ness that correlate w ~ t h  topography, ac shown 111 

Plate 2A, or subrtantlal variations In veloc~ty of the lower- 
most crust and uppermost mantle that correlate wlth topog- 
raphy Elthe1 way, the cornblnatlon of upper crustal veloc~ty 
variations a d  variations near Moho depths suggest that much 
of the lsostatlc cornpensatron of the southern Rocky Mounta~ns 
takcs place In the shallow lithosphere 

In the upper rnantlc from the Mol~o to 140 km depth, o u ~  
vcloc~ty linages revcal two prlmary features. a band of low 
vclocit~es under the Colorado Rock~es w ~ t h  a gradual transl- 
tlon to hlgh veloc~tlc\ beneath eastern Colorado and western 
Kansas (Plate 2D to H,  and 3C), and a local low veloclty 
anomaly centered beneath the northern extenston of the Rlo 
Grande nft into southern Colorado that IS most pronounced just 
below the Moho (Plate 2D to F, and 3A). Prev~ous stud~es 
havc found similar slow anomal~es beneath the R I ~  Grande nft 
In New Mexrco [Parker et ut , 1984, Dcrvrc c2t a1 , 19931, 
althougl~ these anomal~es have also been dttr~buted to the 
northeast t r e n d ~ n g  Jenie7 lineament In New Mexlco 
[Humphre~~.s und Dzleker, 1994, Dzlrkrr et ul , 200 1 ] Our 
observat~ons agree w ~ t h  the S-wave tomography luodcl of Lee 
and G~*und [I9961 In terms of the overall pattern of lowest 
veloc~ty beneath the Rockies, but differ fro111 it in detall For 
example, the~r  lowest velocity anomaly In the upper 100 km 
1s essentially unlform 111 amplitude extending from central 
Colorado southward Into the Rio Grande r ~ f t  In our models, 
there are three components to this anomaly the crustal veloc- 
~ t y  anomaly centered on the Sawatch range, thc Moho depth 
anomaly near the San Juan inouiita~ns, and the sub-Moho 
anomaly In the R I ~  Grande rift 

Lee and Grund [ I  9961 also show a pronounced low-vcloc~ty 
anomaly beneath the central Colorado Rock~es  cxtcndlng 
from 100 to 300 km Because the ho~izontal outllnc of thls 
ailomaly 1s remarkably slinllar to our crustal anomaly and 
they d ~ d  not allow for any crustal vcloclty anomalies, we are 
concerned that some of thc shallow structure may have 
"leaked" Into the deeper parts of thew model In an ~ude-  
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Plate 1. Variations of phase velocities and phase velocity uncertainties. Plate 1 A to E show phase velocity anomalies at 
6 periods (25 s, 33 s, 40 s, 50 s, 59 s, 67 s) relative to the average phase velocities (solid line) in Figure 5. Although the 
inversion is performed in the whole study region, the shown area is outlined by the error contour of 2.2% in Plate 1G 
which shows twice the standard errors of phase velocity anomalies at 33 s. Plate 1H is a map of azimuthally anisotropic 
phase velocities at 50 s. Both the average velocity and azimuthal anisotropy were smoothed with a Gaussian characteris- 
tic length of 80 km. Azimuthal anisotropy is represented by the black bars. The orientation of the bars indicates the fast 
direction of azimuthal anisotropy and the length of the bars is proportional to the strength of anisotropy. The absolute 
plate motion of the North America Plate according to Gripp and Gordon [I9901 is marked as the big white arrow. Black 
dashed lines indicate tectonic boundaries. 
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Moho depth (km) velocity anomaly (%) 

Plate 2. Variations of crustal thickness and shear-wave velocity anomalies in 7 layers from the surface to 140 km depth. 
The velocity anomalies are calculated relative to the 1-D reference model (CCR) in Figure 7. 
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pendent, P-wave tomography study that did allow for the pos- 
sibility of shallow structure, however, Dueker et al. [2001] 
report the existence of a strong (-1.5%), slow, P-wave veloc- 
ity anomaly extending from the Moho to about 250 km. They 
call this feature, which coincides in location roughly with the 
shallow structure (Plate 2B and C), the Aspen anomaly. We see 
hints of the Aspen anomaly in our deepest slices (Plate 2H),  
but our images suggest that it does not connect to the crustal 
anomaly. Body wave tomography with the existing station 
distribution provides little vertical resolution within the upper 
100 km. A tomographic study with denser station distribu- 
tion in central Colorado is needed to resolve this question. 

The transition from a slow tectonic mantle in the southern 
Rockies to a fast cratonic lithosphere in the Great Plains is 
imaged near the Rocky Mountain Front, consistent with large- 
scale tomography studies [Grand, 1994; van der Lee and 
Nolet, 19971 and regional body-wave tomography [Lee and 
Grand, 1996; Lerner-Lam et al., 19981. This transition rep- 
resents the western edge of the North American craton. 
Although this study cannot image a sharp lateral boundary, it 
is clear that in the mantle the transition has significant breadth 
and extends well into the High Plains east of the Rocky Moun- 
tain Front. At depths of 80 km and more in southeastern Col- 
orado, east of the Rio Grande rift, the cratonic lithosphere 
has been eroded or is absent, suggesting that the old, cold 
and presumably more rigid tectosphere can be modified by 
small-scale convection or rifting events beyond the surface 
expression of extension. Similar modification of cratonic lith- 
osphere has also been observed in Brazil, and the northeast- 
ern U.S./Canadian shield [VanDecar et al., 1995; van der Lee 
and Nolet, 1997; Rondenay et al., 20001. Dueker et al. [200 11  
suggest that the initial compositional lithosphere may be intact 
and that localized low velocity anomalies may be created by 
partial melting of hydrated olivine-poor lithologies embedded 
in the lithosphere during earlier, Proterozoic suturing events. 

In the upper mantle at depths of 50 to 80 km, the average 
shear-wave velocity contrast is 4.5 to 5% from the southern 
Rockies to the Great Plains (Figure 7 and Plate 2). The range 
decreases with increasing depth, but may be somewhat under- 
estimated because smoothing and damping tend to minimize 
the variation. Body wave tomography shows a -9% S-wave 
velocity contrast across the region [Lee and Grand, 19961, 
but this contrast includes a -3% variation within Kansas, an 
area which is not well-resolved by surface waves, and as dis- 
cussed above, the contrast may be exaggerated by leaking of 
crustal anomalies into the mantle part of the model. Accord- 
ing to Natufand Ricard [1996], a 100 OC increase in temper- 
ature decreases the shear velocity in the shallow mantle by 
about 1.1%. Our result thus suggests a minimum of 400°C 
variation in temperature from the Colorado Rocky Mountains 
to the Great Plains, which is compatible to the tenlperature con- 

trast in this area obtained by Goes and van der Lee [2002], 
although Karato El9931 suggests that thermal coefficients of 
velocity may be larger if Q is low. The required temperature 
contrast is reduced if partial melt is present. Faul et al. [1994], 
for example, estimated that 1% melt distributed in inclusions 
with a range of aspect ratios would decrease shear-wave veloc- 
ity by about 3.3%. The large, lateral velocity contrasts led 
Lee and Grand [I9961 and Lerner-Lam et al. [I9981 to hypoth- 
esize that upwelling and mantle melting is occurring beneath 
the Rockies, perhaps associated with the northern continua- 
tion of rifting and extension from the Rio Grande rift into the 
Colorado Rockies. Although the absence of a high-velocity lid 
is consistent with such a scenario, the minimum, absolute, 
shear velocity for the average southern Rockies is about 4.33 
km/s (Figure 7) ,  much faster than the -4.0 km/s found beneath 
the East Pacific Rise at comparable depths [Nishimura and 
Forsyth, 19891. Rather than melt being widely distributed 
beneath the Rockies, it is more likely that it exists in only a few 
localities, like beneath the Rio Grande rift or possibly in the 
Aspen anomaly. 

AZIMUHTAL ANISOTROPY 

Shear wave splitting measurements [Savage et al., 19961 
demonstrate that anisotropy exists beneath at least some parts 
of our study area in a form that should cause azimuthal vari- 
ations in Rayleigh wave phase velocities. Although our data 
have good azimuthal coverage, they are not sufficient for 
resolving continuous 2-D variations in azimuthal anisotropy. 
Consequently, we required anisotropy to be constant in each 
of three tectonic regions, the eastern Colorado Plateau, Col- 
orado Rocky Mountains, and western Great Plains (Figure 
4). We inverted simultaneously for the A, and A, terms needed 
to describe azimuthal anisotropy along with the A, terms at 
each node and the two-plane-wave parameters describing the 
incoming wavefield from each earthquake. Our first inver- 
sions showed that the Colorado Plateau terms were very poorly 
constrained, so in the inversions presented here, those terms 
are fixed at zero. Including anisotropy in the inversions makes 
only minor improvements in the least-squares fit to the data, 
but adding the four anisotropic parameters (A, and A, for two 
regions) increases the rank by 3 to 4 ,  depending on period 
indicating that the anisotropic terms are well resolved. 

Observations 

Anisotropy varies laterally between the tectonic regions 
and is also frequency dependent (Plate 1H and Figure 8). 
Anisotropy under the Rockies shows a simple pattern. It 
increases with period from near zero at 40 s to over 7% at 
100 s with a nearly constant NE-SW fast direction. At periods 



LI ETAL. 397 

less than 40 s, the strength is less than 2% and the fast direc- 
tion progressively rotates to nearly N-S as the period decreases 
and the waves become primarily sensitive to crustal structure. 
The strikes of young norinal faults in the Rockies [Eaton, 
19871 are also nearly N-S, suggesting that this apparent crustal 
anisotropy may be caused by the alignment of cracks. In the 
Great Plains, anisotropy is generally weaker at most periods 
than in the Rockics, the 95% confidence limits at several peri- 
ods include zero anisotropy, and the directions are inconsis- 
tent from one period to the ncxt. We do not consider the 
existence of azimuthal anisotropy in this region to be resolved 
convincingly; the average effect is likely to be less than 1%. 
In both regions, the uncertainty increases with increasing 
period as the velocities decrease in accuracy, the noise 
increases, and the azimuthal coverage worsens. 

There IS always a posslble trade-off between veloclty and 
anlsotropy when they are jointly Inverted Travel-tlme varlat~ons 
caused by true azimuthal anlsotropy can always be perfectly 
rnlmlcked by allowing In the model wfficiently strong lateral 
variations in isotropic veloclty on suffic~ently short dlstance 
scales Generally, however, the resulting models are hlghly 
heterogeneous w ~ t h  large veloclty varlat~ons over distances 
comparable to the station separation Wlth the length scale of 
velocity varlatlons allowed by the smoothing In thls study, 
there IS no s~gniflcant tradeoff between lateral veloc~ty vana- 
tlons and regional anlsotropy. T h ~ s  IS illustrated In Plate ID 
and IH at a per~od of 50s Addlng the anlsotroplc terms causes 
only a shght diinlnut~on of the amplitude of the low veloclty 

Period (s) Period (s) 

Period (s) Period (s) 

Figure 8. Var~ation~, of a~lmuthal anisotropy with period beneath tlie Rocky Mountam region (A and C) and the Great Plains 
(B and D) Black clrclcs Indicate the strength of an~sotiopy In percent Vertical bars repiesent one standard error In strength 
Fast dlrect~ons of azimuthal anibotropy are lnd~cdted by the orientations of black bars as ~f In a map vlew w ~ t h  north L L ~  on 
the d~dgram. Gray bars show one standard error of the fast dlrectlons For a givcn frcquency, anisotropy in A and B 15 solved 
s~niultaneously In the lnverslon Por C or D, the anlsotropy ~n that rcglon 1s allowed to vary, but in the rest of the \tudy area, 
it 1s fixed to zero 
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Latitude 

-1 06 -1 04 -1 02 

Longitude 

Plate 3. Profiles of share-wave velocity anomalies (similar to Figure 2D-F in [Li et al., 20021). (A) Profile along 38"N. 
(B) Profile along 39.2"N. (C) Profile along 106.5"W. Thick black line denotes crustal thickness from Plate 2A. 
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anomalies in the Rockies. Even though the amplitude of the 
anisotropic terms is larger at some other periods, the effects are 
still small. Similarly, the estimated azimuthal anisotropy is not 
due to the trade-off with true velocity anomalies, as can be 
seen by the fact that the anisotropy is in general stronger at 
longer periods even as the velocity anomalies become weaker. 

A trade-off of anisotropy between different tectonic 
provinces is also possible. We were concerned because the 
anisotropy is unexpectedly large in both the Rockies and Great 
Plains at long periods (Figure 8A and B), but their fast direc- 
tions are nearly orthogonal to each other. Could this be due to 
the trade-off of anisotropy between the two regions? To answer 
this question, we solved for anisotropy in the Rockies and the 
Great Plains independently. In these inversions, we allowed uni- 
form anisotropy in just one tectonic province and kept other 
areas isotropic. The complete results from this experiment 
are displayed in Figures 8C and D. The trade-off does reduce 
the anisotropy slightly, by less than 1%, but the patterns of 
anisotropy in both the Rockies and the Plains are unchanged. 

Discussion 

The small and variable anisotropy in the Great Plains could 
indicate that the crust and uppermost mantle are nearly 
azimuthally isotropic, but our estimates might be biased by the 
assumption of uniform anisotropy in each tectonic province that 
artificially averages out lateral variations of anisotropy within 
the province. Significantly different anisotropy within the 
high plains is indeed revealed in shear-wave splitting analy- 
ses [Savage et al., 1996; Savage and Sheehan, 20001, chang- 
ing from a NE fast direction in northeastern Colorado to a 
SSE direction in southeastern Colorado. Therefore, the appar- 
ent abrupt change in direction with frequency that we observe 
could be due to a changing population of paths sampling the 
two areas differently at different frequencies. Unfortunately, 
there is simply not enough resolution to productively break 
down the study area into smaller subregions. 

The most interesting observation is the simple pattern of 
azimuthal anisotropy in the Rocky Mountain region (Figure 
8A) at periods longer than 40 s. A remarkably consistent fast 
direction is oriented NE-SW. The observed fast directions on 
average are rotated 10 to 20 degrees counterclockwise from 
the direction of the absolute plate motion of the North Amer- 
ican plate [Gripp and Gordon, 19901 and agree well with the 
fast direction of shear wave splitting found in the northern 
Rio Grande rift area of northern New Mexico and southern 
Colorado [Sandvol et al., 1992; Savage and Sheehan, 20001. 
Although the absolute values are less believable at the longest 
periods due to relatively large uncertainties, the trend of 
anisotropy increasing with period is significant. Therefore, 
the pattern strongly suggests that anisotropy beneath the Rocky 

Mountains is dominated by a source at depths of 100 km or 
greater, probably a highly anisotropic asthenosphere strongly 
sheared by the North America plate. Beneath the Plains, 
asthenospheric shearing may occur at greater depths, beyond 
the range of detection of Rayleigh waves in this study. 

Our results of strong and consistent anisotropy at longer 
periods appear to contradict the observations of shear-wave 
splitting at stations in the northern Colorado Rockies [Savage 
et al., 19961, which are characterized by variable direction 
and many null measurements. The strength of apparent 
azimuthal anisotropy we observe should produce strong and 
consistent shear wave splitting. Although the SKS and SKKS 
phases employed in the splitting studies sample velocity struc- 
ture from the core-mantle boundary to the earth's surface, 
analytic studies [Saltzer et al., 20001 suggest that shear-wave 
splitting measurements tend to be dominated by the structure 
at shallow depth. If this is true, then the null and variable 
measurements of shear-wave splitting in the northern Col- 
orado Rockies could be consistent with rapid lateral and ver- 
tical changes in anisotropy in the upper lithosphere, although 
no consistent evidence of a two-layer structure has been 
reported for the splitting. 

The large apparent anisotropy at longer periods is not yet 
well understood. Maximum anisotropy is -3% at 83 s and 
100 s assuming that the upper mantle is 70%olivine and 30% 
orthopyroxene and their fast axes are perfectly aligned hori- 
zontally, and only -1% anisotropy distributed throughout the 
upper mantle (0-400 km) is needed to obtain about 1 s 
observed delay times of shear-wave splitting. There are sev- 
eral possible solutions to this problem. First, with large uncer- 
tainties at 83 and 100s, it could just be a fortuitous accident 
that the estimated values continue the trend established at 
intermediate periods. The maximum could be no more than 3% 
without violating any of the Rayleigh wave observations at 
the 95% confidence level. However, even at 3%, predicted 
shear-wave splitting would still exceed observed delay times. 
unless mitigated by variable anisotropy at shallower depths 
not resolved by the Rayleigh waves. Second problems with 
resolving lateral heterogeneity at finite wavelengths may exist. 
Except for our weighting function, we implicitly assume ray 
theory in our interpretation, which is strictly valid only when 
the wavelength is much smaller than the heterogeneity. At 
long periods, the wavelength, -400 km at 100s, exceeds the 
width of the Rocky Mountain region and the actual sensitiv- 
ity to structure is spread over a broad region around the ray path 
[Marquering et al., 1998, 19991 much like a Fresnel zone 
[Gudmundsson, 19961, so that banded lateral heterogeneity 
with a scale less than a wavelength may be more effectively 
represented as azimuthal anisotropy. But if the large anisotropy 
comes from a low velocity anomaly beneath the Rocky Moun- 
tain region, the average fast direction is expected to be per- 
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pendicular to the band in the E-W direction, not NE as 
observed. Third, the anisotropy could be due to dipping fast 
axes that yield greater variation in shear velocity if the prop- 
agation is not in symmetry planes [Babtlska and Cara, 19911 
and affect Rayleigh waves and shear waves differently. For 
instance, if the upper mantle is pure olivine, the strongcst 
azimuthal anisotropy at 83 s is 5.6% when the fast axis is 35" 
dipping from horizontal. Dipping fast axes should be observ- 
able from the variation of splitting with azimuth if SKS phases 
propagate slightly off a vertical ray path. Further synthetic 
calculations are needed in order to better understand the large 
amount of anisotropy from the Rayleigh waves and to compare 
this result with shear-wave splitting observations. 

