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FOREWORD

The 12th International Basement Tectonics Conference was hosted by the School of
Geology and Geophysics and the Oklahoma Geological Survey in the Sarkeys Energy
Center on the campus of the University ofOklahoma, Norman, Oklahoma, U.S.A.,
from May 21st through May 26th, 1995. A total of 52 individuals were in attendance, 9
ofwhich were attending from 6 different foreign countries.
Four days oforal and poster presentations were divided into four technical sessions

with the following themes: I) Fracture Development, Reactivation, and Mineralization,
organized byM. 1. Bartholomew and S. Marshak; 2) Evolution of the Basement of the
North American Plate (with special emphasis on its southern margin), organized by
R E. Denison and E. G. Lidiak; 3) Probing ofBasement: Geophysical and Geochemical
Methods, organized by R A. Young and G. R Keller; and 4) Response ofCover Rocks
to Basement Deformation, organized by P. Berendsen and M. P. Carlson. Seventy-five
presentations were made during the course of the meeting, which was organized by
Program Chairman M. Charles Gilbert and professionally managed by Sara Moody.
Preceding the meeting was a two day field trip to examine the mode and kinematics

of terrane accretion during closure of an ocean basin, as preserved in the Precambrian
geology of the eastern Llano Uplift, Texas, U.S.A. The field trip leaders Sharon
Mosher, Mark Helper, Don Barker, and Robert Reed provided an excellent and
comprehensive guidebook, and shared their considerable expertise in many discussions
at one spectacular exposures after another. All registrants participated in the
mid-conference field trip guided byR E. Denison, E. G. Lidiak, M. C. Gilbert, and
John P. Hogan to examine the Precambrian and Cambrian basement terranes exposed
in the Arbuckle Mountains uplift in southern Oklahoma, U.S.A. Evidence for a possible
continental arc setting for the southern margin of the -1.4 Ga Granite-Rhyolite
Terrane, the opening of the Cambrian Southern Oklahoma Aulacogen as evidenced by
a spectacular exposure ofa diabase dike swarm, and the role of earlier tectonic fabrics
in the development ofyounger structures were some of the topics of discussion. The two
day post conference field trip to the Wichita Mountains uplift, southwestern Oklahoma,
U.S.A. was led by M. Charles Gilbert, and John P. Hogan. This trip highlighted the
Cambrian Southern Oklahoma Aulacogen. The trip had several focal points: 1) rock
response to stress in the brittle regime at high and low temperature; 2) shallow (low
pressure) magma emplacement and crystallization, including the formation of
subhorizontal sheet-like batholiths; 3) layered mafic complexes; 4) rift-related
magmatism, including A-type granites; and the character of the aulacogen basement.
The conference volume is divided into two parts: submitted proceedings papers, of

which two were rejected; and abstracts ofpapers and posters presented at the meeting.
The papers represent various aspects of the themes of the meeting, and represent
important contributions demonstrating the pivotal role "basement" studies play in
understanding the evolution of the lithosphere and in better management of resources.
The editors acknowledge the considerable effort and patience of the conference
participants, authors, reviewers, as well as S. Moody, in bringing this volume to
completion, and thank the sponsors for their kind and generous support.
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PETROLOGIC CONSTRAINTS ON THE TECTONIC
EVOLUTION OF THE LLANO UPLIFT

WilLIAM D. CARLSON
University ofTexas at Austin
Department ofGeoIogicaI Sciences
Austin Texas 78712 USA

1. Abstract

Tectonic models for the Proterozoic evolution of the Llano Uplift must
account for a polymetamorphic history dominated by two kinematically
distinct events. Early dynamothermal metamorphism took place at
moderate to high pressures and decreased in intensity from southwest to
northeast across the uplift. Late largely static metamorphism at lower
pressures resulted from a thermal event linked to regionally widespread
emplacement of granitic intrusions at relatively shallow levels in the crust.
Relict mineral assemblages that provide thermobarometry for the early

event are preserved only in a few .localities, but regional patterns of
prograde growth zoning in garnet demonstrate that the Uplift as a whole
underwent early high-grade metamorphism at elevated pressure. The
dominant mineral assemblages in the uplift, characteristic of low-pressure
metamorphism in the middle amphibolite facies, commonly overprint
deformational fabrics with static recrystallization textures. In key calc­
silicate localities, these later assemblages are genetically linked by evidence
from phase equilibria and stable-isotope compositions to the widespread
intrusion of granitic plutons.
The petrologic evidence is consistent with emerging tectonic models

that invoke southwestward subduction of the Proterozoic margin of the
continent. Subsequent uplift of deeply buried rocks to shallow crustal
levels, where major pulses of granitic intrusion took place as deformation
waned, was more pronounced in the southwest than in the northeast.

2. Introduction

At present, petrologic information relevant to basement tectonics in the
Llano Uplift of central Texas (USA) is widely scattered throughout the
literature. This article is a synoptic review of metamorphism in the Uplift,

3



4 WILLIAM D. CARLSON

providing a synthesis of the data that yield constraints on regional tectonics
during the mid-Proterozoic along the southern margin of the North
American continent. In some instances, earlier data are reinterpreted here
in light of revised thermobarometric calibrations and in consideration of
new field and petrographic observations made since the original work
appeared.

2.1 GEOLOGIC SETTING

The Precambrian rocks of the Llano Uplift (Figure 1) are best regarded as
the metamorphic core of a collisional orogen in which island-arc, oceanic,
and arc-flank / continental slope assemblages were accreted to the southern
margin ofNorth America (Mosher in Rankin et aI., 1993). These Middle
Proterozoic rocks are part of the westward extension into Texas of the
Grenville terrane that stretches from the Grenville province of Canada
through the Adirondacks of New York to outliers within the Appalachians
(Rankin et aI., 1993). Like these other regions, the Llano Uplift
underwent orogeny ca. 1100-1200 Ma and experienced a largely post­
tectonic thermal event ca. 1000-1100 Ma (Walker, 1992; Roback et aI.,
1994; Reese, 1995; Rougvie et aI., 1996).
Recent geochronologic work, principally U-Pb dating of zircon, has

demonstrated that strongly deformed metamorphic units defined on the
basis of lithologic similarity are made up of multiple components that have
formed at different times in unrelated tectonic settings, with precursor ages
that span a range from 1324 Ma to 1215 Ma (Walker, 1992; Roback et aI.,
1994; Reese, 1995). These metamorphic rocks are dominantly comprised
of reworked older crust, with both igneous and sedimentary precursors, to
which tonalitic and granitic intrusives were added during synkinematic
magmatic activity. The rocks display strongly transposed layering and
multiple generations of structures and fabrics, but these features are
heavily overprinted in most cases by static recrystallization textures
(Carter, 1989; Nelis et aI., 1989; Reese, 1995).
During a protracted period of relatively shallow intrusion, numerous

large granitic plutons were emplaced whose crystallization ages range from
1133 Ma to 1070 Ma (Walker, 1992). Although a few of the older of
these plutons exhibit some ductile deformation features, most do not,
suggesting that the intrusive episode began as regional deformation waned
(Reed et al., 1995).
The age of the youngest precursor to the strongly deformed

metamorphic units and the age of the oldest (largely) non-deformed
granitic pluton constrain the timing of orogenesis to the period between
1215 Ma and 1133 Ma.
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6 WILLIAM D. CARLSON

2.2 OVERVIEWOFMETAMORPHISM IN THE LLANO UPLIFT

Two sequential, kinematically distinct, thermal episodes are now
recognized as dominantly responsible for metamorphism in the Llano
Uplift. Early metamorphism was synchronous with regional deformation
during the contractional phase of orogeny, but reheating and hydration
synchronous with late-syn- to post-orogenic granitic intrusion has strongly
overprinted the early event by modifying textures, mineral assemblages,
and mineral compositions. In most rocks, recrystallization in the later
episode has markedly obscured or even obliterated the petrologic character
of the early event.
Most studies undertaken prior to the mid-1980s did not recognize the

existence of two discrete metamorphic episodes, did not discriminate
clearly between mineral assemblages produced in each episode, or did not
consider partial re-equilibration of early-formed assemblages during later
metamorphism. As a result, early estimates of metamorphic conditions in
the Llano Uplift range widely and are sometimes mutually inconsistent.
Most petrologic work over the last decade has been directed toward
segregating the mineralogic effects of the two metamorphic events, to
permit meaningful thermobarometric analysis. These efforts have recently
quantified the pressures and temperatures that characterize each event,
thereby placing constraints on tectonic models for the region.
The picture that has emerged is that much, and probably all, of the

Uplift was affected by early Barrovian-series metamorphism under
conditions in the transitional region of overlap among the amphibolite,
granulite, and eclogite facies. Mineral assemblages produced in this event,
however, have survived only in rare localities scattered about the Uplift
because of widespread and intense overprinting during a subsequent
amphibolite-facies Buchan-series event.
To distinguish between the two events, they have been referred to

conventionally as the early high-pressure dynamothermal event and the late
low-pressure static event, although the latter designation may be somewhat
misleading because recrystallization was not wholly static (Reed et aI.,
1995), and the "event" probably consists of a long series of scattered
incidents of recrystallization that vary in their intensity according to
proximity to intrusions, and that are probably asynchronous across the
Uplift, occurring over a span of a few tens of millions of years.
Recent work has identified a very early deformation accompanied by

metamorphic recrystallization that is apparently confined to the Coal Creek
domain in the southeastemmost part of the Uplift (Roback et aI., 1994).
Unfortunately, metamorphic assemblages that are demonstrably relict from
this event and diagnostic of metamorphic conditions have not yet been
identified. Consequently, the discussion here is limited to the two
metamorphic events that have affected the entire uplift, and the implications
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that they hold for basement tectonics in the region.

3. Evidence for Early High-P Dynamothermal Metamorphism

Unambiguous relics of the early high-pressure dynamothennal meta­
morphism are quite rare. Those that are known invariably display partial
re-equilibration to later low-pressure conditions. Well-preserved high­
pressure assemblages are also most common in particular (often unusual)
bulk compositions, or are localized in the unreacted cores of bodies that are
strongly retrogressed at their margins, or are confined to relatively massive
or unfractured parts of bodies that elsewhere show significant back­
reaction. These modes of occurrence for the high-pressure relics suggest
that mineral assemblages diagnostic of such conditions may once have
been far more widespread, but were largely obliterated by late low­
pressure recrystallization.
This section summarizes first the evidence at individual localities for

early synkinematic metamorphism at high pressures, and then the data
supporting the hypothesis that the entire Uplift once experienced moderate­
to high-pressure metamorphism under a range of conditions corresponding
to the region of transition and overlap among the upper-amphibolite facies,
the lower-granulite facies, and the medium-T eclogite facies.

3.1 ECLOGITIC REMNANTS

The most conclusive evidence for high pressures during the early event
comes from remnants of eclogitic mafic rocks in three localities in the
western, northern and south-central parts of the Uplift (Figure 2). To
emphasize their high-pressure origin, these rocks are here loosely tenned
eclogites, using a broad definition to designate mafic rocks that were
originally plagioclase-free and dominantly comprised of omphacitic
clinopyroxene and pyropic garnet at the peak of metamorphism. Because
assemblages are transitional to those of the amphibolite and granulite
facies, clinopyroxene in these rocks is more commonly sodian augite than
true omphacite, and garnet often contains high spessartine component
(Wilkerson et aI., 1988; Carlson and Johnson, 1991; Davidow, 1996).
The intensity of retrogression varies markedly within and among localities,
so many of the more retrogressed rocks that retain little of their original
mineralogy are perhaps more properly described as garnet amphibolites ­
although garnet always appears to be unstable, and therefore not part of the
low-pressure equilibrium assemblage.
In this section, petrologic data from each of the three localities are

summarized, and contrasts among the localities that have tectonic
significance are highlighted.
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3.1.1 Mason County
The best-preserved eclogite relics are found in scattered outcrops and as
float restricted to small areas on the surface in two locations in Mason
County in the western uplift (locality I on Figure 1). Wilkerson et ai.
(1988) described two metamafic bodies, the Jordan Ranch body and the
Purdy Hill body. Of these, only the Purdy Hill body remains exposed, as
a house has recently been built atop the Jordan Ranch body. The two
bodies are petrologically very similar, with only very slight differences in
mineral chemistry to differentiate them, so they are discussed here in
tandem.

Assemblages and textures. The least-retrogressed samples from Mason
County preserve the assemblage pyropic garnet + sodian augite + low-AI
enstatite + subsilicic ferroan pargasite + rutile (Figure 2A). The pyrope
content of garnet and the jadeite content of clinopyroxene classify these
rocks among the "Group B" eclogites of Coleman et ai. (1965), and
clinopyroxene has ratios of jadeite to Tschermak's components that exceed
1:2, the minimum value used by Lovering and White (1969) to
differentiate "eclogitic" from "granulitic" clinopyroxene. In contrast to the
localities described below, inclusions within garnet are components of the
preserved high-pressure assemblage, namely sodian augite, low-AI
enstatite, pargasitic amphibole, and rutile. This inclusion assemblage
indicates that garnet grew from a plagioclase-absent matrix, i.e., that
garnet crystallization took place entirely within the eclogite facies.
Retrogression in these rocks has produced coronal textures in which

symplectitic reaction zones of andesine + pargasite + magnetite ±
hypersthene separate garnet from original sodian augite; the sodian augite
is typically replaced by a symplectite of oligoclase + augite (Figure 2B).

Thermobarometry. Thermobarometry based on exchange equilibria for
garnet-clinopyroxene, garnet-orthopyroxene, garnet-amphibole, and
clinopyroxene-orthopyroxene pairs yields consistent results indicating
equilibration at approximately 750 (±50) 0c. These high temperatures are
supported by the relative abundance in nearby quartzofeldspathic gneisses
of indicators of highly ductile modes of deformation, migmatization, and
melt migration.
Pressure estimates, however, are more problematical. Pressures are

based on the AI-content of orthopyroxene equilibrated with garnet, but AI
is inhomogeneously distributed in orthopyroxene grains. Rims of
orthopyroxene crystals (-50 J.UI1 thick) often contain 2-4 wt.% AI20:3,
whereas cores commonly contain just under 1wt.% AI20:3. In the original
work (Wilkerson et aI., 1988), pressures were calculated from these
measurements using the calibration published in Harley (1984). The
calculations yielded pressures for rims in the range 8-11 kbar at 750°C,
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and pressures for cores near 30 kbar at 750 <c (and near 20 kbar even at
temperatures as low as 500 0q. These estimates were interpreted as
recording two successive stages in the high-pressure history of the rocks.

Figure 2. Photomicrographs in plane-polarized light of eclogitic rocks from the Llano
Uplift. (A) Eclogite from Mason County, western uplift (Sample LU81-24). Pyropic
garnet in center shows slight resorption at margins, with development (particularly
along right side) of inner zone of plagioclase with minor amphibole surrounded by rim
ofmagnetite + dark-green hornblende. Surrounding sodian augite shows little evidence
of retrogression. Long dimension of photograph is 1.2 mm. (B) Partially retrogressed
eclogite from Mason County, western uplift (same sample as in part A). Garnet (right)
is surrounded by sequential coronal reaction rims of amphibole (gray) + plagioclase
(white), magnetite (black), and orthopyroxene + amphibole (dark gray). Original sodian
augite at left of photo has been partly replaced by a symplectitic intergrowth of
oligoclase + augite. Long dimension of photograph is 0.6 mm. (C) Strongly
retrogressed eclogite from Whitt Ranch, northern uplift. Garnet at center is surrounded
by radial symplectite of plagioclase + amphibole, rimmed by a narrow zone of
amphibole (medium gray). Matrix is composed of very fine-grained symplectite (darlc
gray mottled areas) of oligoclase + augite [after omphaciteJ, plus coarse blebs of quartz
rimmed by clinopyroxene. Long dimension of photograph is 1.2 mm. (D) Fully
retrogressed eclogite from Oxford, central uplift. Round patches (light gray) consist of
intergrown plagioclase + amphibole +magnetite [after garnet]; surrounding matrix (darlc
gray) is intimately intergrown oligoclase + augite [both after sodic clinopyroxene] ±
hornblende. Long dimension of photograph is 5.9 mm.
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Recently, a typographical correction to the Harley (1984) barometer
has appeared (Fitzsimons and Harley, 1994) that has forced are-evaluation
of our earlier interpretation. When the corrected equations are used,
pressures calculated from orthopyroxene rims adjacent to garnet come out
close to 5 kbar - a value so low that it is difficult to reconcile with the
eclogitic mineral assemblage, and one not much greater than that assigned
to the late low-pressure event (see section 4, below). Corrected pressures
calculated from orthopyroxene cores are 15 to 20 kbar at 750°C.

In light of these results, we have re-examined the distribution of AI in
orthopyroxene by generating X-ray maps of entire crystals and by
analyzing across orthopyroxene rims at contacts with various other
minerals (Davidow, 1996). The results show that high AI contents are
present at the margins of orthopyroxene grains where they are adjacent to
high AI phases such as garnet, but that at contacts with less aluminous
phases, the Al-eontent of orthopyroxene rims is only slightly enriched
relative to core values. Moreover, Al-content in orthopyroxene is slightly
enriched in the vicinity of fractures that transect entire grains, whether
infilled with later minerals or not. These observations lead to the
interpretation that the Al-enrichment represents late-stage equilibration
between neighboring grains and between orthopyroxene crystals and fluids
in the surrounding matrix. Consequently, the best estimates for pressure of
equilibration for the eclogitic assemblage are probably those provided by
orthopyroxene core compositions, which range from 15 to 20 kbar ,at 750
°C (or from 12 to 14 kbar at 500 °C).

3.1.2 Whitt Ranch
A large body (-0.5 km diameter) of mafic rock with petrologic
characteristics very similar to the Mason County eclogites is found in the
northern uplift, near the community of Babyhead (locality 2 on Figure 1).
Known informally as the "Whitt Ranch metagabbro," this intensely studied
body preserves its high-pressure history in more subtle ways than do the
Mason County rocks. In particular, the Whitt Ranch rocks have been
more thoroughly retrogressed. Garnet is abundant, yet surrounded by
coronal reaction zones -200 IJIIl thick, and original omphacitic clino­
pyroxene is preserved only as rare inclusions within garnet (Carlson and
Johnson, 1991). All other original clinopyroxene has back-reacted to very
fine-grained symplectites of oligoclase + augite.

Assemblages and textures. Mineral assemblages, mineral compositions,
and reaction textures have been documented by Carlson and Johnson
(1991). As in the Mason County eclogites, the peak prograde mineral
assemblage was dominated by garnet and clinopyroxene (Figure 2C). In
the Whitt Ranch body, however, garnet is less magnesian and
clinopyroxene is more sodic, whereas blue amphibole inclusions tend to be



PETROLOGIC CONSTRAINTS ON LLANO TECTONICS 11

somewhat less sodic and more silicic. Although low-Al enstatite is not
present in the Whitt Ranch rocks, rare inclusions of rutile are found in
garnet rims.
Retrogression in the Whitt Ranch rocks is more widespread and more

intense than in the Mason County rocks, and has produced spectacular
coronal textures that are chemically, mineralogically and often texturally
identical to those in the Mason County occurrence (Carlson and Johnson,
1991). Although no sodic clinopyroxene is preserved except as inclusions
within garnets, the matrix surrounding garnets in Whitt Ranch rocks is
made up of patches of symplectitic augite + oligoclase (± hornblende) in
optical continuity, with mineral chemistry and modes nearly
indistinguishable from those that partially replace sodian augite in the
Mason County rocks. Because of this similarity and the presence of rare
omphacite inclusions in Whitt Ranch garnets, the augite + oligoclase
symplectites are interpreted as retrogressive replacements of original
crystals of omphacite.
The inclusion suite within garnets of the Whitt Ranch rocks is

distinctly different from that of the Mason County rocks. Monomineralic
inclusions of quartz, andesine, clinozoisite, pargasitic amphibole, and
ilmenite are common in garnet cores, indicating that garnet crystallization
began in a matrix with a typical high-pressure amphibolite-facies mineral
assemblage. Near the rim of one garnet, however, a few inclusions of
omphacite were discovered, and rutile inclusions are also found in garnet
rims. This inclusion assemblage near garnet rims, combined with textural
evidence for a plagioclase-free matrix rich in sodic clinopyroxene,
demonstrates that peak metamorphic conditions were probably within the
eclogite facies.
Worthy of special note are polymineralic inclusions within garnet

displaying a spatial organization that mimics the sequence of reaction zones
that extend outward from garnet, with identical mineral compositions.
These "internal corona" features are invariably linked by fractures to the
matrix surrounding the garnet. We interpret them as former inclusions of
omphacite that reacted with garnet and metamorphic fluids in retrogressive
reactions identical to those affecting omphacite at garnet margins.

Thermobarometry. Thermometry based upon Fe-Mg exchange between
garnet and clinopyroxene yields 585 (±50) OC; results from garnet­
amphibole Fe-Mg exchange thermometry scatter widely about that value.
Assemblages suitable for quantitative barometry are absent, but a
comparison of inclusion suites, temperatures, and mineral assemblages
and chemistry with those for the Mason County rocks suggests that lower
pressures of about 6-8 kbar (but perhaps as high as 10 kbar) are
reasonable for the Whitt Ranch rocks.
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3.1.3 Oxford
Rocks with many similarities to those just discussed are found near the
town of Oxford, in the south-central uplift (locality 3 in Figure 1).
Originally mapped and described by Collins (1978), this occurrence has
recently been subjected to field and petrologic study by Davidow (1996).
Lost Hollow Creek contains several excellent exposures of heavily to
completely retrogressed metamafic rocks that show strong textural and
mineralogical affinity to better preserved eclogitic remnants, particularly
those at Whitt Ranch (Figure 2 D).