CONCLUSIONS 

Using Rayleigh waves propagating across the Rocky Moun- 
tain Front seismic array, we observed distinct structures beneath 
the western Great Plains, southern Rocky Mountains and the 
eastern Colorado Plateau. There is no h g h  velocity lid beneath 
the Rockies and anomalously low velocities continue to depths 
of 150 km and greater. Beneath the Plateau, there is a high 
velocity lid and pronounced low velocity zone and beneath the 
western Plains, velocities are high and the low-velocity zone 
is almost absent. The largest velocity contrast across the region 
is in the crust, with the lowest velocities beneath the elevated 
region around the Sawatch Range, suggesting that, in addition 
to crustal thickening, density variations within the crust play 
an important role in compensating the high topography of the 
Rocky Mountains. In the shallow upper mantle, the strongest 
low-velocity anomaly is imaged in southern Colorado, near the 
Rio Grande rift, indicating the presence of partial melt. The 
transition from cratonic mantle in the eastern part of the study 
area to tectonic mantle beneath the Rockies is gradual and 
not confined to the vicinity of the Rocky Mountain Front. 

We constrained azimuthal anisotropy in a joint inversion that 
included spatial variations in the azimuthally averaged isotropic 
phase velocities. With the scale length of spatial variations 
allowed in this study, there is little trade-off between azimuthal 
and spatial variations in velocity. Azimuthal anisotropy beneath 
the Rocky Mountains increases with period and its fast direction 
at depth is close to the absolute plate motion of the North Amer- 
ican plate. This pattern is consistent with deep asthenospheric 
flow dominated by the current plate motion. 
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The Dynamic Nature of the Continental Crust-Mantle 
Boundary: Crustal Evolution in the Southern Rocky 

Mountain Region as an Example 

G. Randy ~ e l l e r ' ,  Karl E. ~a r l s t rom~,  Michael L. Williams3, Kate C. ~ i l l e r ' ,  
Christopher Andronicosl, Alan R. LevandelA, Catherine M. Snelson5, Claus Prodehl" 

The evolution of continents involves modification of the lithosphere through time, 
including changes in crustal thickness and composition that create a dynamic crust- 
mantle boundary (Moho). The geological history of the southern Rocky Mountain 
region is relatively well understood and recent additions of modern seismic data 
provide an ideal opportunity to investigate the evolution of the crust. The results 
presented in this volume show that crust in the southern Rocky Mountains is rela- 
tively thick compared to the global average for the continents. The mafic lower 
crust and crust-mantle boundary of the Proterozoic provinces of the southwestern 
U.S. likely formed, and reformed, in several stages. Initial formation of juvenile 
continental crust took place by development and assembly of magmatic arcs between 
1.8 and 1.6 Ga. Volcanic and plutonic rocks of this age record whole-crust differ- 
entiation and probably resulted in a mafic lower crustal residue. From 1.45 to 1.35 
Ga, the crust underwent another period of differentiation leading to emplacement of 
A-type granites in the middle crust across southern Laurentia. Voluminous granitoid 
emplacement ca. 1.4 Ga, petrology of granitoids, widespread metamorphism, and 
1.4 Ga lower crustal xenoliths are best explained by mafic underplating. Subse- 
quent mafic additions to the lower crust likely took place at each of the times when 
basalts were emplaced in the Rocky Mountain region (1 . l  Ga Grenville orogeny, 
Laramide orogeny, Oligocene ignimbrite flare-up and Neogene extensional tecton- 
ism), but these events were more local in distribution and not widespread enough to 
produce the thick, mafic crust observed over an extensive area. 

1. TNTRODUCTTON of material across the Moho is the primary process by which 
continental crust is created and recycled back into the mantle 

Understanding the crust-mantle boundary (Moho) is a key [Ardnt and Goldstrln, 19891. The depth of  t h ~ s  boundary can 
aspect of understanding the evolution of  contments. Exchange be  changed by tectonic thickening and th~nning,  magmatic 
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underplating (an array of processes whereby mafic melts 
derived from the mantle are added to lowermost portion of 
the crust), and lithospheric delamination. Additionally, some 
studies have concluded that the Moho represents the base of 
the lithosphere during crustal formation [Roy Chowdhury and 
Hargmves, 198 11. Therefore the evolution of this boundary has 
profound implications for the mechanical and petrologic evo- 
lution of the continents. 

The long-term evolution of continents typically involves 
modifications of the lithosphere by plate margin tectonism 
(orogeny) and by intraplate lithosphere-asthenosphere inter- 
actions in the "interior" (plumelhot spot impacts and rifting). 
Inevitably in continents that remain coherent over billions of 
years, this evolution involves changes in the thickness and 
composition of the crustal column through time that can lead 
to "cratonization" (increased stability), or incipient rifting 
(decreased stability). The southern Rocky Mountain region 
records both a major period of crustal growth and cratoniza- 
tion at 1.8-1.6 Ga and repeated reactivation cvents due to 
subsequent intracratonic tectonism [Karlstrom and the CD- 
ROM Working Group, 20021. 

The goal of this paper is to present our analysis of the evo- 
lution of the crust of the southern Rocky Mountain region 
based on the integration of geologic data with recent seismic 
results. The lithosphere of this region has been investigated by 
diverse seismic methods that can be compared, contrasted 
and integrated. These include: 1) Broad-band teleseismic data 
recorded at a grid of stations in the Rocky Mountain Front 
experiment [Sheehan et al., 1995; Lerner-Lam et al., 1998; Li 
et al., this volume]; 2) The Deep Probe experiment, the longest 
modern refraction line in North America, which extended 
from the Canadian Arctic through the Roclties to southern 
New Mexico [Henstock et ul., 1998; Snelson et al., 1998; 
Gorman et al., 20021 and also included a teleseismic record- 
ing effort [Crosswhite and Humphreys, 20031; and 3) The 
Continental Dynamics of the Rocky Mountain Project (CD- 
ROM) seismic experiments that included a combination of 
high resolution, and approximately co-located, refraction, tele- 
seismic, and reflection studies (as presented in a series of 
papers in this volume). We use the CD-ROM results from the 
southern Rocky Mountain region combined with earlier stud- 
ies to discuss the evolution of the crust and to argue that the 
crust-mantle boundary in this region has been a dynamic fea- 
ture throughout the past 1.8 Ga. 

2. NATURE OF THE CRUST-MANTLE BOUNDARY 

A discussion of the crust-mantle boundary is complicated 
and clouded by semantics and differing interpretations of the 
composition and evolution of the lower crust and mantle lith- 
osphere. The crust-mantle boundary is commonly talten to be 

~dentlcal to the Moho, whlch is traditionally defined [e g., 
Jarchow and Thornpon, 19891 based on sclsmlc refract~on 
measurements as the deep honzon (usually a zone of finite 
thickness) In the Earth where sersmlc compressional wave 
velocity (Vp) exceeds 7.6 kmis. However, Nelton [I9911 
argued that the actual crust-mantle boundary does not have a 
prominent selsmlc expression and is the contact between 
cumulate ultramaf~c rocks and the res~duum below and may 
Ile well below the Moho. Furlong and Fountam [I9861 also 
argued that underplating of the continental crust is a com- 
mon phenomena that adds materlal to the base of the crust 
that can have veloc~t~es greater than 7 6 km/s Add~t~onally, 
Gr~ffcn and O'Rezlly [1987] pointed out that m a f ~ c  lower 
crustal rocks can be transformed into eclogrtes, whlch are 
seismlcally Identical to typical mantle per~dotltes, but wh~ch 
represent crustal matenal Thus m some places, there 1s l~kely 
to exist a seismic Moho (Vp > 7 6 km/s) that resides at a shal- 
lower depth than the petrologic Moho, which can be defined 
as the base of rocks with mafic compositions and could be con- 
sldered the crust-mantle boundary 

In addltion to selsmic refract~on determinations of P-wave 
velocity, a seisinlc discontmuity referred to as the Moho IS 

also mapped by deep selsmlc reflection profilmg and receiver 
funct~on studles As discussed below, the Moho as defined 
by each of these technlqucs is based on a different seismlc 
response (frequency and wave type) to a zone representmg a 
major veloc~ty discontinuity or serles of discont~nnities The 
selsmlc studles reported in thls volume and prevlous studles 
In the reglon [Prodehl et a1 , this volume] have detected a 
strong discont~nu~ty at a depth of 40-55 km, and cons~der- 
ing the uncerta~nties In each method, nearby results agree well 
on the depth to the Moho We have taken the new results 
reported in this volume and combined them w ~ t h  the older 
refract~on and receiver function results and gndded and con- 
toured them to produce F~gure 1 We have not slgn~ficantly 
smoothed the data before contouring, and the map is qulte 
irregular in places T h ~ s  ~rregular~ty 1s partly due to the use of 
different types of data w ~ t h  different resolutions. One must 
remember that +I- 10% is a reasonable rule of thumb for estl- 
matlng the uncerta~nty of Moho depth determlnabons [Moonev, 
19891 for all but the high-resolution studies that have been 
poss~ble in recent years as large numbers of instruments have 
become ava~lable. On the other hand the crust In the Rocky 
Mountain reglon has experrenced a complex evolution that 
probably played a role In produclng some of the undulations 
shown on the map (Flg. 1). As d~scussed below, at least the 
marn features on this map represent the rel~ef on a major sels- 
mlc dlscontlnuity underlain by P-wave veloclt~es >7 6 kmls, 
which we conclude 1s the Moho today. Thus, the observed 
15+ I<m of relief on the Moho shown in this Image represents 
a first-order signature of the l~thosphere of the Southern Rocky 
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Figure 1. Map of the thickness of the crust today derived by gridding and contouring the results of previous studies in the 
area [seismic refraction - Prodehl et al., this volume; receiver functions - Sheehan et al., this volume] with the seismic results 
presented in this volume. Minus signs ( - ) indicate minima in crustal thickest that may not be obvious from the labeling. 
Contour interval - 4 km. 

Mountains. As we discuss the processes at work during the 
evolution of the crust, we will focus on possible past con- 
figurations of the crust-mantle boundary and speculate on 
the position of the paleo-Moho that seismologists would 
have mapped had they had been able to conduct experi- 
ments long ago. 

A different approach to understanding the crust-mantle 
boundary utilizes petrologic data from xenoliths and vol- 
caniclplutoniclmetamorphic rocks, in order to add a time 
dimension to the discussion. For example Gr@n and 0 'Reilly 
[I9871 pointed out that mixed "crustal" (i.e. ma'fic) and "man- 
tle" (i.e. ultramafic) lithologies could result in average veloc- 
ities that would be interpreted as "crust" or "mantle", 
depending on the proportions and physical state (degree of 

differentiation or conditions of metamorphism) of interlay- 
ered materials. For example, "crustal" lithologies in granulite 
facies (garnet granulites) can have seismic velocities that 
would be identified as upper mantle (i.e., Vp >7.6 kmls), 
eclogites (Vp -8.4 kmisec) can be present in the crust (derived 
from metamorphism of crustal basalts) or mantle, and hydrated 
mantle rocks or mantle rocks at elevated temperatures can 
have velocities that are transitional between crust and mantle 
(7.6 kmisec or lower). Hence, the Moho that is imaged seis- 
mically in many continental regions is usually a complex zone 
(typically -5 km thick) rather than a sharp interface and is 
thus capable of producing diverse seismic signatures that are 
subject to differing interpretations. In addition, underplating 
may result in complex layering and a range of seismic veloc- 
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ities that fall above and below 7.6 kmls [e. g., Furlong and 
Fountain, 19861. Transitional structures such as these may, 
for example, produce different interpretations of refrac- 
tionlwide angle-reflection data [e.g., Snelson et al., this vol- 
ume; Levander et al., this volume]. In spite of these semantic 
and physical complications, we believe that the different ways 
to define and study the crust-mantle boundary have each pro- 
vided important insight in our effort to answer questions con- 
cerning its origin and history. 

3. SEISMIC CHARACTERISTICS OF THE CRUST- 
MANTLE BOUNDARY 

As discussed above, the classic definition of the Moho is 
based on seismic refraction data, and refraction waveforms 
can commonly be modeled in continental and oceanic areas as 
arising from a smooth or complex velocity increase from crust 
to mantle velocities in a thin (several kilometers thick) layer 
at the base of the crust [e.g., Braile and Chang, 1986; Wolfand 
Cipar, 19931. This same waveform character has also been 
modeled as resulting from a Moho with laterally variable 
topography [e.g., Larkin et al., 19971. Other types of seismic 
measurements provide information about the geometry of the 
change from crustal to mantle velocities. On seismic reflec- 
tion images, the Moho can appear as a single reflection, a 
zone of multicyclic reflections, or a gradual loss of reflec- 
tions [e.g. Sadowiak et al., 1991 ; Moonq and Meissner, 19921. 
In addition, receiver fimctions have, for over a decade, provided 
useful measurements of the travel time of S-waves through 
the crust. These measurements are based on the P to S con- 
version at the Moho, because this phase is usually manifested 
as a single, easily recognized pulse on the receiver function 
[e.g., Sheehan et al., 1995; Sheehan et al., this volume; Zurek 
and Dueker, this volume] with a dominant wavelength on the 
order of 5 km. This pulse is interpreted as being due to an 
interface (a zone -5km thick), and if the velocity of the crust 
is estimated, these travel times can be converted to depths. 
Finally, surface wave dispersion studies can also define the 
Moho based on S-wave velocity variations. Although this 
method determines only average velocity across regions with 
dimensions of -100 km or more, it does offer complemen- 
tary information in Colorado because of the 3-D grid of sta- 
tions of the Rocky Mountain Front experiment [Sheehan et al., 
1995; Li et al., 2002, and this volume]. 

These different seismic techniques can produce conflict- 
ing values for the depth of the Moho, but at least some of the 
apparent differences can result from the different, commonly 
non-overlapping, bandwidths used in these techniques. For 
example, near vertical-incidence reflection data generally 
contain higher frequencies (10-50 Hz) and will commonly 
respond to a highly layered Moho differently than lower fre- 

quency (2-1 0Hz) refraction data, which in turn respond dif- 
ferently than the 0.3-0.5 Hz teleseismic receiver function. 
We have found that, in the southern Rocky Mountain region, 
differences in reported Moho depth are typically within the res- 
olution limits of the different data sets. However the more 
vertically and laterally complicated the Moho is in a particu- 
lar region, the greater is the potential for differences between 
techniques to arise. 

Another key to understanding the crust-mantle boundary 
is knowledge of the uppermost mantle. The velocity of the 
uppermost portion of the mantle is best measured by the 
refracteddiving P-wave (Pn phase) that travels just below the 
Moho. The &stance at which this phase becomes a first arrival 
(the Pn crossover distance) is a key observation in determin- 
ing Moho depth (i.e., the greater the crossover distance, the 
thicker the crust). The global average uppermost mantle veloc- 
ity (-8.1 kmls) is very consistent in tectonically stable areas 
[e.g., Christensen and Mooney, 19951, but in areas of high 
heat flow such as rift zones, the velocity of the uppermost 
mantle may be as low as -7.5 k d s  [e.g., Mechie et al., 1 9941. 
Velocities greater than -8.2 kmls suggest low heat flow and 
rocks that are rich in olivine andor in eclogite facies [e.g., 
Christensen and Mooney, 19951. 

4. THE PRESENT CRUST-MANTLE INTERFACE IN 
THE SOUTHERN ROCKY MOUNTAINS 

Analysis of the CD-ROM seismic refraction [Snelson et 
al., this volume; Levander et al., this volume], deep reflection 
[Morozova et al., this volume, Magnani et al., this volume, a], 
and teleseismic [Dueker et al., 200 1; Zurek and Dueker, this 
volume] data show that the crustal thickness varies from 40 km 
to greater than 50 km along the CD-ROM seismic transect. 
These results are in good agreement with previous studies in 
the region [summarized in Sheehan et al., this volume; Prodehl 
et al., this volume]. When viewed regionally (Fig. I), the 
crustal thickness shows less correlation with modem topog- 
raphy than simple isostatic models would predict [Sheehan 
et al., 1995; Snelson et al., this volume]. In addition, the crust 
is generally thinner than predicted by these models, and thus, 
some of the compensating mass must lie in the upper mantle. 
However, the crust is considerably thicker than the -40 km 
thick global average for continental crust [Christensen and 
Mooney, 19951, and as shown by Li et al. [2002] and Snelson 
et al. [this volume], the variations in crustal thickness and 
composition, and therefore density, contribute substantially 
to isostatic balance. 