Assemblages and textures. The Oxford body is chemically distinct in two
respects from other occurrences of remnant eclogites in the uplift. In
addition to relict pyropic garnet and symplectitic intergrowths of oligoclase
+ augite after sodic clinopyroxene, Oxford samples contain abundant
quartz that appears texturally to have been part of the high-pressure
assemblage. The Oxford rocks also have elevated Ti and P contents, with
abundant ilmenite and titanite and appreciable apatite present both in the
matrix and as inclusions within garnet porphyroblasts.
Matrix symplectites, garnet compositions, and inclusion suites within

garnet are very similar to those in the Whitt Ranch rocks, except for the
absence at Oxford of omphacite inclusions within garnet, and the rarity of
amphibole inclusions. Retrogression at this locality is far more advanced,
however, with garnet resorption zones that are 0.5 to 5 mm wide; thus all
late-crystallizing garnet (which hosts omphacite and rutile at Whitt Ranch)
has been removed by backreaction at Oxford. Although polymineralic
inclusions connected by fractures to the matrix are numerous, none bear
orthopyroxene, and none show the spatial organization characteristic of the
"internal coronas" at Whitt Ranch. The interpretation that garnet
crystallization spanned both amphibolite- and eclogite-facies conditions is
therefore logical, but less well-supported for the Oxford rocks than for
those at Whitt Ranch.

Thermobarometry. Thermometry for the early event at the Oxford locality
is restricted to a single determination from an amphibole inclusion inside
an originally large but now strongly resorbed garnet. Fe-Mg exchange
thermometry yields a temperature, presumably along the prograde path, of
620 (±50?) °C, which should probably be regarded a minimum value for
peak metamorphic conditions, insofar as considerable garnet crystallization
took place after incorporation of the amphibole inclusion. This temperature
implies that peak metamorphic conditions were intermediate between those
at Whitt Ranch and those in Mason County. Consequently, based again
on mineral assemblages and comparison of inclusion suites and
thermometry between this locality and the others, a pressure near 8-10
kbar is assigned for peak metamorphism at Oxford.
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3.1.4 Summary
Three known occurrences of eclogite remnants in the uplift appear to

span a range of peak metamorphic conditions, from -750 CC at about 15
kbar in Mason County in the western uplift down to -585 CC at perhaps 6­
8 kbar at the Whitt Ranch in the northern uplift; conditions in the south­
central uplift at Oxford appear to be intennediate. Inclusion suites in
garnet indicate that the Whitt Ranch and Oxford rocks began crystallizing
garnet under upper-amphibolite-facies conditions, then completed crystalli­
zation in the eclogite facies, whereas the Mason County rocks reached
pressures sufficient to destabilize plagioclase and stabilize sodian augite
before the onset of garnet crystallization.
Retrogression, while highly variable in intensity and ubiquity within

and between localities, nevertheless appears to have produced nearly
identical mineral assemblages and compositions in all three of the eclogite
occurrences.

3.2 GEOGRAPHIC PATTERNS OF GARNET HOMOGENIZATION

Homogenization of prograde garnet growth zoning by intracrystalline
diffusion occurs over a narrow range of temperature near the transition
from the amphibolite to the granulite facies (e.g., Anderson and Olimpio,
1977; Woodsworth, 1977; Yardley, 1977). Because peak metamorphic
conditions inferred from the eclogite remnants span this range of
temperature, Carlson and Schwarze (1993, 1997) were able to draw
petrologic inferences from the geographic patterns of partial
homogenization of garnet distributed regionally throughout the uplift
(Figure 3).
Geographically systematic variations in the extent of garnet

homogenization indicate that the eclogitic bodies are not tectonic anomalies
that were metamorphosed at greater depths than the rest of the uplift and
subsequently emplaced into surrounding rocks that experienced an
exclusively low-pressure history. Instead, there is clear evidence that the
eclogites fonned in situ, implying that the uplift as a whole underwent
high-pressure metamorphism.

3.2.1 Principles
During prograde metamorphism, unequal partitioning of elements between
garnet and coexisting minerals commonly combines with sluggish
intracrystalline diffusion to produce compositional zoning in garnet
crystals growing at low grade. In the uppennost amphibolite facies,
however, diffusion becomes rapid enough to partially or wholly
homogenize any zoning produced by garnet growth at lower temperatures.
Quantitative diffusion models demonstrate that only very minor

relaxation of compositional profiles in almandine-rich garnet could have
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occurred during the late static metamorphism, which reached peak
temperatures of only 550 ± 75°C (section 4, below). Thus the distribution
of wholly homogenized, partially homogenized, and unhomogenized
growth zoning records regional differences in peak temperatures during the
early dynamothermal event.

3.2.2 Systematic Variations in Homogenization across the Uplift
The extent of garnet homogenization varies systematically across the uplift,
as shown in Figure 3. In the western uplift, flat interior profiles in the
eclogite remnants of Mason County (B) are matched by flat profiles in
garnets from nearby calc-schists (A) and pelitic schists (C). In the
northern uplift, garnets in the eclogitic remnant at Whitt Ranch (E) and in
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Figure 3. Geographic variation in Mn-zoning profiles for garnet in the Llano Uplift.
[from Carlson am Schwarze, 1997]. Horizontal scales (in JlIIl) am vertical scales (in
wt.% MnO) are equivalent in all diagrams. The effects of late static metamorphism are
seen as sharp reversals in composition near the garnets' outer margins; these effects are
restricted to the outermost 50-100 Ilm of the crystals. In the western uplift. all garnets
have virtually flat interior profiles, regardless of size or lithology. In the northern uplift,
all garnets have steep gradients in their interiors, regardless of size. In the southeastern
uplift, large garnets have moderately steep interior gradients, and smaller crystals display
progressively shallower interior gradients.
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nearby garnet amphibolites (D) preserve steep growth zoning in the
interiors of crystals of all sizes. In the central and southeastern uplift,
garnets in the eclogitic remnant at Oxford (H) and in semi-pelitic schists
(F, G) retain zoning profiles that differ according to size: larger garnets
systematically preserve steeper profiles, consistent with partial
homogenization at the culmination of the early dynamothermal event.

3.2.3 Implications
Because relict zoning profiles differ systematically across the uplift but are
similar at each locality for both the eclogitic remnants and the rocks
nearby, it is unlikely that the eclogitic rocks from which high pressures are
inferred are tectonic anomalies. Instead, it seems clear that the eclogites
and their surrounding rocks have shared identical metamorphic histories.
Thus it is likely that the entire Llano Uplift underwent early metamorphism
at high pressures, despite the very limited preservation of mineral
assemblages diagnostic of that early history.

3.3 HIGH-H STAUROLITE AND ITS PROGRADE BREAKDOWN

Staurolite was originally reported as absent from the Llano Uplift (e.g.,
McGehee, 1979, p. 29; Garrison et aI., 1979, p. 361), and its absence
was regarded as evidence for an exclusively low-pressure metamorphic
history for the region. But since 1986, two localities have been discovered
in the southeastern Llano Uplift where staurolite is present in pelitic
metasediments that are part of the supracrustal sequence north of the
boundary with the Coal Creek domain (Roback et aI., 1994). The two
staurolite discoveries differ importantly in their mineral chemistry and
occurrence, in ways that reinforce the emerging picture of a polymeta­
morphic history in which early dynamothermal metamorphism at high
pressure was followed by static recrystallization at low pressure.

3.3.1 Fe-Mg Staurolite at Sandy Creek
Staurolite was first discovered (Carlson and Nelis, 1986) exclusively as
inclusions in a spessartine-rich garnet from Sandy Creek (locality 4 in
Figure 1). This staurolite is compositionally unexceptional, and has a
typical Fe:Mg ratio. Staurolite is absent from the matrix of quartz + biotite
+ oligoclase + microcline that surrounds the garnet porphyroblasts in this
rock.

3.3.2 Fe Staurolite at White Creek
More recently, Carlson and Reese (1994) reported very nearly pure Fe­
staurolite as an abundant component of two lithologic layers in an
uncommon suite of pelitic metasediments at White Creek (locality 5 in
Figure 1). Peak metamorphic conditions for this rock appear to have been
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very close to the limit of thennal stability for staurolite in the presence of
quartz: textural evidence (Figure 4) for the incomplete reaction of
staurolite + quartz to produce almandine + sillimanite is unambiguous.
The same reaction in a contrasting texture is illustrated in Figure 3b of
Carlson and Reese (1994). Development of almandine + sillimanite is
limited and highly localized, suggesting that the reaction boundary was
overstepped only slightly.
Because of this staurolite's unusual composition and the textural

evidence that it equilibrated very near its breakdown curve, its hydrogen
content can be compared with reasonable confidence to thennodynamic
calculations of staurolite stability in the FASH system (Holdaway et aI.,
1995) to estimate the temperature and pressure at which the staurolite last
equilibrated. The hydrogen content, calculated according to the method of
Holdaway et al. (1991), is 3.7 ± 0.4 apfu. That corresponds to a range of
peak metamorphic conditions along the staurolite breakdown curve from
700 °C at 7 kbar to 650°C at 12 kbar. Because the breakdown assemblage
includes not kyanite but sillimanite, which is stable with staurolite +
almandine only at pressures below 8 kbar, the simplest interpretation of
these data is that prograde metamorphism in the southeastern uplift peaked
at temperatures just above 700 °C at pressures between 7 and 8 kbar. It is
possible, however, that fibrolitic sillimanite fonned metastably within the
kyanite field, given the minimal overstepping and limited extent of reaction
observed. If this is the case, then the H-content of 3.7 apfu implies a
pressure of 10 kbar at 680°C, and pressures as high as 12 kbar fall within
the range of uncertainty of measurement.

Figure 4. Prograde breakdown reactions for staurolite at White Creek. (A) At right
center, a basal section through a formerly euhedral staurolite crystal (S) is engulfed and
embayed by almandine garnet (G) at the boundary along which staurolite and quartz were
formerly in contact. Garnet crystal at left center (G) encompasses large inclusion of
staurolite (S, arrows). Long dimension of field of view is 1 mm. (B) Localized reaction
of staurolite to fibrolitic sillimanite. Staurolite occupies core of felted mass of
sillimanite in layer in upper half of photo; staurolite in adjacent layer in bottom half of
photograph is unreacted. Long dimension of field of view is 2 mm.



PETROLOGIC CONSTRAINTS ON LLANO TECTONICS 17

3.3.3 Implications
The abundance of nearly pure Fe-staurolite at White Creek contrasts
strongly with evidence at Sandy Creek for the early crystallization and later
elimination of staurolite with a typical Fe:Mg ratio. These observations
can be reconciled to one another, however, by recognizing that conditions
during the late static metamorphism were near the lower limit of pressure
stability for Fe-Mg staurolite, but above that limit for nearly pure Fe­
staurolite (Carlson and Reese, 1994). Thus the occurrences at White
Creek and Sandy Creek are consistent with the hypothesis that staurolite
spanning a range of Fe:Mg ratios grew during an early high-pressure
dynamothermal metamorphism, but that only Fe-rich staurolite survived
later low-pressure static metamorphism.

3.4 RELICT ENSTATITE + FORSTERITE

Garrison (1981) reported a relict metamorphic assemblage of enstatite +
forsterite + anthophyllite in the Coal Creek Serpentinite, located in the
southeastern Llano Uplift (locality 6 in Figure 1). The enstatite and
forsterite are small bits of relict crystals whose preferred dimensional
orientation originally defined multiple deformation fabrics, which remain
evident in the elongate outlines of serpentinized grains.
Equilibrium for enstatite + forsterite + anthophyllite requires a

temperature of -700°C at pressures ranging from about 2 kbar to a
maximum of 8 kbar (the upper limit of anthophyllite stability), given unit
activity ofH20 (Greenwood, 1963; Day et al., 1985). The assumption of
high H20 activity is validated by synkinematic crystallization of hydrous
amphibole in mafic dikes within the complex (Gillis, 1989). (Antho­
phyllite in these rocks is commonly found in decussate sprays that crosscut
the dominant pre-serpentinization fabrics, suggesting that it may not
represent equilibrium with enstatite + forsterite, but instead may have
formed during the late static event. If that is the case, then 700 CC is a
minimum temperature, and pressure may exceed 8 kbar.)

An estimated temperature of 700°C during prograde, syn-kinematic
crystallization of enstatite + forsterite in the Coal Creek Serpentinite
corresponds well with temperature estimates derived from the nearby
staurolite occurrence at White Creek.

4. Evidence for Late Low-P Static Metamorphism

The predominant mineral assemblages in the Llano Uplift reflect
metamorphism at low to moderate pressures in the middle-amphibolite
facies (McGehee, 1979). Minerals making up these low-pressure
parageneses grew late in the metamorphic and deformational history of the
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uplift, in most cases after deformation had ceased. Decussate porphyro­
blasts ofminerals stable at low pressure overgrow metamorphic foliations
(e.g., andalusite: Carlson and Rossman, 1988; cordierite: Nelis et aI.,
1989; wollastonite, vesuvianite, and grossular/andradite: Bebout and
Carlson, 1986); minerals unstable at low pressures are replaced by low­
pressure equivalents (e.g., garnet and sodic clinopyroxene: Carlson and
Johnson, 1991); and deformational fabrics in rocks made up of minerals
stable over large ranges of pressure are modified by static recrystallization
textures (e.g., feldspathic gneisses and amphibolites: Carter, 1989; Nelis
et aI., 1989).
These features are now commonly attributed to widespread

recrystallization accompanied by hydration at low pressures (Bebout and
Carlson, 1986; Carlson and Nelis, 1986; Nelis et aI., 1989; Carlson,
1992; Letargo and Lamb, 1993). This episode of recrystallization is
ascribed to a thermal event that was coincident in time with voluminous
granitic intrusion and that is genetically linked by isotopic and petrologic
evidence to pluton emplacement (Bebout and Carlson, 1986; Letargo et aI.,
1995).
In this section, thermobarometric data for the low-pressure static

metamorphic event are compiled, and the evidence linking this event to
granitic plutonism is reviewed.

4.1 METAMORPHIC CONDmONS

Thermobarometric results from a variety of techniques have produced a
mutually consistent set of data that can be summarized as indicating
pressures just below 3 kbar and temperatures from 475 to 625°C.
Although there are indications that higher temperatures generally
characterize rocks in closer proximity to large plutons, estimates of
temperatures and pressures are closely similar at localities distributed
widely across the uplift, suggesting general geographic uniformity in
metamorphic conditions during the late static event.

4.1.1 Thermometry
Many common Fe-Mg exchange thermometers are based upon equilibria
involving almandine-rich garnet. This is problematic in the Llano Uplift
because such garnet is scarce, and virtually all extant almandine-rich garnet
has been partially resorbed at its margins (e.g., Figs. 2A and 2C). Re­
equilibration of garnet rims appears to have been rapid, however, so use of
garnet rim compositions has produced generally self-consistent
thermometric data in good agreement with temperature estimates from
other techniques.

Gamet-biotite thermometry yields 550 ± 75 CC from localities
distributed widely across the uplift (Carlson and Nelis, 1986; Carlson and
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Reese, 1994; Letargo et aI., 1995; Carlson and Schwarze, 1997).
Temperatures from gamet-cordierite thermometry from two localities are
545 and 625 <c (Carlson and Schwarze, 1997). Gamet-ilmenite thermo­
metry yields values from 590 to 629°C (Letargo and Lamb, 1992).
Results from calcite-dolomite thermometry span 475-600 <c (Letargo

et aI., 1995). Oxygen isotopic exchange at Blount Mountain in the central
Llano Uplift is consistent with equilibration in the range 550-650 <c
(Bebout and Carlson, 1986);jluid-inclusion and carbonate phase-equilibria
studies of calc-silicates at the same locality suggest temperatures of 500­
560°C (Letargo and Lamb, 1993). A detailed analysis of carbonate-silicate
phase equilibria across the uplift produced temperature estimates in the
range 475-630 °C (Letargo et al., 1995).

4.1.2 Barometry
Assemblages suitable for quantitative exchange barometry are scarce, and
the apparent instability of almandine-rich garnet during the late static
metamorphism again complicates the application of equilibria involving
garnet. Consequently, barometric estimates have so far been obtained only
from the southeastern uplift and the central uplift. Extrapolation of these
results to the remainder of the uplift is therefore risky, but probably
justified on the basis of the distinct uniformity throughout the uplift of
Buchan-series mineral assemblages and compositions, as well as the very
slight geographic variation in temperature estimates.

GASP barometry at one locality adjacent to a large granitic pluton in
the southeastern uplift yields 3.0 ± 0.8 kbar; and phase equilibrium for the
assemblage quartz + muscovite + orthoclase + sillimanite for a garnet­
biotite temperature of 590 ± 50°C and unit H20 activity yields 2.80 ± 0.5
kbar at the margin of a large pluton in the southern uplift (Carlson and
Schwarze, 1997). Likewise, phase equilibrium for the assemblage quartz
+ muscovite + orthoclase + sillimanite + andalusite for unit H20 activity
yields 2.8 ± 0.3 bars at the margin of a pluton in the southeastern uplift
(Letargo and Lamb, 1991). Fluid-inclusion studies at Blount Mountain in
the central uplift, however, yield pressures of 1 and 2 kbar (Letargo and
Lamb, 1993).

4.2 RELATIONSHIP OF LOW-p METAMORPHISM TO INTRUSION

Crystallization during the late static event of decussate minerals that
crosscut deformational fabrics has been linked by petrologic and isotopic
evidence to granitic intrusion in key localities in the central uplift (Bebout
and Carlson, 1986), and subtle gradients in temperatures of equilibration
of carbonate and silicate assemblages away from plutons have been
documented across the uplift (Letargo et al., 1995). These findings lead to
the interpretation that late metamorphism in the uplift occurred during an
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episode of regional heating consisting of numerous thermal pulses
associated with widespread and voluminous emplacement of granitic
plutons. In this episode, interaction of the metamorphic pile with aqueous
fluids was ubiquitous but locally variable in intensity.

4.2.1 Petrologic links between static crystallization and plutonism
At Blount Mountain in the central uplift (locality 7 on Figure 1), Bebout
and Carlson (1986) demonstrated that an original strongly defonned
assemblage containing calcite + plagioclase + quartz was converted to an
assemblage with decussate textures containing grossular/andradite +
wollastonite + vesuvianite by the infiltration of aqueous fluids channelized
along lithologic layering. Evidence for this conclusion came from: (1) a
series of petrographic replacement textures in which minerals requiring
high activities of CO2 in the metamorphic fluid were sequentially replaced
by minerals requiring successively higher activities of H20 in the
metamorphic fluid; (2) lithologic layers with assemblages requiring very
high activity of H20, outward from which were symmetrically disposed
assemblages requiring successively lower H20 activities; and (3) similar
changes in mineral assemblage away from Blount Mountain along strike,
with more proximal assemblages requiring higher H20 activities.
Analysis of carbon and oxygen isotopes confInned that assemblages

requiring higher H20 activities also exhibited more marked isotopic
depletions. Those isotopic shifts are too large to be accounted for by
simple decarbonation reactions; instead, they require infiltration of a low­
0180 fluid, such as that which would have been in equilibrium with
measured isotopic compositions of quartz in nearby granites and in
pegmatites and aplites that transect the outcrops at Blount Mountain.
From these data and observations, the conclusion was reached that

static recrystallization during the late low-pressure metamorphism was
intimately connected with granitic intrusion. Because late granite plutons
make up nearly half of the present Precambrian surface exposures, that
conclusion was logically extended to rocks throughout the uplift.

4.2.2 Thermal aureoles around plutons
One diffIculty with attributing late recrystallization throughout the uplift to
heating and hydration associated with plutonism is the absence of well­
defIned thermal aureoles around plutons. Sillimanite occurrences are
commonly (but not exclusively) adjacent to major intrusive bodies,
although andalusite is widely encountered elsewhere (McGehee, 1979).
Retrogressive diffusion in garnet interiors during the late metamorphic
event is pronounced in rocks adjacent to intrusions, although it is
negligible elsewhere (Carlson and Schwarze, 1997). But distinct
sequences of mineral assemblages indicating decreasing temperatures away
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from plutons were undocumented prior to the study of Letargo et al.
(1995).
That study combined results of calcite-dolomite thermometry with

phase equilibria in carbonates and silicates to demonstrate the existence of
subtle variations in temperatures of equilibration near pluton margins.
Mineral assemblages requiring -630°C all lie within 1 Ian of large granitic
plutons; rocks yielding higher calcite-dolomite temperatures tend to be
closer to intrusive bodies, although exceptions exist; and talc-bearing
assemblages, which require temperatures below 475°C and for which low
calcite-dolomite temperatures are calculated, tend to lie at greater distances
from intrusive margins. Overall, the data suggest that gradients in
equilibration temperature exist outward from large plutons, spanning at
most 150 0c.

5. Constraints on Tectonic Models

Given the data and observations summarized above, it is clear that tectonic
models for the Proterozoic evolution of the Llano Uplift must account for a
two-part metamorphic history characterized by early dynamothermal
metamorphism at high pressure that decreases in intensity from southwest
to northeast, followed by later, largely static metamorphism at lower
pressures associated with widespread emplacement of granitic intrusions at
relatively shallow levels in the crust.