Underplating is a major process in the growth and evolution 
of continental crust and directly changes the position and 
conlposition of the crust-mantle boundary [Furlong and Foun- 
tain, 1986; Ardnt and Goldstien, 1989; Nelson, 19911. Thus, 
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it is important to discuss seismic evidence for underplating in 
the Rocky Mountain region. However, this is difficult for sev- 
eral reasons. First, the term underplating has been used to 
describe a variety of magmatic processes including intrusion 
(sills and dikes) and true ponding of mafic magma in the 
lower crust and uppermost mantle. Secondly, in areas with 
relatively thick (>40 km) crust, the presence of lower crustal 
layers with P-wave velocity >7.0 knds have commonly been 
interpreted as evidence for underplating. However, if under- 
plating is widespread, the use of average crustal properties, 
such as derived by Christensen and Mooney [1995], to search 
for crustal structure anomalies indicative of underplating is 
doomed in most cases because seismic measurements in many 
areas that are underplated have been used in the process of 
determining average values for the crustal thickness (-40 km) 
and Vp (-6.45 kmls). Finally in terms of velocity, seismic 
techniques have their lowest resolution in the lower crust. 
Receiver functions are seldom able to detect interfaces within 
the crust, and in particular, to determine the velocity layers 
within the crust. Reflection data have very low resolution of 
velocity in the lower crust. In refraction studies, unless a clear 
first arrival is observed from the lowermost crust [e.g. the 
DEEP PROBE experiment, Gorman et al., 20021, different 
interpretations of the lower crust are commonly possible based 
on the subjectivity of picking and correlating phases that fol- 
low the first arrival in time. This is the case in the studies of 
Snelson et al. [this volume] and Levander et al. [this volume]. 
In these two models, the crustal thicknesses are comparable, 
but the velocity of the lowermost crust is different by about 0.2 
kmls (-7.0 to -7.2). Similar but greater differences exist (for 
similar reasons) in interpretations of the PACE experiment 
data on the Colorado Plateau [e.g., Wolf and Cipar, 1993; 
Parsons et al., 19961. 

With these complicating factors in mind, it is nonetheless 
appropriate to compare the southern Rocky Mountain region 
(Fig. l), which includes the eastern Colorado Plateau and the 
western Great Plains, to global averages of crustal thickness 
(Tc) and P-wave velocity (Vp) [Christensen and Mooney, 
19951 for orogens (Tc-46 km, Vp-6.4 h i s )  and shields and 
platforms (Tc-41 km, Vp-6.4). In orogens, the average crustal 
velocity in the lower crust near the Moho (45-50 km) is -7.0 
krnls and in shields and platforms ( 4 0 4 5  krn) this value is 
7.1-7.2 knds. Thus, the CD-ROM determinations of crustal 
thickness are thick relative to the average for orogens within 
the Rocky Mountains and about average in the Great Plains. 
In terms of crustal evolution, the differences in the CD-ROM 
refraction models for the lower crustal velocity (7.G7.2 kmls) 
are not very significant because virtually all of the values fall 
within the expected range for mafic material. Thus, the rela- 
tively thick crust in the region (Fig. 1) argues most strongly for 
considerable underplating during the evolution of the crust 

in the Southern Rocky Mountains. Further east across the 
Great Plains and Midcontinent region, existing refraction 
results were synthesized by Braile 119891 who constructed a 
profile along 37'N extending from 95' tolOOo W. All along this 
profile, the crust is thicker than 40 km and the lower crust is 
-20 km thick with an average Vp of 7 . 1 7 . 2  kmls. The com- 
bined results of the CD-ROM project and Braile ,k [I 9891 syn- 
thesis show that a relatively thick portion of the lower crust 
beneath most of the Rocky Mountain region has a P-wave 
velocity high enough to be consistent with it being formed 
by mafic underplating. 

An interesting result shown in Figure I is the large crustal 
thickness variations (> 15 km) in the southern Rocky Moun- 
tain region. For example, there is at least 10 km of relief on the 
Moho along the CD-ROM transect that begins along the south- 
ern margin of the Archean Wyoming craton. The connection 
of this transect to the DEEP PROBE profile [e.g., Gormun 
et al., 20021 provides another image of deep structure from the 
early Proterozoic southern Rocky Mountain terranes, across 
the margin of this craton, into its core. Detailed geologic stud- 
ies of Archean exposures in southernmost Wyoming provide 
convincing evidence that the southern margin of the Wyoming 
craton was rifted to form a passive continental margin at about 
2.1 Ga [Karlstrom et al., 1983; Karlstrom and Houston, 1 9841. 
A north to south thinning of today's crust by 10 km in this 
region follows this ancient plate boundary suggesting that the 
relative crustal thickness change may in part still reflect this 
ancient event [Prodehl and Lipmun, 1989; Johnson et al., 
1994; ; Henstock et al., 1998; Snelson et al., 1998; this vol- 
ume]. Other thickness variations such as the area of thick 
crust in northwest Colorado along the Cheyenne belt imaged 
by the DEEP PROBE teleseismic array [Crosswhite and 
Humphrqs, 20031 could also result from ancient tectonics. The 
CD-ROM seismic reflection data also show that the structure 
of the Cheyenne belt suture is very complex suggesting that 
the Proterozoic crust of the Colorado provinces was inter- 
leaved with Archean crust of the Wyoming province during 
suturing [Morozova et al., this volume]. In addition, some of 
the localized areas of thick crust lie in areas that were signif- 
icantly affected by the Ancestral Rocky Mountain and 
Laramide orogenies (e.g., Front Range area, Fig. 1). Finally, the 
crustal thinning associated with the Rio Grande rift in New 
Mexico (Figure I)  is well documented and correlates well 
with estimates of extension that show it increasing southward 
[Cordell, 1982; Keller and Baldridge, 19991 

The upper mantle velocities determined in the CD-ROM 
refraction analyses agree [Snelson et al., this volume; Levan- 
der et al., this volume] and are low (-7.9 kmls) compared 
typical continental values (8.0-8.1 kmls). In addition, tele- 
seismic tomography [Dueker et al., 2001; Yuan and Dueker, 
this volume] and surface wave tomography [Li et al., 2002, and 
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this volume] show many low velocity regions in the uppermost 
mantle with Rio Grande rift/Jemez lineament being the most 
prominent. The origin of these values may be due to the high 
regional heat flow, but the heat flow anomaly associated with 
the northern Rio Grande rift is narrow [e.g., Reiter et al., 
19751. Compositional variations due to subduction of the Far- 
allon plate have been invoked to explain low velocities in the 
upper mantle of the Rocky Mountain region [e.g., Dueker et 
al., 20011. However, it is also possible that the anomalies 
represent an older compositional anomaly [Karlstrom et al., 
this volume]. 

5. GEOLOGIC EVOLUTION OF THE CRUST-MANTLE 
BOUNDARY IN THE SOUTHERN ROCKY MOUNTAIN 

REGION 

Notwithstanding the difficulties in defining and mapping the 
crust-mantle boundary today, the real challenge is trying to con- 
struct a credible interpretation of the evolution of this bound- 
ary through time. Modern exposures of Precambrian rocks 
over a large region of Colorado and northern New Mexico 
were at middle crustal depths of I0 to 20 km at about 1.4 Ga 
[Grumbling, 1986; Williams and Karlstrom, 1996; Farmer et 
a/., this volume]. Because the crust is -45 km thick today and 
the exposures are too extensive to be due to Laramide thrust- 
ing, the crust was either -65 km thick at 1.4 Ga or 20 km or 
more of material has been added to the crust since 1.4 Ga. 
This does not include the likelihood that Neoproterozoic 
and/or Phanerozoic sediments and volcanics were deposited 
and subsequently removed. Thus, important questions are 
how and when did the crust attain its present thickness, and 
how did its thickness change through time? There are several 
mechanisms (e.g., shortening, extension, magmatism, migra- 
tion of metamorphic fronts, and lower crust and upper man- 
tle delamination) by which the crust-mantle boundary can 
"migrate" through time. We will discuss them where they 
apply below. 

If we use modern island arcs as a reference [e.g., Holbrook 
et al., 1999; Fliedner and Klemperer, 19991, then building 
today's crust in the southern Rocky Mountain region from 
the accretion of island arcs required a major chemical refin- 
ing process to increase the silica content of mafic island arc 
crust to that of crust typical of cratonal areas. Today, about 70% 
of the exposed Precambrian rocks are 1.6 Ga or greater in 
age. Although there are many lithologies present, these rocks 
are dominantly felsic intrusions. About 25% of the exposed 
Precambrian rocks are -1.4 Ga in age and are almost entirely 
felsic. From a geophysical perspective, several large gravity 
anomalies in the region help delineate the large extent of both 
mafic and felsic material added to what is now the upper crust 
over the past 1.6 Ga [e.g., Ploufund Pukiser, 1972; Schnei- 

der and Keller, 1994; Adams and Keller, 1996; McCoy et al., 
this volume; Quezada et al., this volume]. 

Geological and geophysical data presented in this volume 
indicate that the crust we see today in southwestern North 
America is the result of at least seven major tectoniclmag- 
matic events (Figs. 2-5) including: A) crustal accretion at 
1.8-1.6 Ga; B) intracratonic magmatism at 1.4 Ga; C) final 
assembly of Rodinia at 1 .I-1.0 Ga; D) breakup of Rodinia 
at 0.84.6 Ga; E) assembly of Pangea and the Ancestral Rocky 
Mountain orogeny at -300 Ma; F) the Laramide orogeny at 
7 0 4 0  Ma; and G) ongoing extension and thinning of conti- 
nental lithosphere from 35-0 Ma. Arguably, the first two and 
last two events had the most regional and profound effect on 
the lithospheric structure of the southwestern U. S. [Karl- 
strom and Humphveys, 1998; Karlstrom et ul., this volume]. 
Figures 2-5 show the nature and spatial extent of each event 
from the perspective of crustal modification and crustal 
columns in which the type of modification of the lithosphere 
that we have deduced is shown. 

Step 1- Initial Formation o f  the Crust 

Proterozoic juvenile (at 1.8 Ga) lithosphere extends in a 
- 1500 km-wide belt south from the Cheyenne belt (along the 
Wyoming-Colorado border) and extends to the rifted margin 
of Laurentia in west Texas and northern Mexico (Fig. 2). The 
formation of this lithosphere in the Proterozoic involved the 
accretion of a number of island arcioceanic terranes culmi- 
nating with the Neoproterozoic Grenville orogeny at about 
I .  l Ga [e.g., Hojinan, 1988; Karlstrom and Bowring, 1988; 
Mosher, 1998; Karlstrom et al., 200 1 ; Karlstrom et al., this vol- 
ume]. Bowring and Karlstrom [ 19901 argued that the crust in 
New Mexico and Colorado was assembled from "thin" (25-30 
km) arcs. These arcs were shortened and thickened during 
convergence to "normal" thickness, isostatically-stable con- 
tinental crust by about 1.6 Ga. This interpretation is based on 
thermochronologic and metamorphic data that suggest slow 
cooling and an absence of regional denudation from 1.6 to 
1.4 Ga. 

The velocity structure of this early crust is critical to deter- 
mining the evolution of the crust-mantle boundary. The veloc- 
ity models derived from recent seismic studies in the Aleutian 
arc [Holhrook et al., 1999; Fliedner and Klemperer, 19991 
would be the starting point if the assembly of the Rocky Moun- 
tain region was purely due to oceanic arc assembly. Other 
recent seismic models that provide some insights come from 
the Cascades arc in Washington [Miller et al., 19971 that has 
continental arc affinities and the coastal region of Canada 
and southeastern Alaska (ACCRETE project) where the con- 
tinent formed by the assembly of exotic terranes and arc mag- 
matism [Morozov et al., 2001, 20031. 
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Initial Crustal Formation 
Extensive magmatism helps modify 

the early mafic island arc crust that is 
about 30 km thick to an intermediate composition. 

The locally extensive quartzites observed 
today represent sedimentary rocks 

deposited and then deformed during the 
docking of the Yavapai and Mazatal terranes. 

The rapidly evoving Moho is 
stabilized by about 1.6 Ga. 
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Figure 2. Map of the southern Rocky Mountain region showing Precambrian terranes that formed southwestern Laurentia and 
our interpretation of crustal evolution during this period of time. The 4 kb isobar revealed by studies of outcrops is shown as a 
datum. The original Moho is labeled as M1. 

The crust in the Aleutian arc is only -30 thick, but its high 
average velocity (6.8 km/s) indicates a bulk composition con- 
sisting of basalt or basaltic andesite [Holbrook et al., 19991. 
In contrast, typical continental crust has lower seismic veloc- 
ity consistent with an andesitic bulk composition [e.g., Chris- 
tensen and Mooney, 1995; Rudnick and Fountain, 19951. This 
observation suggests that typical continental crust cannot be 
formed from island arc material alone and that a combina- 
tion of chemical and mechanical processes are needed to mod- 
ify the composition to the average intermediate composition 
of continental crust [Taylor and McClennan, 1985; Chris- 
tensen and Mooney, 1995; Rudnick and Fountain, 1995; Rud- 
nick, 19951. Some of the compositional modification needed 
likely took place during the arc collisions [Williams and Karl- 
strom, 19961, collision-related crustal differentiation, and 
granitic magmatism, and protracted convergence [Shaw et 
al., 20011. However, magmatism had to play the dominant 
role because mechanical and metamorphic processes in gen- 
eral do not change bulk composition. The magmatism likely 
resulted in the production of mafic restite in the lower crust. 
By 1.6 Ga, the crust had become stabilized, as demonstrated 
by the lack of U-Pb zircon dates for magmatic rocks or 

known tectonism from 1.6 to 1.5 Ga [Bowring and Karl- 
strom, 19901, and we infer that it looked approximately as 
shown in Figure 2. 

One modern analog is the crust of the western flank of the 
Cascade Range of Washington that is about 45 krn thick, and 
based on the rather high average P-wave velocity (-6.7 km/s) 
of the crystalline portion of the crust [Miller et al., 19971, it 
is more mafic than typical continental crust. This crustal struc- 
ture would need to be further modified by addition of felsic 
material via processes such as magmatism or imbrication of 
the upper crust to be similar to that observed in the southern 
Rocky Mountain region today, but could be analogous to the 
Rocky Mountain crust after the effects of the -1.4 Ga mag- 
matic event discussed below. Another analog comes from the 
ACCRETE project whose results indicate that the crust of the 
Coast Plutonic Complex has properties of average continen- 
tal crust that has had its upper -20 krn removed by extension 
early after it formed [Andronicos et al., 20031. Because the 
Coast Plutonic complex was constructed out of mafic island 
arc crust, it is likely that the generation of the Coast Plutonic 
Complex batholiths was the critical step in differentiating an 
andesitic crust from the older arcs [Andronicos et al., 20031. 
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-1.4 Ga 
Widespread 
magmatism 

and underplating 
thickens the crust 
from below and 

by intrusion 
producing M2 

Moho (M2) 

- 1.7 Ga 
Localized rifting 
and magmatism. 
Some modest 
underplating is 
possible (M3). 

I. I Ga mafic magmatism 

Figure 3. Map showing the extent of 1.4 Ga magmatism and 1.1 Ga magmatism (Midcontinent rift, Pecos mafic igneous 
suite - PMIC). Arrows indicate areas of localized Neoproterozoic extension, basin formation, and magmatism. The crustal 
columns show our interpretation of crustal evolution during this period of time. The Abilene gravity minimum is very sim- 
ilar to the gravity low associated with the Sierra Nevada [Adams and Keller, 19941. The 4 kb isobar revealed by studies 
of outcrops is shown as a datum. The original Moho is labeled as M1. 

This suggests that the crustal column shown in Figure 2 was 
likely generated by processes similar to those that formed the 
crust of the Coast Plutonic Complex, but without as much of 
the upper crust being stripped off by erosion and extension. 

In the Southern Rocky Mountains, evidence for isobaric 
heating paths followed by slow cooling indicate that the crust 
was of "normal" thickness following initial crustal assembly 
[Bowring and Karlstrom, 1990; Williams and Karlstrom, 
19961. Thus, we suggest that a fairly typical crustal column on 
the order of 40 km thick formed early in the assembly of the 
southern Rocky Mountain region. The lower portion of this 
crust was probably mafic due to differentiation and intrusion 
of mafic melts into sedimentary wedges that were in turn 
melted, as proposed in the ACCRETE project area [Hollister 
and Andronicos, 19971. Another way of justify this starting 
crustal column is that it is very similar to the present day crust 

in the Midcontinent area [e.g., Braile, 19891 that shares a sim- 
ilar Precambrian tectonic history with the southern Rocky 
Mountain region. However, the crust of most of the Midcon- 
tinent region has been stable since about 1.4 Ga. The use of a 
single crustal column does not imply that we believe the crustal 
structure was simple at this time. In fact, many of the lateral 
thickness variations in Figure 1 may date from -1.6 Ga. For 
example, the crustal root for the Cheyenne belt that Cross- 
white and Humphreys [2003] interpreted as the cause for thick 
crust in northwestern Colorado is reminiscent of the thick 
(-55 km) crust in the southern Baltic shield that also appears 
to date from a Proterozoic orogenic event [Luotso et al., 19901. 

Following crust stabilization at 1.6 Ga, Bowring and Karl- 
strom [I9901 argued that there was no major extensional 
unroofing event as one might expect if crust had been sig- 
nificantly overthickened. The evidence for this interpretation 
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Break-up of Rodinia 
Localized extension 
and magmatism in 
the stippled areas 

Ancestral Rocky 
Mountain Orogeny 
Formation of large 
structural uplifts 

by thrusting 
(outlined in gray) 

Figure 4. Map of features associated with the break-up of Rodinia (Southern Oklahoma aulacogen; New Mexico aulaco- 
gen - NMA [McLemore et al., 20001) and the Ancestral Rocky Mountains (Front Range - Apishapa-Sierra Grande uplift 
- FR-AP-SG; Uncompahgre uplift - UNC; Central basin platform - CBP). The 4 kb isobar revealed by studies of outcrops 
is shown as a datum. The original Moho is labeled as MI. 

comes from studies of Proterozoic rocks exposed today in 
northern New Mexico, Colorado, and Arizona that show evi- 
dence for: l )  slow cooling and long-term residence at mid- 
crustal depths; and 2) these rocks still being at 10-20 krn 
depths at 1.65 and 1.4 Ga over wide regions. This interpreta- 
tion is primarily based on thermobarometry studies for depth 
of metamorphism at the different times [Williams and Karl- 
strom, 1996; Williams et al., 19991. 