5.1 EARLY TECTONISM DURING CONTRACTIONAL OROGENY

Constraints on the early tectonic evolution of the Llano Uplift are
provided by: (1) the set of pressure-temperature conditions determined
from eclogite remnants in the western, northern, and central parts of the
uplift, together with estimates from staurolite equilibria and equilibria in
ultramafic mineral assemblages in the southeastern uplift; and (2) the
geographic variation in the extent of homogenization of prograde growth
zoning.
To recapitulate, thermobarometric and mineral assemblage data indicate

peak metamorphic conditions near 585 <c and 6-8 kbar at Whitt Ranch;
above 620 <c and near 8-10 kbar at Oxford; near 700 'C and 7-8 kbar at
White Creek and Coal Creek; and near 750 'C and 15 kbar in Mason
County. The extent of garnet homogenization in each of these areas is
qualitatively consistent with these inferred temperatures, and local
equivalence in degree of homogenization for all lithologic types
demonstrates that the eclogitic rocks shared a common metamorphic
history with their surrounding rocks.
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These estimates of metamorphic conditions appear systematic when
viewed in structural context by projecting them onto a line of section with a
general SW-NE trend (Figure 5). That trend is parallel to the regional
direction of bulk tectonic transport, as inferred from the vergence of major
folds and the sense ofmotion along large-scale thrusts (Carter, 1989; Nelis
et al., 1989; Reese, 1995). Emerging tectonic models for the Llano Uplift
(e.g., Mosher in Rankin et aI., 1993; Reese, 1993; Reese, 1995) account
for these data by invoking southwestward-directed underthrusting of the
North American continental margin during and following collision with a
southerly continental-scale block. In this scenario, deformed rocks in the
southwestern part of the uplift were carried to the deepest structural levels
as they were overridden by a southerly continent and by overthrust
portions of an intervening arc and accretionary complex.

N

I,----
\

L....y"...."..----':
I r,----"---"

" 0 10km

-----

Figure 5. Geographic variation in conditions of early dynamothermal metamorphism in
the Llano Uplift, in relation to direction of bulk tectonic transport, represented by arrow.
When projected onto a line of section parallel to the arrow, inferredP-T conditions for
early metamorphism decrease systematically from southwest to northeast, consistent
with tectonic models invoking southwestward-directed underthrusting of the mid­
Proterozoic margin of the North American continent beneath an unidentified southerly
crustal block.
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5.2 UPLIFT AND INTRUSIVE MAGMATISM

The marked difference between pressures detennined for the early event
and for the later event requires regional uplift on the order of 20-40 km
between the time that peak metamorphic conditions were reached and the
time that regional granitic magmatism reached its thermal peak. Given the
uniformity ofP-T conditions inferred for the late static metamorphism, the
rocks now at the surface must have been at nearly uniform depths during
granite intrusion. Because deformed rocks to the southwest were more
deeply buried during orogenesis, uplift between the two metamorphic
events was more pronounced in the southwest than in the northeast.
Analysis of the nature of the thermal event(s) responsible for

metamorphism at low pressure in the Llano Uplift is a fertile area for
further investigation. The regional low-pressure facies-series metamorph­
ism in the Llano Uplift shares many characteristics with low-pressure belts
elsewhere, and may have originated in similar fashion. Barton and
Hanson (1989) argue convincingly that in the Cordillera of the western
United States, and in many other low-pressure belts, advection of
magmatic heat in a prolonged intrusive episode is required to achieve the
observed metamorphic P-T conditions. They discount deep heat sources
and advection of heat by fluids as effective causes, while acknowledging
that rapid uplift during extension or erosion following thickening might be
plausible mechanisms in non-Cordilleran settings.
But the Llano Uplift is distinct from the Cordilleran low-pressure

metamorphic belt in ways that suggest that rapid uplift and erosion in an
extensional environment following continental collision might be likely.
Barton and Hanson (1989, p. 1060) emphasize the importance of the
volumetric abundance ofmagma chambers to the magma-advection model,
and indicate that in their numerical models, intrusions must occupy at least
50% of the volume of the upper crust in order for coalescence of thermal
aureoles to produce low-pressure regional metamorphism. The Llano
granites represent a smaller fraction of the Precambrian surface exposures,
rendering the magma-advection model less likely. Barton and Hanson
(1989, p. 1061) also note that uplift-induced low-pressure metamorphism:
(1) requires hot, deep rocks to rise more than 10 km to produce significant
thermal effects; (2) should be distinctly retrograde in character; and (3)
should produce relatively small horizontal gradients. Each of these
characteristics is noted above for rocks of the Llano Uplift. Moreover,
north-south extension during the final deformational stages has been
documented at least locally in the Llano Uplift (Carter et al., 1993).
At present, available evidence seems to favor a hybrid model in which

rapid upward transport of the region following collisional orogeny brought
relatively hot rocks to shallow depths, so that the heat advected upward by
subsequent intrusion produced small horizontal gradients at pluton



24 WILLIAM O. CARLSON

margins, resulting in only subtle thermal aureoles. Contribution of
additional heat from sources at depth, perhaps from the same sources that
generated the granitic melts, may also be required to account for the
geographically widespread late thermal event in shallow crust that appears
regionally across the Llano Uplift in the petrologic record.
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GEOLOGIC PROVINCES OF OKLAHOMA

ROBERTA. NORTHCUTT
Independent Geologist, Oklahoma City, OK;
JOCK A. CAMPBELL
Oklahoma Geological Survey, Norman, OK

The geologic provinces of Oklahoma are mainly the product of tectonics and
attendant sedimentation of Pennsylvanian age. Most boundaries are structural; thus, the
provinces map is a generalized tectonic map. Permian and post-Paleozoic strata tend to
mask those structures, but most of those strata have been removed by erosion, except in
the Anadarko Basin and the Wichita Uplift provinces. The location of most of
Oklahoma's oil and gas resources are either influenced by, or are the direct result of
Pennsylvanian tectonics and sedimentation patterns. Therefore, the present study also
defines provinces in the subsurface on the basis of geological criteria. The authors have
attempted to use the originally published names for the recognized provinces.
However, we also have used the most geologically correct names; i.e., we recommend
abandonment of the term Nemaha "ridge," because it is not a geologic term, nor does it
describe the feature accurately.

Oklahoma is separated into five major uplifts and six major basins, or low
areas on which a significant accumulation of sedimentary rocks occur. Most of these
have subprovinces, which sum to 19 additional identified geologic units. The Gulf
Coastal Plain is not included in this study because it is a veneer of Cretaceous cover that
masks significant structures. Faults are the most common boundary element. Although
their precise age commonly is known only approximately, their geographic location is
less controversial, except in detail. Stratigraphic/structural boundaries are based on less
precise geological information. Such boundaries interpreted at the surface are
influenced by both geology and geomorphology, and are therefore strongly influenced
by the present level of erosion. The major example of a surface stratigraphic/structural
boundary is the southwestern limit of the Ozark Uplift in eastern Oklahoma.
Stratigraphic/structural boundaries in the subsurface are commonly based on structural
or isopachous contours from well or geophysical data, or on a structural trend, as well
as the experience of the authors. Basement structure is preferred. An example is the
boundary that separates the Marietta Basin from adjacent geologic elements.

Important subsurface boundaries in the Anadarko and Arkoma Basins have
been neglected in previous studies: The Anadarko Basin/Shelf boundary is placed near
the 700-ft isochore of the Atokan and Desmoinesian Series (Rascoe, 1962), at which
there is a marked rate of change of thickening southward into the basin. The northern
limit of the Arkoma Basin, which is in part the shelf area of the Arkoma Basin, has been
variously drawn by a number of authors. It merges imperceptibly into the southern part
of the Cherokee Platform, which is in part the shelf area of the Arkoma Basin. For the
purpose of this study the boundary is modified from the "hinge line" of the Atokan
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Table I. Index to references for the geologic provinces and sub provinces of the State of
Oklahoma, U.S.A.
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Series (Weirich, 1953). This boundary approximates the striking rate of change of
thickness ofAtokan strata southward into the Arkoma Basin.

The Nemaha Uplift province is defined by a horst-block complex in north­
central Oklahoma, and continuing northward. South of the Nemaha Uplift, two
northerly-trending fault zones separate the Anadarko Basin and Cherokee Platform
provinces. These are the Nemaha Fault Zone, and Central Oklahoma Fault zone.

The Cyril Basin is a well-known deep segment of the greater Anadarko Basin.
It is defined by the Cement and Chickasha faults on the north and northeast (Herrmann,
1961), and by the Wichita Uplift on the south (Harlton, 1972). Wheeler (1953)
developed structural contours on the Desmoinesian unconformity in the subsurface.

The Arbuckle Uplift is extended northward in this study, to include the newly
named, but long recognized Ada High. This structure is apparently the northern, faulted
extension of a high that is part of the Pauls Valley-Hunton, and Lawrence Horst blocks
(Ham and others, 1964).

The Seminole Structure was originally identified, but not named by Levorsen
(1929), as an apparent positive structural feature underlying the Seminole District. The
best information available to the writers is that the feature is a partial horst, tilted
eastward, and bounded on the west by a northeast-trending fault system that is over
50 miles long (Wheeler, 1953). It is structurally lower than the Ada High to the south,
and is separated from it, at least locally, by faults. Therefore, we include it as part of
the Cherokee Platform province.

Map References
R. A. Northcutt and J. A. Campbell, compilers
Note: Numbers in parentheses refer to province index numbers on small-scale map.

Allen, Mark W., 1994, Structural analysis and tectonic history of the Potato Hills,
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southeastern Arkoma Basin, Oklahoma: Oklahoma Geological Survey Guidebook
29, p. 253-261. (25)

Amsden, Thomas W., 1975, Hunton Group (Late Ordovician, Silurian, and Early
Devonian) in the Anadarko Basin of Oklahoma: Oklahoma Geological Survey
Bulletin 121,214 p. (1,9)

ANRAN Corporation, )988, unpublished subsurface mapping and seismic profiles.
(27,30)
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Map GM-3, I sheet, 1:750,000. (31)
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The Southern Oklahoma Aulacogen: A Cambrian analog for
Mid-Proterozoic AMCG (Anorthosite-Mangerite­
Chamockite-Granite) complexes?