Step 2 - Intracratonic Magmatism (1.4 Ga) 

The first major crustal modification event following crust 
stabilization occurred at ca. 1.45-1.35 Ga when felsic mag- 
matism was extensive along a broad belt that extended from 
the southwestern U.S. across the midcontinent region and 
beyond (Fig. 3) [Anderson, 1989; Phn Schmus et al., 1993; 
Karlstrom et al., 20011. This has been termed the "anorogenic 

event" [mndley, 19931, but evidence from numerous regions 
in New Mexico, Colorado, the Midcontinent, and northeast- 
ern Laurentia also show evidence of intracontinental defor- 
mation and metamorphism at this time [e. g., Nyman et al., 
19941. Recent petrologic models, combined with the nearly 
ubiquitous mafic enclaves associated with the A-type granites, 
suggest that granites were formed via differentiation of tholei- 
itic, mantle-derived basalt and partial melting of lower crust 
by these basaltic intrusions [Frost and Frost, 19971. The huge 
volume of A-type granite (and rarer gabbro and anorthosite) 
exposed at the surface (up to 25% of exposed crust) implies 
major mantle magmatism, and we infer that this event involved 
a significant amount of mafic underplating to thicken the 
crust, as shown in Figure 2 [Karlstrom and Humphreys, 19981. 
Although the seismic models are consistent with underplating 
having played a role in the formation of the lower crust, direct 
geologic evidence for such an underplate is sparse, except 
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Figure 5. Regional map of Laramide structures (gray areas), the Colorado mineral belt (CMB), major mid-Tertiary vol- 
canic centers (Mogollon-Datil volcanic field - MDVF; San Juan volcanic field - SJVF), and Rio Grande rift 1 Basin and 
Range. V -Valles caldera; S - Socorro magma chamber. The 4 kb isobar revealed by studies of outcrops is shown as a datum. 
The original Moho is labeled as M1. After several events that produced at least local underplating and 2 major orogenic 
events that produced crustal shortening, the Moho mapped today is M4. 

perhaps for a component of 1.4 Ga mafic xenoliths from the 
Stateline area in northern Colorado [Farmer et al., this volume] 
and strong evidence for underplating in the Four Corners area 
of northeast Arizona and northwest New Mexico [Crowley et 
al., 20031. The extensive 1.4 Ga magmatic event could have 
been coincident with delamination of the early lower crust. 
However based on geochemical arguments, Frost and Frost 
[I9971 also argue that the 1.4 Ga event involved significant 
remelting of mafic lower crustal rocks that were already in 
place, as indicated by 1.8-1.6 Ga Nd model ages from many 
1.4 Ga granites. Thus in addition, the process of producing the 
extensive 1.4 Ga felsic rocks must have also created a signif- 
icant amount of mafic restite. 

Our crustal column in Figure 2 suggests that true under- 
plating of mantle-derived basalts thickened the crust from 

below at about 1.4 Ga. Because of the extensive occurrence 
of the -1.4 Ga event (Fig. 3 and beyond), this same argument 
applies to the formation of the Midcontinent and Colorado 
Plateau crust. We cannot exclude the possibility that some 
mafic material added to the crust at this time was recycled 
into the mantle via delamination, but the geochemical data 
preclude the delamination of the entire lower crust. Rather, the 
geologic evidence is that this crust was relatively thick and sta- 
ble like observed in large areas of eastern Baltica [e.g., EURO- 
BRIDGE Seismic Working Group, 1999; Grad et al., 20031. 

Step 3 -Assembly ofRodinia at 1.1-1.0 Ga 

The next events, related to the assembly and breakup of 
Rodinia (Fig. 3), were globally significant, but were expressed 
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in the Rocky Mountain region as relatively localized intracra- 

I 
! 

tonic events. In the Grand Canyon region and in other scattered 

1 outcrops extending into far west Texas, there is evidence for 
extensional basins that appear to have been near sea level at 
1.25 Ga [Seeley, 1999; Tinzmons et al., 2001; Amarante et 
al., this volume]. The record of the spatial extent of this period 

i of extension is sketchy, but the fact that many Proterozoic 
I 
I metamorphic rocks, for example in northern New Mexico, 

I do not record widespread exhumation at this time suggests 

I that the event was rather localized as are most continental 
rifting events. Thus, this event is unlikely to have modified the 
regional crustal thickness of 4 W 5  krn over the entire Southwest. 

From -1.1 to 1.0 Ga, the Grenville orogeny affected all of 
eastern Laurentia and extension affected a major portion of the 
Midcontinent. The Grenville orogeny marked the final event 
of the Precambrian assembly of southwestern North Amer- 
ica [e.g., Mosher, 19981, and from a larger perspective, it 
completed the formation of the supercontinent Rodinia in this 
region [e.g., Dalziel, 19971. The crust was undoubtedly thick- 
ened along the Grenville orogen, but there is no evidence sug- 
gesting significant compressional deformation and crustal 
thickening in intracratonic areas such as the southern Rocky 
Mountain region. However, geophysical data indicate that 
there was a significant amount of extension and magmatism 
to the south and east of the southern Rocky Mountain region 
at about the same time as the Grenville orogeny [Adams and 
Keller, 1994; Adams and Miller, 19951. For example, the 
upper crust in southeastern New Mexico was extensively 
intruded by mafic material [Adams and Miller, 1995; Amarante 
et al., this volume], the Pikes Peak batholith was emplaced, and 
NW-trending extensional faults formed across the region [Tim- 
nzons et al., 20011. The CD-ROM seismic reflection profile in 
New Mexico also shows evidence of sills that may be of this 
age [Magnani et al., this volume]. Because of uncertainties in 
age relationships, this extension could be either related to the 
Midcontinent rift zone [e.g., Hinze and Braile, 19881 or the 
Grenville orogeny. 

Large linear gravity highs delineate the upper crustal mafic 
intrusions that have been used to define the regional extent of 
rifting, but there is no evidence to suggest that significant 
magmatic activity extended far beyond the limits of the rifted 
regions shown in Figure 3. This fact and the lack of evidence 
for deformation related to the Grenville orogeny lead us to 
conclude that the crust in the southern Rocky Mountain region 
was mostly unaffected by this event, leaving the 1.4 Ga crust 
largely intact. 

Step 4 - Breakup ofRodinia - 0.8-0.6 Ga 

After -1.0 Ga, the southern Rocky Mountain region was 
stable for a relatively short period until Rodinia began to 
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break-up at -700 Ma [e.g., Torsvik et al., 1996; Karlstrom et 
al., 20011. This period of continental break-up involved sev- 
eral phases of rifting that extended into the Cambrian and 
created a passive continental margin that wrapped completely 
around southwestern North America [e. g., Stewart, 19761. 
In the Grand Canyon region, intraplate extension also occurred 
(0.9 to 0.7 Ga) as shown by Timmons et al. [2001] and Seeley 
and Keller [2003]. The main effect in the southern Rocky 
Mountain region was formation of a failed rift zone that 
extends from the rifted margin in Oklahoma to the Uncom- 
pahgre uplift [Hoffman et al., 1974; Larson et al., 19851 (Fig. 
4). Gravity [Jenkins and Keller, 19891 and seismic [Snelson 
et al., 19981 data show that mafic rocks reside in the upper 
crust of the Uncompahgre uplift area (Fig. 4). In addition to 
considerable mapped extrusive activity, deep seismic reflec- 
tion, seismic refractioniwide-angle reflection, and gravity 
data show that - 10 km of mafic material was emplaced into 
the upper crust in the Wichita Mountains region of southern 
Oklahoma during the formation of this feature [550 Ma; e.g., 
Keller and Baldridge, 19951. In the southern Rocky Mountain 
region, this rifting may have been more widespread than por- 
trayed by Larson et al. [1985]. For example, Cambrian mafic 
igneous rocks are found in the Wet Mountains of Colorado and 
are associated with large positive velocity and gravity anom- 
alies [Rumpel et nl., this volume], and Cambrian igneous 
rocks occur in a number of localities in New Mexico 
[McLemore et al., 19991. 

In addition to this intraplate extension, the break-up of 
Rodinia established the structural framework of the south- 
western margin of Laurentia. Ensuing formation of the 
Cordilleran passive margin resulted in dramatic thinning of the 
continental lithosphere west of the Wasatch line and western 
edge of the Colorado Plateau. The combination of intraplate 
extension and formation of this margin probably produced 
some thinning of the Rocky Mountain crust and lithosphere 
(Fig. 4) in areas of local extension, but again, we must conclude 
that the crustal column established at - 1.4 Ga in the southern 
Rocky Mountain region was not significantly altered except 
by erosion due to regional uplift. However after the forma- 
tion of the Great Unconformity, the period from the late Cam- 
brian to the Pennsylvanian, stratigraphic evidence [Baars et al., 
19881 indicates that the southern Rocky Mountain region was 
either near sea level or covered by shallow seas. The Trans- 
continental arch did extend through much of Colorado result- 
ing in little sedimentation during this period. 

Step 5 - Assenzbly ofPangea and the (300hfa) Ancestral 
Rochy Mountain orogeny 

Until the end of the Paleozoic, there was little opportunity 
for crustal modification because the Rocky Mountain region 
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experienced virtually no deformation or magmatism. How- 
ever at the end of the Paleozoic, continents again collected 
to form the supercontinent Pangea. The southern part of the 
Laurentian margin interacted with Gondwandan terranes dur- 
ing the Ouachita orogeny, and the continental interior was 
deformed to form the Ancestral Rocky Mountains. The Ances- 
tral Rockies orogeny (Fig. 4) was a major but enigmatic tec- 
tonic event [Kluth, 1986; Ye et al., 19961. The formation of the 
Ancestral Rocky Mountains involved the development of sev- 
eral major structures in the middle and upper crust. For exam- 
ple, the Wichita uplift overthrusted the Anadarko basin 
producing 10-15 km of structural relief [e.g., Brewer et al., 
1983; Keller and Baldridge, 19951. Ths  feature extends across 
the Texas Panhandle (Amarillo uplift) and may extend through 
New Mexico and Colorado to the Uncompahgre uplift [Lar- 
son et al., 19851. There is also strong evidence for lateral 
movements along the northern front of the Wichita and Amar- 
illo uplifts (Fig. 3) [McConnell, 19891. In addition, recent 
studies in New Mexico have provided evidence for the for- 
mation of uplifts and pull-apart basins due to transpression and 
transtension [Barrow and Keller, 1994; Broadhead, 20031 
suggesting lateral movement between crustal scale blocks. 
However, the magmatic modification of the crust at this time 
is negligible, and any crustal thickening due to large-scale 
block movements was apparently localized. The correlation of 
several of the areas in thick crust in Figure 1 with Ancestral 
Rocky Mountains uplifts (Fig. 4) is intriguing, but many of 
these same uplifts correlate with Laramide structures. Except 
on the uplifts, stratigraphic evidence shows that the surface was 
near sea level [e.g. Baars, 19881 suggesting that the crust was 
-40 km thick in most areas but could have been thickened in 
the areas of the uplifts. 

Step 6 - Laramide orogeny - 70-40 Ma 

Since the break-up of Pangea in the Triassic, southwestern 
North America has experienced a complex series of tectonic 
events related to subduction and transform faulting accom- 
panied by terrane accretion, magmatism, regional uplift, and 
extension. Delineating the crustal effects of specific events 
and differentiating their effects from those of older tectonic 
events is a challenge. The Laramide orogeny had a major 
effect on the Rocky Mountain region (Fig. 5) [e.g., Bird, 1984; 
Erslev, this volume], and Laramide structures in the upper 
crust are well mapped geologically and geophysically. For 
example, a deep seismic reflection profile across the Wind 
River Mountains provides a good picture of the deeper effects 
on the crust there [e.g., Smithson et al., 19781. These data 
show that the Wind River thrust penetrates into the middle 
crust (-27 km) at a chp of -30" [Sharry et al., 19861, a dip also 
observed on Laramide faults in the Sangre de Cristo Moun- 

tains area [Magnani et al., this volume]. From a regional per- 
spective, the amount and extent of crustal thickening in the 
Southern Rockies is a very important unknown. Bird [I9841 
has argued that the crustal thickening was widespread. On 
the other hand, Coney and Harms [I9841 argue that an orogenic 
welt was centered along the Cordilleran foreland thrust belt and 
collapsed during the Cenozoic. Locally, it is likely that mechan- 
ical thickening of the crust occurred under major structural 
uplifts [Erslev, 1993; this volume], and crustal scale buck- 
ling may also have taken place [Tikoff and Maxson, 20011. 
During the Laramide orogeny in the Southern Rocky Moun- 
tains, magmatic activity was modest except along the Col- 
orado mineral belt [McCoy et al., this volume]. The crust was 
almost certainly thickened to its present thickness or greater 
(>50 km) at this time as shown by paleoelevation studies 
[Wove et al., 19981, and regional deformation models [e.g., 
Spencer, 19961. Estimates of crustal shortening in the Laramide 
Rockies are typically on the order of 10 to 15% [e.g., Erslev, 
19931 and are consistent with this estimate. 

Thus, we conclude that the Laramide magmatism in central 
Colorado [McCoy et al . ,  this volume] and mechanical 
processes significantly thickened the crust in large areas of the 
Southern Rockies. Felsic magmatism in the upper crust was 
probably accompanied by underplating and formation of 
restites in the lower crust along the Colorado mineral belt. 
Outside the Rio Grande rift region, the end result was the 
Moho that is observed today in most places. 

Step 7 - Extension and thinning of continental lithosphere 
from 35-0 Ma 

The mid-Tertiary was a time of pervasive local magmatic 
modification of the crust in the San Juan and Mogollon- 
Datil volcanic fields (Fig. 5). Geophysical data provide a 
fairly well documented crustal model for the Mogollon- 
Datil volcanic field [Schneider and Keller, 19941 that seems 
applicable to the San Juan volcanic field [Plouff and Pakiser, 
19721. These data indicate that the volcanic fields are under- 
lain by felsic batholiths whose thickness exceeds 5 km and 
whose emplacement would be accompanied by the forma- 
tion of significant volumes of mafic residuum in the lower 
crust/uppermost mantle. However, existing geophysical data 
cannot resolve the extent of this residuum. Isotopic data 
also indicate that the crustal modification was locally sig- 
nificant [Riciputi et al., 19951. The Mogollon-Datil vol- 
canic field could be an example of the crustal thickness 
remaining nearly constant as the combined effects of exten- 
sion (thinning the crust) and magmatic additions to the crust 
(upper crustal batholith and underplating near the Moho) bal- 
anced. However, extension was minimal in the San Juan 
volcanic field. 
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The lithosphere began to extend along the Rio Grande rift 
(Fig. 4) at -35 Ma, and activity peaked at about 10 Ma [e.g., 
Chapin and Cather, 19941. Earthquake activity and Holocene 
volcanism show that the extension is still active today. The 
timing of tectonism associated with this rift is well estab- 
lished by studies of exposed basin fill and of the modest 
amount of accompanying volcanism. The crustal structure of 
the rifted area south of Santa Fe, New Mexico is fairly well 
known and shows crustal thinning in a zone that increases in 
width southward (Fig. l), correlating with the surface expres- 
sion of the rift and the southward increase in extension 
[Cordell, 1982; Keller and Baldridge, 1999; Elson anddster, 
20031. However, the deep structure from Santa Fe, New Mex- 
ico northward is poorly known. The San Luis Valley is the 
primary expression of the rift in Colorado, and a minor amount 
of extension is indicated by upper crustal structure [e.g., Kluth 
and Schajienaar, 1994; Brister and Gries, 19941. There are 
many small volcanic fields associated with the rift, but the 
volcanism along Jemez lineament [Aldrich, 19861 (Fig. 5), 
especially at the Valles caldera, is the only evidence for mag- 
matism that significantly modified the crust. The Valles caldera 
is, in fact, associated with considerable crustal modification 
at all crustal levels [Steck et al., 19981. The CD-ROM refrac- 
tion data show minor crustal thinning and lowered crust and 
mantle velocities across the Jemez lineament east of the Rock- 
ies (Levander et al., this volume; Yuan and Dueker, ths volume) 

Given that the effects of the Laramide and especially the rift- 
ing significantly varied across the region, it is hard to gener- 
alize about the effects on the crust and Moho. In contrast to 
the period from the late Cambrian to the Laramide, the regional 
uplift in the Cenozoic produced a situation in which signifi- 
cant erosion could occur. Thus, the crust could be thinned 
from the top during this time by erosion, and this is shown 
in Figure 5. 

6. SPECULATIONS ON EVOLUTION OF SURFACE 
ELEVATION IN THE ROCKY MOUNTAIN REGION. 

Plate 1 shows a summary of inferred changes in surface 
elevation that may have accompanied and followed the vari- 
ous tectonic events and modifications of the crustal thick- 
ness. Appreciable topography may have existed during crustal 
assembly, as is common in Indonesian or Aleutian-style oro- 
genic belts (Plate lA), but the slow cooling and long-term 
residence of middle crustal rocks from 1.6 to 1.4 Ga would 
seem to imply rather modest average surface topography and 
an isostatically stable lithospheric column (Plate 1B; Bowring 
and Karlstrom [1990]). The inferred mafic underplating and 
accompanying crustal deformation and differentiation at -1.4 
Ga may have resulted in regional uplift and formation of an 
orogenic plateau, somewhat similar to the Colorado Plateau 

today (Plate 1C). Using isostatic arguments [Morgan and 
Karlstrom, 19951, a surface elevation of approximately 1.5 
km would be required to explain the ensuing erosional removal 
of - 10 krn of crust during the -1 Ga of the "Great Denuda- 
tion" [Dutton, 18821 to bring middle crustal basement rocks 
to sea level by Cambrian time (Plate ID; Great Unconfor- 
mity of Powell [1876]). The next major change in surface ele- 
vation was addition of 1.5 km of surface elevation due to a 
combination of enhanced mantle buoyancy and crustal thick- 
ening in the Laramide [Humphreys et al., 20031, perhaps with 
addition of Cenozoic epeirogeny due to continued magmatic 
processes [Plate 1E; Karlstrom et al., this volume]. 

7. DISCUSSION AND CONCLUSIONS 
A SCENARIO OF CRUSTAL MODIFICATION 

The theme of Figures 2-5 is one of repeated changes (of 
varying magnitudes) in crustal thickness that involve inter- 
play of magmatism (upper and lower crust) and tectonism 
(both extension and shortening). Distinctive regional attributes 
of the crust appear to have been that it has been at least aver- 
age in thickness for continental areas since 1.4 Ga and aver- 
age to slightly above average in terms of velocity. The area was 
in fact mostly cratonal between 1.4 Ga and the Ancestral 
Rocky Mountains orogeny, a period of over 1 Ga. 

Although studies of modern island arcs show that we could 
expect the original crust to have high velocities relative to 
typical continental crust, each subsequent igneous event involv- 
ing in situ melting and differentiation in the lower crust would 
have helped to compositionally differentiate the crust, pro- 
ducing a high velocity lower crust and a typical felsic upper 
crust. We postulate repeated, but modest, magmatic events 
that progressively modified the lower crust by a combination 
of underplating and melting that left mafic residue behind. 
There were also times at which lower crustal flow and mechan- 
ical thickening of the upper crust occurred. The best time to 
form the mafic lower crust in most of the region was during 
initial formation of the crust between 1.8 and 1.6 Ga and at 
- 1.4 Ga. Neoproterozoic and pre-Laramide Phanerozoic events 
produced only locally important changes in the crustal struc- 
ture of the Southern Rocky Mountains, but -10 km of erosion 
occurred between 1.4 Ga and approximately the beginning 
of the Phanerozoic. Consequently to attain the crustal thick- 
nesses observed today, the Laramide had to be a time of major 
mechanical thickening of the crust. Thus over the last 1.8 Ga, 
the crustal thickness has changed numerous times by the inter- 
play of magmatism and tectonism, but the main crust shaping 
events were early, and late. Thus, we conclude that the crust 
was mainly constructed during two events in the Precambrian 
and has recently been undergoing major modification begin- 
ning with the Laramide orogeny. 
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An important implication of the history summarized above 
is that the crust has been modified from below numerous 
times in its history. We have stressed the crust because we 
have so few geologic constraints on which to base an inter- 
pretation of the mantle lithosphere. We have used the word 
"underplating" to refer to an array of processes whereby mafic 
melts derived from the mantle are added to lowermost portion 
of the crust. These processes represent mantle tectonic events 
resulting from differentiation of ultramafic mantle rocks and 
upward movement, into the crust, of the basaltic differentiates. 
Decompression melting accompanies asthenospheric 
upwelling, and these processes usually are the trigger for con- 
temporaneous crustal tectonic processes that differentiate the 
lower crust. Thus, it is difficult to determine the relative abun- 
dances of lower crustal mafic rocks that may represent new 
additions (underplate) versus reworked older crust (restite) 
for any given event. For example, melting of amphibolite at 30 
to 40 km will make a mafic garnet granulite restite with a 
velocity of -7.00 kmls once cooled. However, relatively 'small' 
additions of mantle melts injected into hot lower crust (under- 
plate) may be enough to push the rocks into a thermal region 
where widespread lower crustal melting occurs. The mafic 
rocks that are the result of this process can be subsequently 
remelted during later heating events leaving behind a very 
complex mafic residuum. 

The lower crust in most of the southern Rocky Mountain 
region was likely mainly in place by the end of the 1.4 Ga 
magmatic event. This event stabilized the crust creating a lith- 
osphere that was stable until the Ancestral Rocky Mountain 
orogeny, and not profoundly modified until the Cenozoic. 
This lithosphere is still stable from the Great Plains eastward 
to the Appalachians. Stability does not imply simplicity in 
terms of structure, particularly near the crust-mantle inter- 
face. The lower crust and uppermost mantle contain important 
keys to understanding the evolution of the lithosphere, but 
they have been difficult to interpret seismically and require 
continued attempts to combine different seismic techniques 
with geological and complementary geophysical data. 
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Synthesis of Results From the CD-ROM Experiment: 4-D 
Image of the Lithosphere Beneath the Rocky Mountains 

and Implications for Understanding the Evolution of 
Continental Lithosphere 

Karl E. Karlstrom', Steven J. Whitmeyer2, Ken Dueker3, Michael L. Williams4, 
Samuel A. Bowring5, Alan Levander6, E. D. Humphreys7, G. Randy Keller8, 

and the CD-ROM Working Group9 

The CD-ROM experiment has produced a new 4-D understanding of the structure and 
evolution of the lithosphere of the southern Rocky Mountain region. We identify relicts 
of at least four subduction zones that were formed during assembly of dominantly 
oceanic terranes in the Paleoproterozoic. Crustal provinces with different geologic his- 
tories correspond to distinct mantle velocity domains, with profound mantle velocity 
contrasts associated with the ancient sutures. Typically, the transitions between the 
velocity domains are tabular, dipping, extend from the base of the crust to depths of 
15&200 km, and some contain dipping mantle anisotropy. The present day heteroge- 
neous mantle structure, although strongly influenced by ancient compositional varia- 
tions, has undergone different degrees of partial melting due to Cenozoic heating andlor 
hydration caused by transient plumes or asthenospheric convection within the wide 
western U.S. active plate margin. A high-velocity mafic lower crust is present through- 
out the Rocky Mountains, and there is -1 0-km-scale Moho topography. Both are inter- 
preted to record progressive and ongoing differentiation of lithosphere, and a Moho that 
has changed position due to flux of basalt from the mantle to the crust. The mafic 
lower crust evolved diachronously via concentration of mafic restite during arc for- 
mation (pre-1.70 Ga), collision-related differentiation and granite genesis (1.7s1.62 
Ga), and several episodes of basaltic underplating (1.45-1.35 Ga, -1.1 Ga, and Ceno- 
zoic). Epeirogenic uplift of the western U.S. and Rocky Mountain regions, driven by 
mantle magmatism, continues to cause reactivation of the heterogeneous lithosphere in 
the Cenozoic, resulting in differential uplift of the Rocky Mountains. 
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INTRODUCTION 

The Continental Dynamics of the Rocky Mountains (CD- 
ROM) geophysical and geological transect from Wyoming to 
New Mexico (Plate 1) obliquely crosses numerous Phanero- 
zoic tectonic provinces (Southern Rocky Mountains, Rio 
Grande rift, Great Plains) and orthogonally crosses northeast- 
striking structures related to Proterozoic assembly of the crust. 
The oldest tectonic features, formed during assembly of the 
continent, are at high angles to the younger features, related 
to the Phanerozoic plate margin. Our goal was to study the 
present-day deep continental structure and compare it to the 
well-understood geological history deduced from exposed 
rocks in order to differentiate the components of the present 
lithospheric structure that reflect Precambrian growth and 
stabilization from those that reflect Cenozoic tectonic events. 
This paper presents an integration of the CD-ROM seismic 
experiments, xenolith studies, and geological studies of sur- 
face rocks in order to delineate crust and upper mantle struc- 
ture and provide a better understanding of lithospheric 
evolution and geodynamical processes. The goal of the paper 
is to present a synthesis of some of the important and provoca- 
tive results of the project, citing detailed papers in this volume 
and other recent contributions. We also present composite 
block diagrams that integrate surface and lithospheric struc- 
ture using results from other teleseismic experiments that 
have been conducted in the region in the last decade. 

GEOLOGIC AND SEISMIC EVIDENCE FOR 
PROTEROZOIC SUBDUCTION SCARS 

Plate 1A shows the complex distribution of Proterozoic 
crustal provinces and younger physiographic/tectonic ele- 
ments in the southern Rocky Mountains, including Precam- 
brian crustal provinces, Laramide basement uplifts, the 
Colorado Plateau, Cenozoic volcanic belts, and physiographic 
provinces. As shown in tomographic images of the western U.S. 

9 C D - ~ O ~  Working Group (* denotes graduate students): 
Chris Andronicos, Nicholas Bolay*, Oliver Boyd*, Sam Bowring, 
Kevin Chamberlain, Nick Christensen, Jim Crowley, Jason Cross- 
white*, David Coblentz, Ken Dueker, Tefera Eshete*, Eric Erslev, 
Lang Farmer, Rebecca Flowers*, Otina Fox*, Matt Heizler, Gene 
Humphreys, Micah Jessup*, Roy Johnson, Karl Karlstrom, Randy 
Keller, Shari A. Kelley, Eric Kirby, Alan Levander, M. Beatrice Mag- 
nani, Kevin Mahan*, Jennie Matzal*, Annie McCoy*, Grant Meyer, 
Kate Miller, Elena Morozova, Frank Pazzaglia, Claus Prodehl, Adam 
Read*, Oscar Quezada*, Mousumi Roy, Hanna-Maria Rumpel, Jane 
Selverstone, Anne Sheehan, Liane Stevens*, Colin A. Shaw*, Elena 
Shoshitaishvili*, Scott Smithson, Cathy Snelson*, Mike Timmons*, 
Leandro Trevino*, Amanda Tyson*, Stacy Wagner*, Xin Wan*, Paul 
Wisniewski*, Michael Williams, HuaiyuYuan*, Brian Zurek* 

(Plate 1B; Plate 2 of Karlstrom and Keller, this volume), this 
complex surface geology overlies a heterogeneous mantle that 
exhibits an overall regional trend where the stable core of the 
Laurentian craton (from the Great Plains northeastwards) is 
underlain by high velocity (cold, old, thick) lithospheric man- 
tle, the Rocky Mountain/Colorado Plateau region is under- 
lain by a zone of mixed, but intermediate velocity mantle, 
and the active western U.S. is underlain by low velocity (warm, 
young, and thinner) lithospheric mantle (Plate 2; Humphreys 
and Dueker, 1994; Grand, 1994; van der Lee and Nolet, 1997; 
Henstock et al., 1998; Godey et al., 2003). The overall shear 
wave velocity contrast is one of the largest velocity gradients 
resolved by surface wave analysis on Earth (van der Lee and 
Nolet, 1997; Godey et al., 2003). The boundary zone or tran- 
sition between the continental-scale mantle velocity domains 
(red versus blue in the tomographic image) is a wide zone 
that includes the Great Plains-Rocky Mountain region and, 
when viewed at continental scale, has an overall north to north- 
west trend, parallel to the Cenozoic plate margin. 

Within this zone are northeast-trending zones of low veloc- 
ity mantle in the Rocky Mountain region, the Snake River Plain, 
Saint George lineament, and Jemez lineament (Karlstrom and 
Keller, this volume), that are subparallel to both NE-SW Pro- 
terozoic province boundaries, and the SW- directed absolute 
motion of the North American plate. These 30- to 100-km- 
scale velocity variations in the Rocky Mountain region are pro- 
found, being nearly the same magnitude as the continental scale 
variation. These velocity differences might be interpreted as 
primarily reflecting temperature differences, perhaps as much 
as 700 "C (100 "C per 2% velocity variation; Camrnanaro et al., 
2004), with low velocity mantle at 100 km depths close to 1350 
"C, with partial melt present, and high velocity domains near 650 
"C, compatible with shield geotherms. To explain these large 
velocity variations, one hypothesis is that, even though the cmst 
is predominantly Proterozoic, the mantle under the Rocky 
Mountains might be essentially Cenozoic in age (e.g. Goes and 
van der Lee, 2002; Wilson, 2004), with low velocity domains 
as upwelling of asthenosphere and high velocity domains as 
intact, or downwelling, lithosphere. 

An alternative hypothesis, presented in this paper, is that 
the lithospheric mantle under the Rocky Mountains, although 
extensively modified and reactivated by younger events, is 
primarily Proterozoic in age, and that Proterozoic structures 
are controlling some of the major velocity contrasts in the 
mantle. If this hypothesis is correct, large temperature, com- 
positional, and rheology variations are present, but the low 
velocity domains may still be traveling with North American 
lithosphere because of their buoyancy. Even though these 
domains are weak and hot and rheologically similar to 
asthenosphere, they may not yet be entrained in the asthenos- 
pheric flow. 
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Arguments in favor of interpreting the low velocity 
domains to be lithosphere, as discussed in this paper, include 
the dipping nature of the velocity boundaries, their extent 
from near the base of the crust to >150-200 km, their cor- 
respondence with major Proterozoic geologic province 
boundaries at the surface, and the presence of horizontal 
layering imaged by receiver functions that is more compat- 
ible with structured lithosphere than with convecting 
asthenosphere. Thus, we explore the hypothesis that the 
observed seismic velocity variations may reflect initial com- 
positional and structural heterogeneities that have helped 
control present day temperature variation. 

CD-ROM Lithospheric Cross Section 

Plate 3 shows a synthesis of the large-scale features of the 
Rocky Mountain lithospheric cross section based on CD- 
ROM data. The present lithospheric structure represents the 
cumulative effects of nearly two billion years of tectonic evo- 
lution. A continuing challenge is to interpret the age and his- 
tory of major features on the map and cross-section to gain 
insight into processes of lithospheric evolution. Some of the 
most notable features on the lithospheric cross section are the 
significant lateral velocity gradients in the mantle, as men- 
tioned above. The following discussion of Plate 3 proceeds 
from north to south. 

Cheyenne Belt 

The Cheyenne belt (Plate 1) is one of the most profound 
and long-lived tectonic boundaries in the Rocky Mountain 
region (Karlstrom and Humphreys, 1998). It is the crustal 
manifestation of the suture between Archean crust to the north 
and juvenile 1.8-1.7 Ga Proterozoic island arc crust to the 
south (Hills and Houston, 1979; Karlstrom and Houston, 
1984). New seismic reflection images of the crust (depicted 
schematically in Plate 3 and based on Morozova et al., this vol- 
ume) confirm that, in the upper crust, the Cheyenne belt dips 
south under the Proterozoic Green Mountain arc (Condie and 
Shadel, 1984), consistent with north-verging thrusting of Pro- 
terozoic rocks over Archean crust (Karlstrom and Houston, 
1984; Duebendorfer and Houston, 1987; Chamberlain, 1998). 
However, reflection data show that the deeper crust is char- 
acterized by tectonic interwedging similar to other sutures 
between old continents and younger arcs (Cook et al., 1998; 
Snyder et al., 1996; Snyder, 2002; Morozova et al., this vol- 
ume). In addition, north-dipping reflections from the Farwell 
Mountain area of the Park Range (Plate 1) can be projected 
through generally unreflective lower crust to coincide with a 
thrust-offset Moho (Plate 3), and with the top of a high veloc- 
ity tomographic anomaly (blue slab of Plate 3) that dips north 

under the Archean (Dueker et al., 2001; Yuan and Dueker, 
this volume; Levander and Niu, 2004). 

The most plausible explanation for the north-dipping, high 
velocity, mantle anomaly is that it is an ancient slab fragment, 
for example a remnant of the rifted margin of the Wyoming 
Province (Tyson et al., 2002) or a collapsed back-arc basin 
(Yuan and Dueker, this volume; Zurek and Dueker, this vol- 
ume). Our interpretation is that Proterozoic oceanic litho- 
sphere was underthrust beneath Archean crust during late 
stages of accretion of the Green Mountain arc, but this struc- 
ture never developed into a self-sustaining subduction sys- 
tem, as shown by the absence of an associated magmatic arc. 
Eclogite xenoliths (Kuehner and Irving, 1999) and evidence 
for significant hydration of Archean lower crustal xenoliths 
(Farmer et al., this volume) are also compatible with this inter- 
pretation, as is dipping mantle anisotropy (Yuan and Dueker, 
this volume; Fox and Sheehan, this volume) that is more con- 
sistent with an old structure rather than active lithospheric 
mantle downwelling. The co-location of the blue slab with 
the Cheyenne belt in three dimensions may be supported by 
a marked velocity contrast in the southeastern extension of 
the Snake River Plain and Deep Probe teleseismic lines (Plate 
4). CD-ROM receiver function migrations (Levander and Niu, 
2004; Levander et al., this volume) suggest that the top of the 
northwest dipping slab marks the southern edge of the North 
American Archean cratonic lithosphere. Crustal thickness 
variations across the Cheyenne belt and a 100-km-wide crustal 
welt of 50-60 km thick crust also suggest preserved remnants 
of Proterozoic shortening across this zone (Johnson et al., 
1984; Crosswhite and Humphreys, 2003). Refraction data 
show this thickening as a broad feature (Snelson et al., Rumpel 
et al., and Levander et al., this volume). 

Fanvell and Lester Mountain Structures 

A related paleosuture zone is interpreted from combined 
geologic and geophysical results in the area near the Farwell 
and Lester Mountain structures just south of the Cheyenne 
belt in the Park Range (Tyson et al., 2002, Morozova et al., this 
volume). Here, a set of oppositely dipping reflectors project 
to the surface and form a "tee-pee" shaped structure that is 
interpreted to be part of the bivergent suture zone between 
the 1.78 - 1.76 Green Mountain arc and the 1.75 - 1.72 Rawah 
archack arc complex (Tyson et al., 2002; Plate 3). A zone of 
ultramafic fragments, pillow basalt, tectonized marble and 
cherts, and sillimanite pod rocks crop out along this bound- 
ary zone and may be remnants of an accretionary prism with 
dismembered ophiolitic fragments. Deformation in the zone 
took place at 1746-1 740 Ma, with reactivation at -1680 Ma 
(Tyson et al., 2002). Zircon of similar age is present along 
strike in lower crustal xenoliths in the Stateline diatremes 
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(Farmer ct al., this volume) and hence are interpreted to reflect 
regional whole-crustal tectonism. Mantle structure also shows 
oppositely dipping sharp velocity gradients that seem to be 
downward continuations of crustal reflections (Plate 3). The 
N-dipping structure is contiguous with the "blue slab" dis- 
cussed above. There is also a south-dipping velocity gradi- 
ent that surfaces near the Lester Mountain zone (slower 
velocities to the south). It is best seen in the CD-ROM line, but 
can also be seen along strike in the Deep Probe and Snakc 
River Plain teleseismic lines (Plate 4). This velocity gradicnt 
is adjacent to the upward projection of the Aspen anomaly so 
it may be associated either with the Lester Mountain zone 
(Tyson et al., 2002) or the Aspen anomaly. In either casc, the 
regional continuity between teleseismic lines reinforces the 
interpretation that the gradient is genetically linked to ENE- 
trending Proterozoic crustal boundaries. 