JOHN P. HOGAN AND M. CHARLES GILBERT
University ofOklahoma. School ofGeology and Geophysics
Norman. Oklahoma 73069-0628
email: jhogan@ou.edu

ABSTRACT

Comparison of the Cambrian Southern Oklahoma Aulacogen and the distinctive
anorthosite-mangerite-charnockite-granite (AMCG) complexes of the Mid-Proterozoic
reveal striking similarities in the temporal and spatial association of igneous rock types
in these provinces that suggests a commonality in their petrogenesis. Igneous rocks that
comprise the Cambrian Southern Oklahoma Aulacogen include: 1) voluminous
anorthositic gabbros, 2) Fe-rich, Ti-rich, and P-rich, biotite-bearing gabbros, 3) A-type
leucocratic alkali-feldspar rhyolite and granites (some with rapakivi textures, see Price
et al., 1996a), and 4) a suite of "late" diabase dikes. Nearly all of these igneous units
have counterparts that occur within AMCG complexes. A noticeable exception in the
Southern Oklahoma Aulacogen is the absence of coarse grained massif-type
anorthosites, with their characteristic high-AI orthopyroxene megacrysts. This
important distinction is interpreted to reflect differences in the conditions of
crystallization and emplacement of magmas giving rise to these two provinces. AMCG
complexes develop at significantly deeper levels in the crust where assimilation of
aluminous continental crust may operate more efficiently due to higher ambient
temperatures. In contrast, the epizonal to volcanic conditions of crystallization, and
lack of evidence for significant contributions of ancient crust in either mafic or felsic
igneous rocks, suggest that parent magmas to the igneous rocks of the Southern
Oklahoma Aulacogen were rapidly transported to the emplacement level, where they
cooled quickly, thus inhibiting opportunities for large scale crustal assimilation. We
further speculate that, if exposed, the large mid-crustal mafic root beneath the Southern
Oklahoma Aulacogen, inferred from geophysical and petrologic arguments, would have
the appearance of a typical Mid-Proterozoic AMCG complex. Conversely,
penecontemporaneous tectono-magmatic provinces, such as the Southern Oklahoma
Aulacogen, may have overlain Mid-Proterozoic AMCG complexes and have been
subsequently removed by erosion.
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1. Introduction

The Southern Oklahoma Aulacogen (SOA) is the best exposed and documented of
the several aulacogens that fonned within the North American craton during breakup of
the Laurentian Supercontinent in Late Proterozoic to Cambrian time. Igneous rocks that
comprise the Cambrian SOA include: 1) voluminous anorthositic gabbro, 2) Fe-Ti-P
rich, biotite-bearing gabbro, 3) A-type leucocratic alkali-feldspar rhyolite and granite
(some with rapakivi textures, see Price et oJ., 1996a), and 4) a suite of "late" diabase
dikes. This igneous assemblage is strikingly similar to the anorthosite-mangerite­
chamockite-granite provinces or "AMCG" complexes (Emslie and Hunt, 1990) that are
a hallmark of Mid-Proterozoic magmatism. The possibility that the SOA is a younger
Paleozoic analog of AMCG magmatism warrants closer inspection. A comparative
study of some of the major characteristics of igneous rocks of the SOA and of AMCG
complexes is presented here with the aim of elucidating petrogenetic processes
significant to one or both igneous provinces.

2. Regional Geology

The SOA (Hoffman et oJ., 1974) is one of several aulacogens that developed during
rifting of the Laurentian Supercontinent in Late Proterozoic to Cambrian time. The
aulacogen fonned at a relatively high angle to the incipient continental margin and
appears to transect an older crustal suture between the 1.3-1.4 Ga Granite-Rhyolite
Terrane of the Midcontinent and the 1.3-1.2 Ga Llano or "Texas Craton" to the south
(Fig. 1). Subsequent to Cambrian rifting, a large interior basin developed over the SOA
and igneous rocks of the rifting event were buried by up to 4-5 km of Cambrian to
Mississippian sediments (Gilbert, 1992). During late Mississippian to early
Pennsylvanian time, igneous rocks of the SOA were uplifted as large fault-bounded
blocks as a result of plate collisions associated with the Ouachita Orogeny (for a review
see Granath, 1989; Perry, 1989). The igneous rocks were subsequently reburied by
locally derived sediment as well as sediment transported from the ancestral Ouachita
Mountains to the east. The absence of significant Mesozoic and Cenozoic deformation
in the Midcontinent ensured preservation of the rift assemblage (McConnell and
Gilbert, 1990). More recent erosion has reexposed a cross-section through the volcanic
and plutonic rocks that floored this Cambrian aulacogen (Fig. 2). Thus, in North
America, the SOA is one of the best preserved and best exposed examples of igneous
activity associated with an ancient rifting event.

Bimodal igneous activity and tectonism accompanied fonnation of the SOA. Based
on field relationships, and sparse geochronology, previous studies proposed two
temporally distinct magmatic episodes (Ham et oJ., 1964; Powell and Phelps, 1977).
The early phase of igneous activity was dominated by intrusion of a substantial volume
of gabbroic magma with possible eruptive equivalents. The later phase of igneous
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Permian and Quaternary

c=J Undifferentiated and uncolored

Cambrian and Ordovician

t-:·-..::~-:I Arbuckle GrouplTimbered Hills Group

Cambrian

~ Cold Springs Breccia r.:.:v: v: v] Headquarters
Granite

~ Lugert Granite ~ Ouannah Granite• •

~ Cooperton Granite r=J Cache Granite.......

iiiJ Long Mountain mIIIIIIIII Medicine Park... .
Granite Granite

a a Reformatory Granite V:;:;::l Saddle Mountain.... Granite

Map Location
3r

~
Oklahoma

~
~ Mount Scott Granite

Carlton Rhyolite

Roosevelt Gabbro

Precambrian· Cambrian

Glen Mountains
Layered Complex

Figure 2b. Map explanation for the Wichita Mountains Igneous Province (Fig. 2a).

activity was dominated by extrusion of voluminous rhyolite and intrusion of large
sheet-granites at the base of the rhyolite pile. Mafic magmatism during the later stages
of rifting is limited to intrusion of diabase dikes (Gilbert and Hughes, 1986).
Unequivocal field evidence for coeval mafic and felsic magmatism is present locally
(e.g., Vidrine and Fernandez, 1986; Hogan, unpublished mapping). However, at the
present erosional level, rock types owing their origin to magma mingling are a
volumetrically minor component the igneous assemblage of the SOA. Generalized
stratigraphic relationships for the major surface and subsurface Iithodemic units are
presented in Figure 3.

A period of substantial uplift and erosion is postulated to have coincided with the
hiatus that is postulated to have separated mafic and felsic igneous activity (Ham et al.,
1964; Powell and Phelps, 1977). Ham et al. (1964) argue that the subaerial Carlton
Rhyolite Group rests unconfonnably on marine basalts and spilite of the Navajoe
Mountains Group. Locally this erosional event is interpreted to have been extensive
enough to have exposed underlying gabbro (see Figure 4 for relationships of exposed
igneous units). Thus, after crystallization of the Raggedy Mountains Gabbro Group
(i.e., the Glen Mountains Layered Complex and the Roosevelt Gabbros) and prior to
extrusion of most of the Carlton Rhyolite Group, 1-3 km of overburden were stripped
off by erosion (Ham et al., 1964; Powell and Phelps, 1977). McConnell and Gilbert
(1990) suggested that erosion may have been accentuated by nonnal faulting associated
with uplift and extension of the brittle crust during rifting. However, the extent of this
unconformity remains problematical as more recent geochronologic and geophysical
investigations indicate at least some of the Roosevelt Gabbro plutons are coeval with or
postdate crystallization of the granite-sheets (Hogan et al., 1996; Price et al., this
volume). Thus, mafic and felsic igneous activity associated with the rifting event may
have a closer temporal relationship than previously thought.
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Basement Rocks of the Wichita Mountains Province, Oklahoma

Late Diabase dikes

c
CG
'C
.c
E
CGo
c
CG
'C
.a
E
~e
Q.

I

Wichita Granite Group

Cold Springs Breccia
Oncluding Otter Creek Microdiorite)

Carlton Rhyolite Group

Meers Quartzite
unconformity -----

{

Roosevelt Gabbros
Raggedy Mountain
Gabbro Group Glen Mountains

Layered Complex

Navajoe Mountain
Basalt-Spilite Group

----- unconformity ----­

Late-Proterozoic (?) Tillman Metasedimentary Group

----- unconformity -----

-1.4 Ga Midcontinent Granite-Rhyolite Terrane

Figure 3. Generalized stratigraphic relationships ofmajor surface and subsurface lithodemic units in the Wichita
Mountains Province, Oklahoma, U.SA

3, MAFIC ROCKS

3.1 RAGGEDYMOUNTAIN GABBRO GROUP

The Raggedy Mountain Gabbro Group has been subdivided into two distinct suites
on the basis of field mapping and petrographic investigations (powell et al., 1980a,b;
Powell, 1986). A series of basalt spilites, the Navajoe Mountain Group, has been
tentatively correlated with the gabbros (Ham et al., 1964). However, information about
these basalts is scant, as they are only known from subsurface well studies.
Geochemical investigations of well-cuttings substantiate this correlation for some wells
but refutes it for others (Aquilar, 1988). Thus, the relationship of these rocks to the
SOA remains enigmatic and they will not be discussed further.
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3.1.1. Glen Mountains Layered Complex
The Glen Mountains Layered Complex is presumed to be the oldest exposed unit in

the SOA (Ham et 01., 1964; Powell et 01., 1980a.b;). In the past, the crystallization age
of the Glen Mountains Layered Complex has been subject to controversy and at one
time was suggested to be an extension of the Proterozoic Midcontinent Rift rather than
being related to the SOA (powell and Phelps, 1977). A more recent geochronologic
investigation of this unit by Lambert et 01., (1988) yielded a Rb-Sr isochron age of
577±165 Ma and a Sm-Nd isochron age of S28±29 Ma. Although large uncertainties
are associated with these age determinations, they appear to confirm the temporal
association of the Glen Mountains Layered Complex with formation of the SOA.

The Glen Mountains Layered Complex is a well layered anorthositic gabbro
complex that forms the substrate to the uplifted SOA. It occupies an area of at least
2000 km2 and is comparable to other mid-sized layered intrusions (see Ashwal, 1993;
Table 4.1). At least three major cyclic units, in which a layer of plagioclase-olivine
cumulate is overlain by plagioclase-olivine-pyroxene, plagioclase-pyroxene, and
plagioclase cumulate, have been recognized in the Glen Mountains Layered Complex

Figure 4. Schematic CI'OllHCCtion oCthe spatial relationships oCthe major igneous units oCtile Wichita Mountains
Igneous Province during the tate CambriUl.
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(Cooper, 1991). The base of each cycle is characterized by adcumulate textures and
grades upward to orthocumulate, and to mesocumulate, textures at the top.