Aspen Anonzuly 

The Aspen anomaly (Dueker et al, 2001; Duekcr andYuan, 
2004) is a large velocity anomaly in the CD-ROM cross sec- 
tion that is comparable in amplitude to the Snake River Plain 
low velocity anomaly. It is a distinct low velocity mantle 
domain that is located in central Colorado. This zone is still 
not completely imaged in central Colorado and may have a 
complex geometry related both to the N-S Rio Grande rift 
and the NE-trending Colorado mineral belt. But low velocity 
mantle is seen in the southern CD-ROM line (Plate 3) that 
projects towards the surface trace of the Colorado mineral 
belt and dips to the south to great depth (> 200 km). A simi- 
lar narrow dipping anomaly appears along strike in the La 
Ristra line (Plate 4) reinforcing the interpretation that, in three 
dimensions, this rnay be a south-dipping tabular anomaly that 
correlates with the Colorado mineral belt. 

The Colorado mineral belt is a northeast-striking zone 
defined by: a Proterozoic shear zone system (Tweto and Sims, 
1963; McCoy et al., this volume), a suite of Lararnide-aged plu- 
tons and related ore deposits (Plates 1 and 2), a major grav- 
ity low (Isaachson and Smithson, 1976; McCoy and Roy, this 
volume), low crustal velocities (Li et al., 2001; and this vol- 
ume), and high heat flow (Decker et al., 1988). The presence 
of Laramide plutons suggests that the mantle in this region was 
modified during tlie early Cenozoic but the northeast trend 
of Laramide magmatic rocks is puzzling. The dipping geom- 
etry of the Aspen anomaly, its association with the Proterozoic 
shear zones, and its great depth extent, as well as the north- 
east trend of plutons, are most compatible with a Proterozoic 
heritage that helped guide the Cenozoic tectonic activity. As 
mentioned above, a similar and apparently correlative tabular 
low velocity anomaly is also portrayed in the La Ristra line 
(Plate 4), along the southwest continuation of the Colorado 

mineral bclt where it crosses the Four Corners region, and a 
similar gradicnt may also be evident near tlie south end of 
the Deep Probe-Snakc Rivcr Plain line (Plate 4). These anom- 
alies appear to correlate along strike and, if so, the 3-D aspect 
of the anomaly would be a -80 km wide, south-dipping tab- 
ular zone that extends from the base of the crust (more com- 
pletely imaged ncar Four Corners) to depths >200-300 km 
(in both Colorado and near Four Corners). The aspect ratio 
seems far too narrow and tabular to be an upwelling of the lith- 
ospherelasthenosphere boundary (c.f. Yuan and Dueker, this 
volume), but may be explained as a paleosubduction scar that 
is bcing reactivated in the Cenozoic. The depth extent of the 
structure seems to require that part of it is in the lithospheric 
(the low velocity material near the base of the crust), and part 
in the asthenosphere (the parts below 250-300 km). 

The simplest way to explain the low velocity of the Aspen- 
Four Corners lithospheric zone is that it contains low solidus 
material with a small partial melt fraction (e.g. 0.1 to 1%) 
relative to adjacent sub-solidus zones. The age and character 
of the thermal perturbation that (perhaps cumulatively) gave 
rise to the partial melt can perhaps be correlated with the 
50-25 Ma ages of magmatism above the zone and continued 
active hot springs and high heat flow (Decker et al., 1988). 
Given the volatile-rich magmas that erupted diachronously 
above the zone, with kimberlitic pipes in the Four Corners 
(Scmken, 2003) and Laramide plutons in Colorado (Mutch- 
ler et al., 1987), our preferred model is that low-solidus Pro- 
terozoic lithospheric mantle within a fossil subduction zone 
was further hydrated during Laramide flat slab subduction 
(Humphreys et al., 2003), then heated from below and partially 
melted during the Oligocene ignirnbrite flare-up, and again dur- 
ing Neogene basaltic volcanism. In this interpretation, the 
ancient structure may have guided asthenospheric upwelling 
and/or localization of partial melting in the lithosphere. Another 
interpretation involves upwelling of asthenosphere in small 
scale convection systems that are decoupled froni and inde- 
pendent of the lithospheric structure (Grand et al., 2004). 

Current interpretations support the interpretation that the lith- 
osphere in the Four Corners region has been re-heated and 
xenoliths re-cquilibratcd in the late Cenozoic. A 13% reduc- 
tion in shear wave velocities between the 32 Ma mantle xeno- 
liths and modern day velocities, as constrained by surface 
waves, is consistent with reheating of the lithosphere since 
32 Ma (K. Priestley, personal communication). This 13% 
velocity reduction would require a 300400" temperature 
increase (Cammarano et al., 2003). Similarly, P-T work sug- 
gests that mantle xenoliths at 140 km were relatively cold 
(900" C) when sampled by diatremes in the Oligocene (Riter 
and Smith, 1996; Smith, 2000). While the scaling relation- 
ships between velocity and partial melt content are poorly 
constrained (Schmelling, 1985; Humphreys and Hammond, 
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Plate 2. Geologic elements of southwestern North America (Plate la) superimposed on 100 km-depth tomography (Plate 
lb). In the Rocky Mountain-Colorado Plateau region, "fingers" of hot mantle penetrate older lithosphere along north- 
east- striking zones. Young basalts (< 10 Ma) are present along the Snake River-Yellowstone (Y) trend, St. George trend, 
and Jemez lineament suggesting that these mantle domains are hot and producing basaltic melts. 
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2000; Faul and Jackson, 2004), it is nonetheless clear that a 
mean equilibrium melt porosity of 0.01-0.1% can create sub- 
stantial velocity reductions. Zircon dates and Nd studies (Smith 
et al., 2004) show that eclogites beneath the Four Corners are 
probably Proterozoic, and that younger dates (interpreted by 
Helmstaedt and Schulze (1991) and Usui et a1 (2003) to be 
from the Farallon slab) are more likely to be reset ages. Thus, 
we do not believe that available evidence strongly supports 
the alternative model, that the low velocity anomaly is a 
present-day volatile-rich plume impacting the crust. 

Jeinez Lineament 

The Jemez lineament (Plate 1) is the farthest south of the 
proposed paleosuture zones in the CD-ROM cross section. 
This zone is defined by an alignment of Miocene to Recent 
volcanic rocks (Aldridge et al., 1986), and it is also inter- 
preted to mark the surface boundary between 1.8-1.7 Ga 
crust of the Yavapai province (to the north) and -1.65 Ga 
crust of the Mazatzal province (Wooden and DeWitt, 1991; 
Karlstrom et al., 2004). New reflection data (depicted 
schematically in Plate 3 based on Magnani et al., 2004, and 
Magnani et al., this volume) show another bi-vergent "tee- 
pee" structure, with south-dipping middle crustal reflec- 
tions that seem to coincide with both a possible step in the 
Moho and a south-dipping mantle velocity boundary 
between fast (south) and slow (north) mantle that extends to 
great depth (> 200 km; Plate 3; also Dueker et al., 2001). 
North-dipping and south-dipping reflections merge in the 
lower middle crust below the Jemez lineament suggesting 
a bi-vergent orogenic belt similar to that seen in the Alps 
(Schmid et al., 1996) and similar to geometries seen in 
finite element geodynamic models (Beaumont et al., 1996). 
Based on these relationships, we interpret the Jemez linea- 
ment to mark a Proterozoic lithospheric suture zone that 
also localized Cenozoic magmatism. Refraction velocities 
in the uppermost mantle suggest that partial melt is present 
beneath the southern Jemez lineament, in the root zone of 
the bivergent orogen (Levander et al., this volume), at the top 
of the low velocity mantle anomaly (Yuan and Dueker, this 
volume). The same south-dipping mantle velocity gradient 
is observed in the La Ristra line (Plate 4), some 300 km to 
the southwest along the Jemez lineament (Plate 2), again 
providing evidence that, in three dimensions, the mantle 
velocity domain is a planar, south-dipping zone that is more 
closely co-located with the Jemez lineament than with the 
Rio Grande rift (cf. Wilson, 2004). The low velocity Jemez 
anomaly is unlikely to be completely explained as upwelling 
asthenosphere, as shown by the pronounced horizontal lay- 
ered structure revealed by receiver function analysis (Plate 
3; Zurek and Dueker, this volume). This layering extends 

across the boundary between both fast and slow mantle, 
suggesting that both are part of the lithosphere. We infer 
that the 3-5% shear wave discontinuities represented by 
the receiver function interfaces would be less likely to be 
present in asthenosphere because convective motion would 
disrupt the apparent horizontal layered structure (Zurek and 
Dueker, this volume). 

TOWARDS A 3-D VIEW OF LITHOSPHERIC 
BOUNDARIES 

One of the successes of the CD-ROM experiment was to 
develop a depth perspective of the subsurface nature of Pro- 
terozoic province boundaries. Important results (Figure 3) 
include the correspondence between crustal age provinces, 
changes in mantle velocity structure, and dipping nature of 
velocity transitions. A three dimensional view of the lithos- 
pheric structure is possible by trying to correlate important 
lithospheric boundaries between cross sections developed 
from independent geophysical experiments. Plate 4 is a set of 
tomographic cross sections at a uniform scale, comprising 
the Snake River Plain (Schutt and Humphreys, 2004), Deep 
Probe (Dueker and Yuan, 2004), CD-ROM and La Ristra 
(Gao et al., 2004) teleseismic lines. Plate 5 compiles these ver- 
tical cross sections with plan-view tomography at 100 km 
and surface geology into an exploded block diagram. From 
these figures it is apparent that the Proterozoic boundaries 
described in the previous section can be traced in pseudo 3- 
D through several of the seismic cross sections. The Cheyenne 
belt is a northwest dipping boundary that is imaged on the 
Snake River Plain and CD-ROM cross sections; the Farwell 
"teepee" structure apparently trends NNE, as seen on the 
Snake River Plain and CD-ROM; the Colorado mineral belt 
projects to depth along the southeast-dipping Aspen and Four 
Corners anomalies in the CD-ROM and La Ristra sections, 
respectively; and the Jemez lineament follows a NE trend 
above low velocity features on the La Ristra and CD-ROM 
sections (Plate 5). Most of these features are also apparent on 
the Deep Probe cross section (Plate 4). 

ORIGIN OF THE MANTLE VELOCITY GRADIENTS, 
ANISOTROPY, THICKNESS OF THE LITHOSPHERE 

While the interpreted Proterozoic subduction scars are 
inferred on the basis of sharp velocity contrasts, it is inter- 
esting that some of the slab-like features are high velocity 
(Cheyenne belt) and some low velocity (AspenIFour Cor- 
ners anomaly). Probably a mixture of causative processes 
need to be considered but the common theme is that variable 
composition Proterozoic mantle responded in different ways 
to mantle heating such that low-solidus materials melted 
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preferentially in response to increased late Cenozoic mantle 
heat flux (Karlstrom et al., 2002). The origin of the increased 
mantle heat flux is thought to result from upwelling asthenos- 
phere associated with sinking of the lower lithosphere 
isotherms (Schott et al., 2000) or perhaps Neogene devel- 
opment of upper mantle small-scale free convection (Korenga 
and Jordan, 2003). This could be explained if superadiabatic 
mantle has flowed into this region in the last 50-10 Ma. The 
high velocity Cheyenne belt slab is interpreted to be a trapped 
remnant of an underthrust oceanic slab and hence its high 
velocity and anisotropy may be due to the presence of eclog- 
ite and lineated olivine (Yuan and Dueker, this volume). In 
contrast, the low velocity Aspen anomaly slab and Jemez 
anomaly are interpreted to be zones of Proterozoic hydration 
resulting from long-lived subduction of oceanic lithosphere, 
but without lithospheric capture of the final remnants of the 
downgoing slab, leaving hydrated mantle that has a lower 
solidus than adjacent regions. 

Anisotropy From Surface and Body Wave Constraints 

As discussed by Li et al. (this volume), there is a significant 
discrepancy between their Colorado surface wave anisotropy 
results and the Colorado SKS splitting results (Savage and 
Sheehan, 2000; Fox and Sheehan, this volume). The Colorado 
shear wave splitting results show a complicated anisotropy 
with many null measurements whereas the surface wave 
anisotropy analysis provides good evidence for a strong and 
uniform anisotropy, oriented northeast, dominantly below 100 
km depth beneath the Rocky Mountains &i et al., this volume). 
This anisotropic complexity is observed more clearly in north- 
ern CD-ROM and Laramie array stations that showed clear 
shear wave splits that are dependent on back-azimuth, requir- 
ing either a dipping fast velocity axis or two anisotropic lay- 
ers to explain (Fox and Sheehan, this volume). Furthermore, 
shear wave splitting from the Deep Probe and southeastern 
Snake River plain arrays show a very complicated pattern of 
apparent splits inconsistent with any simple one or two layer 
anisotropy (Schutt and Humphreys, 2001). In contrast, the 
southernmost Rocky Mountains shear wave splitting results 
from the CD-ROM-south and La Ristra arrays appear to be 
adequately explained by a single layer with a horizontal 
northeast-trending fast axis (Gok et al., 2003; Fox and Shee- 
han, this volume). This anisotropy could be the manifestation 
of a plate-sheared asthenosphere (as North American absolute 
plate motion is within a few degrees of the fast axis), or Pro- 
terozoic fabrics in the lithosphere (as this is the dominant ori- 
entation of Proterozoic foliation). There are significant 
variations in the orientation and splitting time along both 
arrays that are easier to explain with a shallow (lithospheric) 
source. In neither the CD-ROM nor La Ristra lines is their 

evidence for dipping fast axis anisotropy such as might be 
created by asthenospheric small-scale convection (Ribe, 1989; 
Blackman et al., 1993; Kaminski and Ribe, 2001; Blackman 
et al., 2002; Kaminski and Ribe, 2002). 

Thickness of the Lithosphere 

Tomographic cross sections like those of Plates 3 and 4 do 
not readily show the base of the lithosphere because velocity 
contrasts are relative values for a particular depth slice, and 
hence vertical variations are inaccessible. However, there are 
several ways to interpret the images and infer the depth of 
today's lithosphere. Receiver function analysis in the CD- 
ROM and La Ristra lines (Dueker et al., 2001; Wilson and 
Aster, 2003; Zurek and Dueker, this volume) show that the 
upper mantle contains subhorizontal impedance contrasts 
('reflectors'; Plate 3). The La Ristra line shows good evidence 
for a coherent reflector at 80 km depth beneath the Colorado 
Plateau (Wilson and Aster, 2003). Likewise, the CD-ROM 
lines show coherent layering between the Moho and 100 km 
with subhorizontal reflectors indicating coherent structures 
beneath the Cheyenne belt (Plate 3). While the genetic ori- 
gin of these reflectors is poorly constrained, they do not appear 
to be crustal multiples (Zurek and Dueker, this volume); infer- 
ence would suggest that they are chemical layers and/or 
anisotropic shear zones (Levin and Park, 2000; Sobolev et 
al., 1997; Sobolev and Babeyko, 1994; Thybo and Perchuc, 
1997; Zurek and Dueker, this volume). The most robust con- 
clusion from these images is that the chemical lithosphere 
(i.e., North American lithospheric mantle) is thicker than sim- 
ple estimates of thermal (and rheological) lithosphere. Thus, 
upper mantle low velocity zones down to 200 km or more are 
interpreted by us to be part of the North American plate in 
terms of age (Proterozoic), composition (depleted Protero- 
zoic mantle), and tectonic evolution, rather than asthenos- 
phere (Godey et al., 2003; Gorman et al., 2002; Hicks et al., 
2001; Lastowka et al., this volume; Li et al., this volume; van 
der Lee, 2001; van der Lee and Nolet, 1997). 

Present mantle rheology within low velocity domains may 
be similar to asthenosphere (< 1 % partial melt and resulting 
weakness). But this weak low velocity lithosphere is buoy- 
antly attached to North America and given that the North 
American plate is drifting to the southwest relative to the deep 
mantle reference frame, may be confined by 200 km thick 
stronger high-velocity cratonic mantle to the east, and hence 
has not yet been entrained in the convecting mantle. Recent 
experimental studies (e.g. Karato, 2003 for a review) have 
shown that a small amount of water dissolved in olivine and 
other nominally anhydrous mantle minerals can significantly 
enhance the ductility of the mantle. These results suggest that 
perhaps the lithosphere-asthenosphere boundary could be a 
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Cheyenne Farwell Mtn Colorado 
Belt \ Suture\ /Mineral Belt 

A. 0  

Snake River Plain l o o  I 

B. 
Deep Probe 

C. CD-ROM 
P-wave 

CD-ROM 
S-wave 

Jemez 
Lineament -. I 1 I 

D. La Ristra 
P-wave 

La Ristra 
S-wave 
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Plate 4. Cross-sectional tomographic images along lines indicated in Plate lb: A= Snake River Plain line (Schutt and 
Hurnphreys, 2004), B= Deep Probe line (Ikeker andYuan, 2004), C= CD-ROM line (Deuker et al., 2001), D= La Ristra line 
(Gao et al., 2004). Note presence of Cheyenne belt (CB), Farwell Mountain (FM), Colorado mineral belt (CMB) and Jemez 
lineament (JL) sutures as sharp velocity gradients in multiple lines; also note dipping character of mantle velocity domains. 
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transition from dry to wet olivine, and hence a thick but weak 
hydrous Proterozoic lithosphere is plausible. Other evidence 
for a relatively thick mantle lithosphere under the Rocky 
Mountains comes from geochemistry of basalts, which sug- 
gests depleted mantle to depths exceeding 80 km (Livicani and 
Perry, 1993), and from xenoliths (Ritter and Smith, 1996). 