Plagioclase comprises greater than seventy-five modal percent in all rock types
(Cooper, 1991) and commonly exceeds ninety percent in many exposed units (e.g.,
Scofield, 1968; Taylor, 1978; Stockton, 1984). Anorthositic layers exhibit
orthocumulate to adcumulate textures and commonly consist of highly laminated
plagioclase crystals 1-5 mm in size. However, the An content of plagioclases crystals
from the Glen Mountains Layered Complex (typically An70 and range AnS7 to Ansa) are
substantially higher than those reported for massif-type anorthosites which generally
fall in the range of An.w to AIl6s (see Aswhal, 1993). This difference is reflected in the
compositions ofwhole rock samples from the Glen Mountains Layered Complex, which
have substantially higher AhO) (29.2-32.6 wt%), CaO (14.0-14.7 wt%) and lower Si02
(46.4-47.6 wt%), and Na20 (2.3-2.8 wt%) than massif-type anorthosites AhO)
(25.5-28.1wt%), CaO (10.0-11.0 wt%), Si02 (53.0-54.6 wt%), and Na20 (4.3-4.9 wt%)
(see Table 1). The normative An content of anorthositic rocks from the Glen Mountains
Layered Complex is considerably greater than anorthositic rocks from massif type
anorthosites, and is more comparable to anorthosites from other layered mafic
complexes such as the Bushveld or Stillwater Complex (Fig. 5).

The Glen Mountains Layered Complex exhibits many characteristics typical of
layered complexes (e.g., Stillwater, Duluth, Bushveld). Clinopyroxene occurs as both a
cumulus and intercumulus phase and locally forms large (10's cms) ophitic crystals.
High-AI orthopyroxene megacrysts typical ofmassif-type anorthosites have not yet been
found. In fact, orthopyroxene is relatively scarce in the Glen Mountains Layered
Complex, in contrast with typical layered complexes. It occurs primarily as a peritectic
reaction rim around cumulus olivine and is less abundant as an intercumulus phase.
Plagioclace cumulates (i.e., anorthosites) in the Glen Mountains Layered Complex can
form trough or "pothole" structures (see Irvine, 1987; Cooper, 1991) in which
underlying cumulate layers have been scoured out and infilled by deposition of
plagioclase (Fig. 6). These structures have been identified in the Bushveld Complex and
are of considerable interest due to their close spatial association with mineralized reefs
(e.g., Farquhar, 1986). Mineralization in the Glen Mountains Layered Complex is also
spatially associated with pothole structures (Cooper 1991).

3.1.2. The Roosevelt Gabbros
The Glen Mountains Layered Complex is intruded by a series of smaller hydrous

biotite-bearing gabbro plutons «20 km2) and dikes of the Roosevelt Gabbros. Contact
relationships are unequivocal: 1) plutons of the Roosevelt Gabbros can exhibit a narrow
(cm's) chill zone against the Glen Mountains Layered Complex, 2) rocks of the Glen
Mountains Layered Complex are commonly altered adjacent to the contacts with
Roosevelt Gabbro plutons, 3) Glen Mountains Layered Complex xenoliths can be found
within Roosevelt Gabbro plutons, and 4) dikes of biotite-bearing gabbro intruding the
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MgO + FeOT

GMLC (Scofield, 1968)

• anorthosites

• olivine anorthosites

Anorthositic Rocks
IG Mid-Proterozoic Massifs

(Nain Labrador, Laramie Wyoming)

III Duluth Complex /

lSI Stillwater and Bushveld Complex

20 30 40 50 60 70 80 90 CaO
(%An)

Figure 5. Triangular composition diagram 2Na1O-Ca().(MgO+FeO_) (mol.%) for anorthositic rocks from
selected Mid-Proterozoic massif anorthosite complexes, layered mafic complexes, and the Olen Mountains
Layered Complex, OK. Sources of data are the same as those given in table one. Open diunonds are from the
Nain Complex: #1.average of 13 anorthosites, #2-average of 7 leuconorite dikes, and #3-average of 17
leuconorites (Wiebe, 1978). Upright open triangles are from the Harp Lake Complex: #1·average of 26
anorthosites, #2-average of IS leuconorites and gabbros, and #3-average of 18 leucotroctolite including olivine
leucogabbro and olivine leuconorite (Emslie, 1980). Inverted open triangles are from the Laramie Anorthosite
Complex: #1·average of 20 anorthosites, and #2·average of 18 leucogabbros (Scoates and Chamberlain, in

press).

Glen Mountains Layered Complex are locally abundant (powell and Gilbert, 1982).
Layering in Roosevelt Gabbros is subparallel but discordant to layering in the Glen
Mountains Layered Complex (Gilbert, 1983). McConnell and Gilbert (1990) interpreted
this to indicate an episode of faulting tilted the Glen Mountains Layered Complex prior
to intrusion of Roosevelt Gabbro. U-Pb studies of zircon from the Mount Sheridan
Gabbro, one of the Roosevelt Gabbros, have been interpreted to record a crystallization
age of 552±7 Ma (Bowring and Hoppe, 1982). However, the isotopic systematics of
these zircons are complicated by both the presence of an older inherited component and
subsequent Ph-loss. More recent 40AI(J9AI laser probe study of primary biotite and
amphibole from this Roosevelt Gabbro recorded similar ages of 535±8 Ma (late
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~]

o Mile 1 (Cooper, 1991)

Figure 6. Stratigraphic cross-sectiOll of the major cyclic units within the Glen Mountains Layered Complex
exhibiting a prominent "pot-hole" structurewith spatially associated sulphide mineralization (Cooper, 1991). POe
= Plagioclase. Olivine cumulate; POAc = Plagioclase. Olivine· Augite cumulate, PAc = Plagioclase· Augite
cumulate; Pc =Plagioclase cumulate.

amphibole from a pegmatite), 533±2 Ma (amphibole from the gabbro) and 533±4
(biotite from the gabbro) (Hames et a/., 1995). The close agreement between amphibole
and biotite ages are consistent with rapid cooling of a shallow intrusive and are
interpreted to represent the crystallization age of this pluton.

In marked contrast to the anhydrous primary mineralogy of the Glen Mountains
Layered Complex, Roosevelt Gabbros contain primary biotite and amphibole in
addition to plagioclase, two pyroxenes, and ±olivine (powell et a/., 1980a,b; Diez de
Medina, 1988; Aquilar, 1988). Primary biotite and amphibole can be common, typically
2-6 modal%. Biotite compositions exhibit MglMg+Fe from 0.4 to 0.8. Amphiboles
range in composition from magnesio-homblendes to ferro-homblendes. Alkali feldspar
and quartz occur only in the more evolved rock types within the Roosevelt Gabbro
plutons.

Roosevelt Gabbro plutons are layered and display internal differentiation
fractionating from olivine gabbro to Fe-rich biotite-homblende-quartz diorites and
tonalites. Pegmatite, variably comprised of amphibole, pyroxene, Fe-Ti oxides, biotite,
plagioclase, granophyric alkali feldspar and quartz, and abundant apatite, titanite,
zircon, occurs as dikes and pods, and locally contain miraolitic cavities. These
pegmatites can exhibit extensive deuteric alteration. Such features are consistent with
crystallization of an intrinsically hydrous gabbroic magma at relatively shallow crustal
levels. Powell (1986) argued convincingly on the basis of mineral compositional
variations, mineral paragenesis, and whole rock compositions, that the Roosevelt
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Gabbros and the Glen Mountains Layered Complex crystallized from distinct magmas:
the Roosevelt Gabbros from an intrinsically hydrous olivine tholeiite, and the Glen
Mountains Layered Complex from an intrinsically anhydrous high-Ah03 tholeiite.

Coeveal biotite-gabbro intrusives, primarily dikes, are also associated with AMCG
complexes, such as Laramie (Kolker et 01., 1990; Mitchell et 01., 1995), Harp Lake
(Emslie, 1980), and Nain (de Waard and Wheeler, 1971). Whole rock compositions of
Roosevelt Gabbros are broadly similar to whole rock compositions of such rocks (Table
2), and display some geochemical similarities in terms of abundances of distinctive
elements such as Ti02, Ah03, and P20 S (Fig. 7). However, more direct comparisons are
obscured by the cumulate nature of the Roosevelt Gabbro samples. Mitchell et 01.,
(1995) interpreted high-AI biotite-gabbro dikes from the Laramie Anorthosite Complex
to represent samples ofmantle-derived melts that may be compositionally similar to the
parental magmas that eventually formed the massif anorthosite plutons.

3.2 LATE DIABASE DIKES

Igneous rocks of the SOA are cross-eut by numerous dikes of basaltic composition
known collectively as Late Diabase (Ham et 01., 1964; Gilbert and Hughes, 1986).
Some of these dikes intrude parallel to the structural grain of the rift (~3000)which has
been inherited from an older basement terrane (Denison, 1995). Late diabase dikes can
be found to intrude nearly all other igneous rocks types, and thus must represent the last
phase of igneous activity associated with the rift (e.g., Powell et 01., 1980a,b). However,
the presence of partially melted Mount Scott Granite adjacent to the margin of a small
«1m wide) Late Diabase dike requires a relatively high ambient temperature for the
Mount Scott Granite (>300°) at the time of intrusion (see Price et al.,1996b). This
suggests intrusion of the Mount Scott Granite magma was followed very closely by
intrusion of this Late Diabase dike. This and the presence of fragments of disaggregated
basaltic dikes within other members of the Wichita Granite Group, and a basaltic dike
within a xenolith of Carlton Rhyolite in the Reformatory Granite (Hogan, unpublished
mapping), indicates intrusion of basaltic magma is likely to have accompanied the
entire rifting event rather than representing a distinct late magmatic episode.

Late diabase dikes are fine-grained and porphyritic. Plagioclase (labradorite)
phenocrysts are set in a subophitic groundmass of labradorite, augite, ±hypersthene,
±magnetite, ±ilmenite. Powell et 01. (1980a,b) report sporadic occurrences of primary
hornblende and biotite, and rare olivine in Late Diabase dikes. However, Gilbert and
Hughes (1986) recognize three classes of dikes of basaltic chemistry: I) "microgabbro",
2) "microdiorite", and 3) "Late Diabase". Microgabbro dikes contain primary olivine
and biotite and are typically spatially associated with Roosevelt Gabbro plutons and are
thus interpreted to be related to these intrusions. Microdiorite dikes are difficult to
distinguish from Late Diabase in the field, but typically contain primary amphibole and
a more sodic plagioclase (andesine), ±augite, in contrast to Late Diabase which is
charaterized by augite and a more calcic plagioclase (labradorite), ±hypersthene.
Microdiorite dikes appear to be spatially associated with an occurrence of intimately
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Figure 7. Variation diagrams for Roosevelt Gabbro and Late Diabase dikes from the Wichita Mountains, OK,
and ferrodiorite dikes, biotite gabbros, and high-AI biotite gabbro dikes from the Laramie Anorthosite Complex,
WY. Sources ofdata are listed in tables 2 and 3.
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mingled mafic and felsic rocks known as the Cold Springs Breccia (see Vidrine and
Fernandez, 1986) and thus may be related to the mafic component (i.e., Otter Creek
Microdiorite) of this bimodal igneous intrusion. The Late Diabase dikes have major
element compositions that are olivine and nepheline-normative, and trace element
abundances indicate affinities transitional between tholeiite and alkaline magmas, with
a distinct "within plate" signature (Gilbert and Hughes, 1986; Cameron et al., 1986).
They can exhibit positive Eu anomalies which have been attributed to assimilation of
plagioclase xenocrysts derived from anorthositic layers associated with a mid-crustal
(15-20 km) mafic complex (Gilbert and Hughes, 1986).