The alternative explanation, that the low velocity domains 
represents upwelling asthenosphere (West et al., 2004), is sup- 
ported by surface wave images from the La Ristra experiment 
which shows velocities down to 4.2 to 4.35 kmls in a 100-200 
km wide region along the Jemez lineament and Rio Grande rift. 
These velocities are consistent with the 1300 "C mantle extend- 
ing to depths as shallow as about 50 km. The La Ristra line 
crossed the Rio Grande rift near its intersection with the Jemez 
lineament, such that the low velocity anomaly coincides with 
both in this line of section. In contrast, apparently the same low 
velocity anomaly seen in the CD-ROM line is more clearly 
associated with the Jemez lineament and not the Rio Grande 
rift. Thus, we prefer the interpretation that the low velocity 
anomaly is associated with the northeast-trending Jemez lin- 
eament and is associated with hydrated and low solidus Pro- 
terozoic lithosphere (such as eclogite or pyroxenite dikes). 
The geometry of the combined CD-ROM/ La Ristra anomaly 
seems less readily explained as the product of passive asthenos- 
pheric upwelling because of the low extension (<20%) and 
low strain rates in the Rio Grande rift. 

LOWER CRUSTAL RESPONSE: UNDERPLATING AND 
A DYNAMIC MOHO 

Seismic and geologic data from the crust, including new 
seismic refraction, receiver function, and xenolith data high- 
light interactions between the crust and mantle through time. 
Crustal velocity models derived from refraction and wide- 
angle reflection data (Keller et al., 1998; Snelson et al., this vol- 
ume; Rumple et al. this volume, Levander et al., this volume) 
differ somewhat, but all show appreciable topography on the 
Moho and a crust that varies from -40 to 55 km thick (Plate 
3). A high velocity lower crustal layer exists beneath the Pro- 
terozoic terranes, although its thickness, continuity and veloc- 
ity are not uniquely resolved. Snelson et al. (this volume) and 
Rumpel et al. (this volume) show a continuous, 5-10 km thick 
layer with apparent velocity ranging from 7.0 to 7.5 kmls. 
Levander et al. (this volume) show the layer to be more dis- 
continuous and to have an apparent velocity of 6.8-7.1 kmlsec. 
Given the high heat flow and presumed high temperatures at 
the base of today's crust, both models are consistent with a 
mafic composition lower crust (Plate 3). 

Xenoliths have been recovered from three key areas in prox- 
imity to the CD-ROM transect (Plate I),  the Leucite Hills of 
the Wyoming province, the Stateline diatremes just south of 

the Cheyenne belt in Colorado (Farmer et al., this volume), and 
the Navajo volcanic field in the Four Corners region (Crow- 
ley et al., 2003; in prep.). These sets of diatremes have been 
projected into the CD-ROM section in Plate 3. U-Pb 
geochronology provides insight into the age and complex tec- 
tonic evolution of the mafic lower crust, and shows different 
histories in the different regions. Xenoliths from the State- 
line diatremes in the Proterozoic crust of northern Colorado 
differ markedly from the adjacent highly potassic lavas from 
the Leucite Hills in the Archean lithosphere of southern 
Wyoming (Farmer et al, this volume). Lower crustal xeno- 
liths from the Archean lithosphere (0.8-1.0 GPa) consist of rel- 
atively felsic hornblende-pyroxene gneisses (without garnet); 
they typically display a weak to strong foliation primarily 
defined by amphibole. These, and mantle xenoliths from this 
locality, are more hydrated than the Proterozoic xenoliths to 
the south, compatible with a position above an underthrust 
oceanic slab that was dewatered during underthrusting. In 
contrast, the lower crustal xenoliths from the Proterozoic lith- 
osphere (1.2 GPa) contain little fabric and include garnet, 
two-pyroxene granulites and rare eclogites, consistent with 
derivation from the thick, relatively dry, high-velocity mafic 
layer (Plate 3). U-Pb zircon geochronology of Archean xeno- 
liths yields dates that are similar to the crystallization ages 
of rocks exposed at the surface (ca. 2.6-2.7 Ga). 

In contrast, xenoliths from the Proterozoic Stateline side 
are metaigneous rocks that contain inherited grains as old as 
3.1 Ga, Paleoproterozoic igneous grains, and metamorphic 
zircon that yields a complex range of ages: Devonian (the age 
of kimberlite eruption), ca. 500 Ma, 1370-1420 Ma, and 
1640-1750 Ma (the dominant population). The volumetri- 
cally minor metamorphic zircon of ca. 500 Ma and 1370-1420 
Ma is interpreted to record magmatic and/or tectonic events 
that affected the base of the crust, including mafic under- 
plating, but there is no direct evidence in these diatremes for 
igneous zircon crystallized from underplated mafic magmas. 
The important conclusions from the Stateline district is that 
upper crust, lower crust, and mantle provinces across the 
Cheyenne belt are distinct lithospheric entities whose essen- 
tial geometries, to > 200 km depths, date back to the time of 
assembly, and there was apparently not appreciable (> 10 km- 
scale) decoupling of lithospheric layers during thrust-related 
crustal assembly. 

Xenoliths from diatremes of the Navajo volcanic field reveal 
a similar story in that the lower crust records the same range 
of ages and tectonic events as the nearby exposed (middle 
crustal) rocks (Karlstrom et al., 2004). However, here there is 
clear evidence for ca. 1.4 Ga igneous zircon that formed in 
mafic magmas (Crowley et al., in prep.). Xenoliths of mafic 
and felsic granulite are interpreted as being derived from 
lower crustal depths (at -1.4 Ga) of 4 0 4 5  km based on the pri- 
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mary mineralogy of Cpx-Grt-PI * Qtz and thermobarometry 
estimates of -1.3 GPa and 800°C. Mafic xenoliths contain a 
dominant population of weakly zoned metamorphic grains 
with U-Pb dates of 1420-1 4 14, 14 10-1 395 (most prevalent), 
1385, and 1360 Ma. Tgneous cores in some of the mafic xeno- 
liths have U-Pb dates of -1435 Ma and nonradiogenic iso- 
topic compositions (Hf = +4.1-7.8, T,, = 1.7-1.6 (;a) 
consistent with -1435 Ma mafic magmas having interacted 
with older crust. Zircons from felsic granulites contain igneous 
zircons cores and whole grains with U-Pb datcs of -1 7 10 and 
1640 Ma. On the Colorado Plateau west of the Four Corners 
area, seismic refraction data (e.g. Wolfe and Cipar, 1993) indi- 
cate that a distinct mafic layer is present at least in some areas, 
and the recent La Ristra receiver function results (Wilson and 
Aster, 2003) indicate that the crust is 45- 50 km thick, indi- 
cating that underplating has probably occurred. Thus, the 
combined data indicate a complex history of Proterozoic zir- 
con growth and a polygenetic lower crust, including evidence 
for mafic magmatism and associated metamorphism from 
1.42 to 1.36 Ga. 

These xenolith data provide a new view of the seismically 
defined lower crustal mafic layer. Age distributions and the mix 
of igneous and metamorphic zircon populations indicate a 
complex origin involving several processes. These include 
segregation of crustal cumulates during the juvenile arc phase, 
refractory residues of partial melting during crustal stabi- 
lization, and underplated material. Each of these stages can also 
be identified in the exposed middle crustal rocks. For exam- 
ple, the early arc phase plutons are represented by 1.80 to 
1.72 Ga calc alkaline plutons that commonly have mingled 
gabbroldioritelgranodiorite compositions (Jessup et al., this vol- 
ume; Ilg et al., 1996; Hawkins et al., 1996). Lower crustal 
melting is recorded just after crust assembly by 1.70-1.68 Ga 
collision-related granites (Jessup et al., this volume; Ilg et al., 
1996) that commonly have A-type compositions (Anderson and 
Bender, 1989) similar to later 1.4 Ga plutons. These granites 
are probably related to 1.75- 1.65 Ga metamorphic zircon 
left in refractory residues in both the Stateline and Four Cor- 
ners areas. 

The 1.45-1.35 Ga zircon is especially important in docu- 
menting igneous additions to the crust and the impressive 
thermal affect of these intrusions for whole crust metamor- 
phism (also discussed below). We interpret them to be the 
first direct evidence for a mafic underplate of 1.45-1.35 Ga, 
but such an underplate has also been postulated based on: 1) 
the widespread appearance of middle crustal A-type plutons 
of bimodal composition (Emslie, 1978), 2) petrogenetic mod- 
els suggesting that a large volume of -1.4 Ga granitic mag- 
matism in the middle crust was related to melting of tholeiitic 
basalt (Frost and Frost, 1997), 3) Ar-Ar themochronology 
(Karlstrom and Dallmeyer, 1997; Shaw et al., this volume), and 

4) monazite zoning studies and the extent of 1.4 Ga middle 
crustal metamorphism and deformation (Williams et al., 1999; 
McCoy et al, this volume). The combined seismic and geologic 
data suggest that a large volume of basaltic rocks may reside 
in the lower crust. 

The interpretation that the mafic lower crust is in part due 
to mafic underplating has important implications for crustal 
stabilization and models for a dynamic Moho and empha- 
sizes an important interplay between the crust, mantle litho- 
sphere, and asthenosphere during growth, stabilization, and 
reactivation of continental lithosphere. The model presented 
here (and in Keller et al., this volume) is that the Moho under 
the Rocky Mountains has been dynamically reshaped by mafic 
magmatism at several times such that its present complexity 
(10-krn-scale topography, and variations in lower crustal and 
upper mantle velocity) is related to lithosphere stabilization 
events. In particular, episodic addition of basaltic magmas 
served to stabilize the continental lithosphere via several 
processes: it thickened the crust, provided thermal energy for 
episodic crustal differentiation and metamorphism, and was 
a manifestation of partial melting of the mantle, a process 
that reduces the density of and hence further stabilizes the 
continental lithospl~eric mantle. 

REACTIVATION AND DIFFERENTIAL UPLIFT OF 
PROTEROZOIC LITHOSPHERE 

Geologic studies indicate that the Proterozoic crust south of 
the Cheyenne belt was repeatedly reactivated, whereas the 
Archean lithosphere has been relatively stable (Karlstrom and 
Humphreys, 1998). Following protracted assembly of the lith- 
osphere from 1.78 to 1.65 Ga, the first major reactivation 
event took place -1.4 Ga and involved widespread bimodal 
magmatism and intracratonic transpressional deformation 
(Nyman et al., 1994). This event pervasively affected the Pro- 
terozoic lithosphere, but essentially terminated or was sub- 
stantially subdued at the Cheyenne belt, most likely due to 
an existing Archean-Paleoproterozoic mantle tectosphere 
(Karlstrom and Humphreys, 1998; Levander and Niu, 2004; 
Levander et al., this volume). 

In situ U-Pb dating of monazite using the electron micro- 
probe (Williams et al., 1999; Williams and Jercinovic, 2002) 
documents the importance of recurrent movements, and hence 
persistent weakness, within the Colorado mineral belt (Shaw 
et al., this volume; McCoy et al., this volume). Monazite 
geochronology from shear zones, combined with microstruc- 
tural studies of the relationsliip of the monazite to fabrics, 
indicate two protracted ca. 100-m.y.-long, orogenic episodes 
(1.72-1.62 Ga and 1.45-1.35 Ga), each consisting of numer- 
ous pulses of deformation, plus 1 . 1  Ga, Paleozoic and 
Laramide movements (Allen, 1994). Ar-Ar data (Karlstrom et 
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al, 1997; Shaw et al., this volume), and thermal modeling 
(Flowers et al., this volume) corroborate previous documen- 
tation (e.g. Chamberlain and Bowring, 1990; Bowring and 
Karlstrom, 1990; Hodges and Bowring, 1995) that discrete 
crustal blocks tliroughout tlie southwestern U.S. show very 
different cooling histories. Different cooling histories and dif- 
ferential upliftlexhumation histories are interpreted to result 
from different heat generation characteristics of different 
blocks, by reactivation of accretionary structures, and by vari- 
ations in the thickness and nature of a developing mafic 
underplate. 

In the Phanerozoic, fission track studies demonstratc post- 
Laramide differential uplift across the Colorado mineral belt 
(Kelley and Chapin, 2002). These data confirm and extend 
the hypothesis of Tweto and Siins (1963) that the Colorado 
mineral belt was a long-lived zone of weakness in the litho- 
sphere. However, Phanerozoic reactivation did not take place 
across all Proterozoic structures (e.g., Cheyenne belt; Kelley 
at al., this volume), and reactivation styles were different 
between the Proterozoic and Archean lithospheric sections. 
For example, Ancestral Rocky Mountain uplifts formed almost 
exclusively south of the Cheyenne belt. Laramide deformation 
partially reactivated older boundaries in both areas, but analy- 
sis of minor faults shows a more complicated history of reac- 
tivations south of the Cheyenne Belt (Koenig and Erslev, in 
press). These observations suggest that lateral crustal rheologic 
differences (compositional inheritance) and the presence of 
weak structures (interface inheritance) influenced the expres- 
sion of Cenozoic tectonism in the heterogeneous older litho- 
sphere (Karlstrom and Humphreys, 1998). 

LARAMIDE TECTONICS 

The Laramide orogeny was characterized by tectonism, 
regional uplift, and magmatism at surprisingly great distances 
from the plate margin. This event had a major but still incom- 
pletely understood cffect on both crust and upper mantle of the 
western U.S. Accumulating data for the deep crustal struc- 
ture under the Rocky Mountains suggest that uplifts formed 
because of significant components of horizontal shortening. 
Basement-cored asymmetrical uplifts are co~nmonly bounded 
by listric thrust and reverse faults that flatten at middle crustal 
depths (-12 km in the CD-ROM Sangre de Cristo line; Mag- 
nani et al., this volume), or penetrate to lower middle crustal 
depths (Lynn et al., 1983; Sharry et al., 1986; Cline and Keller, 
this volume). In Colorado and northern New Mexico, geo- 
metric and surface kinematic studies, combined with seismic 
and gravity data, seem most consistent with models involving 
upper crustal detachment on subhorizontal thrusts that root 
to the west, with possible distributed lower crustal thickening 
(Erslev, this volume). These faults were commonly localized 

along (and reactivated) a complex network of faults and shear 
zones that formed during Proterozoic ductile deformation, 
late Proterozoic normal faulting, and Ancestral Rocky Moun- 
tain thrusting (Marshak et al., 2001; Timmons et al., 2002). 

Stresses that caused Laramide deformation were derived 
from the subducting Farallon plate system and were either 
transmitted in from the plate margin (Livaccari, 1991) andlor 
transmitted up from the interface with the subducting slab 
(Bird 1984, 1988; Hamilton, 1988; Varga, 1993). Continu- 
ing controversies surround the interactions of driving forces 
and rock strengths in controlling the resulting deformation 
of the western US., including: 1) the influence of a relatively 
weak lower crust on the transfer of basal tractions to the upper 
crust (Bird, 1988, 1989; Schmidt and Perry, 1988; Urquhart, 
1994; McQuarrie and Chase, 2000; Erslev, 1993; Leeman et 
al., 1992); 2) the strength (degree of coupling) across the 
Farallon-North America interface (Bird 1984, 1988), and 3) 
how loading at the western margin is transferred across the 
weak but high-potential energy Sevier Mountains (Coney and 
Harms, 1984; Patino-Doucc et al., 1990) to the Rocky 
Mountains. 

The nature of mantle modifications during the Laramide 
orogeny is one key component for explaining both Laramide 
tectonism and today's low velocity mantle in the western U.S. 
There are three potential times when the major continental 
scale east to west mantle compositional variation (see Plate 2 
of Karlstrom and Keller, this volume) may have been "set in": 
late Precambrian, Laramide, or post-Laramide, and each likely 
played a role. Some component of the regional-scale NW- 
trending velocity transition was perhaps already in place 
because of lithospheric thinning during late Precambrian rift- 
ing west of the Cordilleran hingeline (Karlstrom and 
Humphreys, 1998). Superimposed on this, Humphreys et al., 
(2003) suggested that the shallow angle of subduction of the 
Farallon slab caused pervasive hydration of the North Amer- 
ican lithospheric mantle, but only limited maginatism (e.g. 
in the Colorado mineral belt), and Neogene tectonism and 
mantle reorganization related to asthenospheric processes 
under the active western U.S. is exploiting older pre- 
conditioned mantle to give modern magmatic and velocity 
structure. 

Similar to the regional velocity variation, the 10- to 100-km- 
scale velocity variations also seems best explained as a com- 
bination of compositional inheritance and active processes. 
As suggested above, variations in mantle hydration associ- 
ated with the Proterozoic assembly structures may have played 
an important role. Karlstrom et al. (2002) suggested that there 
was a distinctive Proterozoic lithosphere that was assembled 
via complex subduction-accretion processes, hence had long- 
term fertility, and responded very differently than Archean 
mantle to various reactivation events. For example, tlie par- 
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allelism of the magmatic trends in the Colorado mineral belt 
(early Tertiary), Jemez lineament (Neogene), St. George Lin- 
eament (Neogene), and Snake River Plain (Neogene) with 
old shear zone systems, the long duration of magmatism in the 
zones, and the lack of systematic distribution of ages (except 
for the Snake River Plain) may be simpler to explain in terms 
of reactivated Proterozoic boundaries that were composi- 
tionally distinct and hence fertile for melt production during 
Cenozoic tectonism, rather than due to flat slab subduction (for 
the Colorado mineral belt), focused slab removal (Humphreys, 
1995), or asthenospheric upwelling in zones subparallel to 
North American plate motion (Goes and van der Lee, 2002; 
Wilson, 2004). 

Neogene Tectonics and Regional Denudation 

Impressive post-Laramide magmatism and tectonism con- 
tinued to modify the western U.S. over the last 50 Ma. In the 
Rockies, major magmatic events include the San Juan and 
Jemez volcanism, and Rio Grande rift extension. Addition- 
ally, evidence is increasing for significant post-Laramide sur- 
face uplift in the Rockies (e.g., Heller et al., 2002; McMillan 
and Heller, 2002; Leonard, 2002) which diminishes the amount 
of surface uplift attributed to the Laramide orogeny. This pro- 
longed tectonic activity probably was initiated by delamina- 
tion of the Farallon slab from the base of the North American 
plate (e.g., Coney and Reynolds, 1977; Humphreys, 1995), 
and further activity resulted from subsequent lithospheric 
heating by conduction and melt advection. 

Early Tertiary differential uplift is recorded by apatite fis- 
sion track (AFT) data from the Southern Rocky Mountains. 
The northern to central Front Range data record a Laramide 
cooling history, but data from the southern Front Range and 
Wet Mountains of Colorado and the Sangre de Cristo Moun- 
tains and High Plains of New Mexico record a -25-30 Ma 
thermal event that becomes progressively stronger to the south 
(Pazzaglia and Kelley, 1998; Kelley and Chapin, 1995; 2004; 
House et al., 2003). Sonic log data have been used to inde- 
pendently document - 2 km of middle Cenozoic exhumation 
on the High Plains that must have occurred prior to deposition 
of the 12 Ma Ogallala Formation (Kelley, 2002). These data 
are best explained in terms of linked processes that include 
removal of basalt from the mantle (e.g., Johnson, 199 l), under- 
plating, modification of the Moho, crust and mantle buoy- 
ancy changes (Jones et al., 1996; 1998; Humphreys, 1995), and 
isostatically driven rock and surface uplift (England and Mol- 
nar, 1990). 

More regionally, stratigraphic and geomorphic studies sug- 
gest that the Great Plains region has undergone east-down 
tilting since deposition of the middle to upper Miocene Ogal- 
lala Formation (McMillian and Heller, 2002; Leonard, 2002; 

Anderson et al., 2002). Although the relative contribution of 
an isostatic response to fluvial incision and mass removal is 
debated it appears that some measure of tectoniclepierogenic 
tilting is required the influence of which appears to increase 
southward along the Front Range (Leonard, 2002). This inter- 
val of time between the Oligocene and the middle Miocene was 
one of significant surface modification in the southern Great 
Plains. First, the base of the Ogallala Formation is time trans- 
gressive from north to south. The Ogallala is nearly con- 
formable with Oligocene-lower Miocene White River and 
Arikaree groups in the eastern Wyoming area, and the base of 
the Ogallala is progressively younger to the south. Second, 
the Ogallala was deposited on an erosion surface that pro- 
gressively exhumed deeperlolder Mesozoic units to the south. 
Third, recent AFT determinations from drill holes and sur- 
face outcrops indicate that the middle Cenozoic partial anneal- 
ing zone (PAZ) slopes eastward, implying either tilting andlor 
spatially non-uniform thermal regimes (House et al., 2003). 
Ages preserved beneath this paleo-PAZ indicate that 2 4  km 
of material was eroded between Oligocene and the mid-late 
Miocene. 

The spatial variations in the depth of erosion from north to 
south along the Rocky Mountain front corresponds to the 
present-day extent of anomalously slow mantle (Aspen anom- 
aly), extensional deformation in the Rio Grande rift, and the 
degree of tectonically-induced tilting of the Ogallala forma- 
tion (Leonard, 2002). These correlations suggest to us a pos- 
sible genetic link, and we hypothesize that upward transfer 
of heat and melt during the Oligocene (coincident with volu- 
minous ignimbrite volcanism) was responsible for significant 
regional surface uplift, the expression of which is recorded 
by long-wavelength tilting on the Great Plains. Increases in 
regional topographic slope changed the erosive power of flu- 
vial systems and enhanced erosion on the Great Plains. 

Similar processes may be ongoing. A provocative hypoth- 
esis is that the mantle structures that we have imaged seismi- 
cally may have distinct topographic manifestations. A 
combined topographic-thermochronologic study by Pazza- 
glia and Kelley (1998) demonstrated that the mean local relief, 
mean elevation, and thermochronologically-determined exhu- 
mation history vary systematically across both the Cheyenne 
belt and Jemez lineament. Furthermore, there is good reason 
to believe that contemporary uplift is associated with the 
youthful magmatism concentrated along the Jemez lineament 
(Wisniewsky and Pazzaglia, 2002; Magnani et al., this volume). 
For example, the Canadian River has a distinct convexity or 
bulge in both its long profile and terrace profiles where it 
crosses the Jemez lineament. Here the river has been incising 
at a constant rate of 0.06 mmlyr since at least the middle 
Pliocene; this rate of incision is up to two times greater than 
similar reaches up or down stream of the lineament. These 
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results are consistent with rock uplift above the anomalously 
low velocity mantle along the Jemez lineament (Yuan and 
Dueker, this volume; Dueker et al. 2001; Levander et al., this 
volume). Thus, in spite of the numerous complex processes that 
combine to shape landscapes, correlations such as this suggest 
that deep lithospheric structure and mantle-driven regional 
epeirogenic uplift exert important controls in producing 
present-day high elevation and relief (e.g., Pierce and Morgan, 
1992; Wisniewski and Pazzaglia, 2002). 

This is counter to recent studies that infer that the origin 
of present-day topographic relief in the Rocky Mountains is 
largely a function of glacial erosion and river incision accel- 
erated by Pleistocene climate change (e.g., Small and Ander- 
son, 1998; Zhang et al., 2001). These studies cite 
reconstructions of the paleoelevation history of the Laramide 
and post-Laramide Rocky Mountains using paleobotanical 
studes that suggest only minor differences between late Eocene 
and present elevations in Colorado (e.g. Gregory and Chase, 
1994; Chase et al., 1998) and throughout much of the inter- 
mountain west (e.g., Wolfe et al., 1998). We do not discount 
the importance of climate change in increasing relief, but 
view this as a secondary factor superimposed on active 
epeirogenic surface uplift (e.g. Epis and Chapin, 1975; Eaton, 
1986; Unruh, 1991; Sahagian, 2002). The driving mechanism 
for epeirogenic uplift is interpreted to be addition of buoy- 
ancy to the lithosphere by basalt extraction from the mantle and 
crustal thickening by addition of basalt to the crust. It becomes 
focused by lithospheric heterogeneity both because of the 
presence of more fertile compositions of lithosphere (volu- 
metric inheritance) and melt pathways along zones of weak- 
ness (interface inheritance; Karlstrom and Humphreys, 1998). 

DISCUSSION OF PROCESSES OF STABILIZATION 
AND EVOLUTION OF CONTINENTAL LITHOSPHERE 

We envision the stable core of the North American continent, 
stabilized by thick lithospheric mantle that extends to depths 
of > 200 km in the northern part and > 150 km in the south- 
ern part of the CD-ROM line. The North American plate is 
moving southwest (relative to the mantle reference frame) 
through weaker asthenosphere. The lithospheric "keel" is cold 
(and strong) andlor buoyant due to the presence of strongly 
melt-depleted peridotite (Jordan, 1988). The Rocky Moun- 
tain lithosphere is where the leading edge of this mantle keel 
is being heated, chemically modified, and progressively incor- 
porated into the asthenosphere. This region exhibits the largest 
mantle velocity gradient on Earth, from fast (cratonic) man- 
tle to slow (orogenic) mantle over a remarkably short distance 
even at shallow mantle levels (Grand, 1994; van der Lee and 
Nolet, 1997; Henstock et al., 1997). The keel of Laurentia is 
the net result of Archean growth plus Paleoproterozoic colli- 

sion of Archean microcontinents and stabilization during the 
Paleoproterozoic (1.9-1.8 Ga, Hoffman, 1988). High-velocity 
lithospheric mantle also extends beneath the Proterozoic 
provinces of the mid-continent v a n  der Lee and Nolet, 1997), 
which can be viewed as an extension of the orogenic belts in 
the Southwest (Van Schrnus et al., 1993). 

The modification and disassembly of this lithospheric keel 
in the western U.S. is a Cenozoic phenomenon. Some work- 
ers have postulated that the mantle lithosphere was largely 
removed (Bird, 1988), or preserved to moderate depths (100 
km; Livicarri and Perry, 1993), by shallow angle subduction 
of the Farallon slab in the Laramide. Other workers have pos- 
tulated an upwelling of asthenosphere to shallow depth dur- 
ing removal of the Farallon slab mainly during the Miocene 
ignimbrite flare up (e.g. Humphreys, 1995). However, if the 
Proterozoic lithosphere was originally thicker, as we suggest, 
another possibility is that rather than removal, the mantle was 
modified in several steps: hydration above a Laramide flat 
slab, Oligocene ignimbrite flare-up, and Neogene magma- 
tism. If the low-velocity mantle in the Southern Rocky Moun- 
tain region is old and essentially intact (e.g. below the Colorado 
mineral belt and Jemez lineament), then this mantle, although 
hot and weak, has not yet been entrained in the convecting 
asthenosphere, perhaps because it is buoyantly trapped between 
cold keels to the east (craton) and to some extent the west 
(portions of the Colorado Plateau) and north (Wyoming 
Province). The low velocity domains may also reflect zones of 
asthenospheric upwelling utilizing Proterozoic structures and 
domain boundaries. 

The crustal record for lithospheric mantle melt-depletion 
events is inferred to include modification of the mafic lower 
crust and surface mafic magmatism. We infer that the Moho 
and the lower crustal layer are in part younger than the assem- 
bly structures and provide a record of changing crustal thick- 
ness and development of a mafic underplate. The lower crustal 
mafic layer is remarkably featureless on regional reflection pro- 
files (Eshete et al., 2002, Magnani et al., 2004; this volume) 
and lies below well-developed bright reflectivity that we inter- 
pret to be a record of Proterozoic horizontal tectonics. Fur- 
thermore, the Precambrian rocks exposed at the surface were 
at depths of 10-20 km at 1.70 Ga, but we do not believe that 
the crust was 60-70 km thick at the end of the orogenic cycle 
because thermochronologic data indicate that rocks remained 
deep and relatively hot and were not quickly unroofed. This 
would suggest an isostatically adjusted lithosphere and rela- 
tively "normal" thickness crust (Bowring and Karlstrom, 
1990). Thus, our hypothesis is that today's thick crust grew in 
part by underplating and addition of mafic intrusive bodies of 
a variety of ages. Based on thinning of the lower crustal mafic 
layerjust north of the Cheyenne belt, the lack of evidence for 
Proterozoic overprinting of Archean lower crust to the north, 
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and volumetrically minor Phanerozoic magmatism in the 
Archean lithosphere, this process seems to have preferen- 
tially affected the Proterozoic lithosphere. Geologic data 
suggest there was major underplating of mafic magma ca. 1.4 
Ga, with additional magmatic additions to the crust ca 1.1 Ga, 
and during the Laramide and Cenozoic (Keller et al., this 
volume). 

It is useful to examine the ongoing and incipient mantle 
modification in the eastern Rockies as a proxy for early stages 
of the overall plate-scale mantle modification event. Our 
recent teleseismic findings indicate that North American 
chemical lithosphere appears to extend to depths of at least 
150-200 km beneath the Rocky Mountains, which is incon- 
sistent with removal of North American mantle via shallow 
subduction of the Farallon plate (and is in agreement with 
Livicarri and Perry, 1993). North American lithosphere in 
this region has large velocity contrasts that reflect partial melt 
and a mantle that has gained buoyancy and lost strength 
beneath the Rocky Mountains (Humphreys et al., 2003), prob- 
ably in several stages during Laramide and post-Laramide 
events (Karlstrom et al., 2002). Today's mantle in the low 
velocity domains is thus interpreted to be chemically part of 
the North American lithosphere in terms of composition, but 
it may be more similar to asthenosphere in terms of rheol- 
ogy. Its viscosity was apparently decreased by Farallon hydra- 
tion and Neogene heating. It remains part of the North 
American plate only by virtue of its buoyancy and perhaps 
because it is confined between colder, stronger mantle 
domains. 

SUMMARY 

The Continental Dynamics of the Rocky Mountains (CD- 
ROM) experiment was a set of coordinated seismic and geo- 
logic investigations of the deep structure and tectonic 
evolution of the Rocky Mountain lithosphere in a region 
where there is an ongoing interplay between old structures 
and active processes. The geological and geophysical data 
combine to build a new 4-D image of the crust and upper 
mantle of the Rocky Mountain region in a swath extending 
from south-central Wyoming through Colorado to northern 
New Mexico, and they provide new models for the struc- 
ture and evolution of the continental lithosphere. Crustal 
studies suggest Proterozoic paleosubduction zones were 
active at the Cheyenne belt (Archean-Proterozoic bound- 
ary), Lester-Farwell Mountain area of the Park Range (arc- 
arc suture), Colorado mineral belt (arc-arc suture), and Jemez 
lineament (arc-arc suture and Yavapai-Mazatzal province 
boundary). Mantle tomography indicates different mantle 
velocity domains that correspond to the Proterozoic crustal 
provinces, with profound velocity contrasts that are co- 

located with the province boundaries. Several of these veloc- 
ity domain boundaries are dipping, contain dipping mantle 
anisotropy, and extend to depths of > 150-200 km. The 
appearance of similar velocity domain boundaries in multi- 
ple 2-D teleseismic lines (CD-ROM, Snake River Plain, 
Deep Probe, and La Ristra) provides support that, in three 
dimensions, they define tabular dipping mantle provinces 
whose sharp boundaries coincide with Proterozoic sutures 
developed during lithospheric assembly. We interpret them 
to have originated as paleosubduction zones that initially 
developed in the Proterozoic and were then frozen into the 
lithosphere following collisions of oceanic terranes. Remark- 
ably, even after nearly 2 billion years, they have retained 
compositional variations in terms of degree of hydration 
and depletion. This heterogeneous mantle structure, although 
primarily due to ancient compositional variations, is presently 
responding in distinctly different ways (e.g. experiencing 
different degrees of partial melting) to Cenozoic thermal 
and fluid perturbations caused by transient plumes or small 
scale asthenospheric convection related to restructuring of the 
western plate margin of North America. The thick Protero- 
zoic lithospheric mantle was part of North America by 1.6 
Ga, was thickened at 1.4 Ga, and has remained both fertile 
and weak as shown by repeated intracratonic deformational 
and magmatic reactivations of ancient boundary zones from 
1.4 Ga to the present. 

The process of growth, stabilization, and reactivation of 
continental lithosphere involves an important interplay between 
the crust, mantle lithosphere, and asthenosphere that is 
expressed as a dynamic Moho (Keller et al., this volume). 
Throughout much of the southern Rocky Mountains, seismic 
refraction data delineate a high velocity (6.8 to 7.3 kndsec) 
lower crustal layer of variable thickness. The base of this layer 
is interpreted to be the Moho, and it varies from 40 to 55 km 
in depth. New geochronology from the xenoliths of the State- 
line diatremes (northern Colorado) shows zircon ages of - 
1720, 1620, and 1380 Ma from lower crustal (1.1-1.2 GPa) 
xenoliths. In contrast, Navajo volcanic field (Four Corners 
region) xenoliths have ages of 1710-1620 Ga, 1420-1414, 
1410-1395 (most prevalent), 1385, and 1360 Ma. Taken 
together we infer that Proterozoic lower crust has a complex 
tectonic history that is strongly linked to that of the middle 
crust. The mafic lower crust evolved diachronously via two 
main processes. First, concentration of mafic restite took place 
during original arc formation (pre 1.70 Ga in both areas) and 
subsequent collision-related differentiation (1.70-1.62 Ga in 
both areas). Second, lower crust was also added during later 
basaltic underplating (as best recorded by Navajo volcanic 
field xenoliths). Episodic addition of basaltic magmas served 
to stabilize the continental lithosphere via several processes: 
it thickened the crust, provided thermal energy for episodic 
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crustal differentiation and metamorphism, and was a mani- 
festation of partial melting of the mantle, a process that served 
to increase the buoyancy (and hence further stabilize) the 
lithospheric mantle. 

Proterozoic crust and lithospheric mantle of Colorado and 
New Mexico differ from lithosphere under the Archean core 
of the continent in terrns of long-term strength, expressed as 
a tendency for the Proterozoic lithosphere to be more readily 
reactivated by intracratonic tectonic and magmatic events 
(Karlstrom and Humphreys, 1998). Both types of lithosphere 
are strongly segmented (Gorman et al., 2002; Cook et al., 
1999; Bostock, 1998; Cliamberlain, 1998), but the difference 
may be that the Archean lithosphere is more strongly depleted 
due to multiple high temperature Archean events andlor a 
longer history of depletion events. The juvenile Proterozoic 
lithosphere of the southwestern U.S. has been fertile, weak, yet 
fairly stable throughout its history. It originated by rapid 
subduction-accretion processes and was characterized by 
marked heterogeneity of mantle hydration because of 
Indonesian-style crustal growth by accretion of dominantly 
oceanic tectonic elements. Its original hydrous character and 
heterogeneity, combined with marked reactivation by hydra- 
tion during flat slab Laramide subduction, have influenced 
later intracratonic tectonism and may provide an explana- 
tion of the anomalously wide zone of Laramide to Ceno- 
zoic tectonic activity in the Cordillera of southwestern North 
America. 
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