Mafic dike swarms are commonly associated both with AMCG complexes and with
large layered mafic intrusions. Representative analyses of major element compositions
ofmafic dikes from both occurrences are compared with those of the Late Diabase dikes
in Table 3. Although not entirely diagnostic, P20S contents ofmafic dikes from AMCG
complexes tend to be greater than those from layered mafic intrusions. The Late
Diabase dike suite exhibits some compositional similarities with mafic dikes from
AMCG complexes in having typically high Fe, Ti, as well as P contents. However, the
Al20 3 content of the Late Diabase dikes is noticeably lower than dikes associated with
either AMCG complexes or layered intrusions. However, for some AMCG complexes
such "late" diabase dikes are known to be much younger than the complexes they
intrude (e.g., the Harp dikes are nearly 200 Ma younger than the Harp Lake Complex,
see Cadman et al., 1993). Thus, any petrogenetic connection between these igneous
rocks, that is based solely on their close spatial association, may be tenuous at best due
to the possibility of potentially large hiatuses in magmatic activity separating these
events.

High Fe-Ti-P20s contents are a characteristic signature of jotunites, ferrogabbros,
ferrodiorites, ferromonzonite, and oxide-rich gabbro, all of which are common to
AMCG complexes. The major element composition of the Late Diabase dikes bears a
close resemblance to the average composition of four chilled mafic pillows from the
Tigalak intrusion, one of many ferrodiorite intrusions present in the Nain Complex.
These pillows are interpreted to be representative of the liquids that gave rise to the
ferrodiorite suite (Wiebe, 1992). The major element composition of the Late Diabase
dikes is also remarkably similar to that of ferrodiorite dikes, and distinct from those of
the High-AI biotite gabbro dikes, from the Laramie Anorthosite Complex (Fig. 7).
Mitchell et al., (1996) interpreted the ferrodiorite dikes to be representative of residual
liquids after the crystallization of anorthosite. Gilbert and Hughes (1986) suggested the
Late Diabase dikes were derived from a mid-crusta1 (15-20 km depth) mafic complex
inferred to underly the SOA on the basis of geophysical and petrologic arguments (see
Coffman et aJ., 1986). Roosevelt Gabbros and Late Diabase dikes have been previously
linked to a common source on the basis of geochemical similarities (Gilbert and
Hughes, 1986; Cameron et aJ., 1986). However, the presence of early primary hydrous
silicates (e.g., biotite and amphibole) in Roosevelt Gabbros and the anhydrous mineral
assemblage of the Late Diabase dikes is an important and fundamental difference that is
mirrored by the correspondingly distinct mafic liquids associated with AMCG
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complexes (i.e., high-AI biotite gabbros and ferrodiorite dikes). This suggests, that in
the SOA, these mafic liquids also have unique sources and petrogenetic histories.

4. FELSIC ROCKS

4.1. CARLTONRHYOLITE GROUP

The Carlton Rhyolite Group consists of a thick sequence (up to 1.4 km thick) of
voluminous (44,000 km~ subaerial flows, minor ignimbrites, non-marine air-fall tuffs,
agglomerates, and rare basalt flows (Ham et a!., 1964; Hanson, 1977; Hanson and
Al-Shaieb, 1980). Although extensive in the subsurface, outcrops of Carlton Rhyolite
are of limited extent in the Wichita Mountains (Fig. 2). An age of 525±25 Ma was
established for Carlton Rhyolite exposed at Bally Mountain by U-Pb dating of zircon
(Tilton et 01., 1962). A U-Pb age of 525±25 Ma on zircon from the Quanah Granite
(Tilton et al., 1962) permits a close temporal association of granite and rhyolite as
suggested from field relationships. Results from recent geochronologic investigations
substantiates this and indicates that many of the granites as well as the rhyolite
crystallized within a relatively short time interval between 530 and 533 Ma (Wright et.
a!., 1996).

Carlton Rhyolite shares many characteristics with other extensive high-temperature
silicic lavas and may have a similar origin as a flood-rhyolite (e.g., Henry and Wolf,
1992). The results of Zr-geothermometry suggest crystallization temperatures of
l:ll950°C for Carlton Rhyolite magmas (Hogan et a!., 1995). Other evidence for a high
temperature origin include initial precipitation of vug-quartz from magmatic vapors as
the high-temperature silica polymorphs ~-tridymite and ~-cristobalite (Bigger and
Hanson, 1992). However, critical features used to distinguish flood-rhyolites from
rheomorphic tuffs, such as basal contact characteristics, have not been observed due to
the limited exposure. Nonetheless, the presence of single large flow-banded rhyolite
flows (e.g., Bigger and Hanson, 1992) and the paucity of welded tuffs (Ham et a!.,
1964) argue against an ash-fall origin as a means of explaining the widespread areal
extent of Carlton Rhyolite.

Carlton Rhyolite is typically porphyritic with phenocrysts of alkali-feldspar, lesser
plagioclase, oxides, and variable amounts of partially resorbed quartz, which can
locally be absent from the phenocryst assemblage, and pseudomorphs of a mafic
silicate, presumably pyroxene (Ham et a!., 1964). Zircon and apatite occur as accessory
minerals. The groundmass is comprised of feldspar, quartz, and oxides and is variably
recrystallized. The development of devitrification textures (e.g., spherulitic
intergrowths) in the Carlton Rhyolite has been discussed in detail by Ham et 01., (1964)
and by Bigger and Hanson (1992).

The Carlton Rhyolite exhibits many compositional features typical of A-type
rhyolites. It is characterized by low Cao and high Fe/Fe+Mg (Table 4), has elevated



T
ab
le
4.
W
h
o
le
R
o
ck
C
o
m
p
o
si
ti
o
n
s
o
f
G
ra
n
it
es
fr
o
m
th
e
S
o
u
th
er
n
O
k
la
h
o
m
a
A
u
la
co
g
en
,
A
M
C
G
C
o
m
p
le
x
es
,
an
d
L
ay
er
ed
M
af
ic

V
I
0
\

In
tr
u
si
o
n
s.

S
ou
th
er
n
O
kl
ah
om
a
A
ul
ac
og
en

M
as
si
f
A
n
o
rt
h
o
si
te
s

L
ay
er
ed
M
af
ic
In
tr
us
io
ns

N
ai
n
C
om
pl
ex

L
ar
am
ie
C
om
pl
ex

B
us
hv
el
d

S
ep
tI
s.

I
2

3
4

5
6

7
8

9
10

II
12

13
14

15
-
-
-

S
i
~

76
.1
2

73
.5
6

74
.6
5
76
.8
1
75
.3
8

72
.2
0
70
.7
4
74
.4
6

70
.1
3
70
.9
0

74
.2
0

68
.5
6

72
.9
7

75
.5
1

72
.5
6

T
i
~

0.
29

0.
45

0.
18

0.
15

0.
25

0.
52

0.
48

0.
4

0.
39

0.
27

0.
37

0.
53

0.
27

0.
10

0.
44

A
hO
)

12
.3
0

12
.5
9

11
.7
5

12
.6
6
12
.5
7

12
.6
8

12
.9
9

12
.3

15
.2
8
14
.2
8

13
.6
3

11
.7
0

11
.9
1

11
.5
4

12
.2
7

Fe
zO
)

3
.\
1

3.
82

2.
22

1.
46

2.
37

0.
86

1.
2

0.
42

3.
73

2.
57

2.
04

F
eD

2.
96

3.
1

2.
46

1.
4\

6.
63

3.
69

2
.\
8

2.
01

6
M
nO

0.
04

0.
08

0.
03

0.
03

0.
05

0.
04

0.
05

0.
04

0
.\

0.
04

0.
03

0
.\
6

0.
07

0.
03

0
M
gO

0.
22

0.
34

0.
06

0.
21

0.
36

0.
38

0.
32

0
.3
6

0.
78

0
.4
\

0.
28

0.
41

0.
02

0
.0
\

0.
54

~
C
aO

0.
35

1.
17

0.
23

0.
52

0.
50

1.
54

1.
63

1.
22

1.
89

1.
24

1.
06

2.
31

1.
08

0.
57

0.
85

N
a 2
0

3.
21

3.
73

4.
30

3.
67

4.
01

2.
80

2.
91

3.
32

4.
08

3.
48

3.
26

1.
70

3
.7
\

3.
60

4.
08

~
K
20

4
.4
9

4.
30

4.
69

4.
79

4.
91

5.
07

5.
38

4
.3
8

5.
27

6.
38

5.
37

4.
22

5
.0
\

5.
11

5.
10

P
20
s

0.
03

0.
08

0.
20

0.
02

0.
03

0
.\
1

0.
1

0.
07

0.
04

0.
05

0.
05

0.
14

0.
03

0.
01

0.
06

0
L
O
I

0.
72

0.
78

0.
52

0.
67

0.
52

2.
79

0.
43

0.
75

~
T
ot
al

10
0.
16

10
0.
12

98
.3
1
10
0.
32
10
0.
43

99
.8
8
99
.6
8
99
.8
5
10
1.
36
10
0.
15

99
.4
6

99
.1
5

99
.3
8

99
.6
1

99
.9
5

1.
A
ve
ra
ge
o
f9
rh
yo
li
te
s
fr
om
th
e
C
ar
lt
on
R
hy
ol
it
e,
O
kl
ah
om
a
(H
og
an
an
d
G
il
be
rt
,
un
pu
bl
.
da
ta
).

~
2
.

A
ve
ra
ge
o
f6
m
ed
iu
m
-
to
fi
ne
-g
ra
in
ed
,
am
ph
ib
ol
e-
bi
ot
it
e
gr
an
it
es
fr
om
th
e
M
ou
nt
S
co
tt
G
ra
ni
te
,
O
kl
ah
om
a
(P
ri
ce
et
al
.,
19
96
).

3.
A
ve
ra
ge
o
n
co
ar
se
-g
ra
in
ed
bi
ot
it
e
gr
an
it
es
fr
om

th
e
Q
ua
na
h
G
ra
ni
te
,
O
kl
ah
om
a
(M
ye
rs
et
aI
.,
19
81
).

4.
A
ve
ra
ge
o
f5
fm
e-
gr
ai
ne
d,
va
ri
ab
ly
gr
an
op
hy
ri
c,
bi
ot
it
e
gr
an
it
es
o
ft
he
H
ea
dq
ua
rt
er
s
G
ra
ni
te
,
O
kl
ah
om
a
(H
og
an

an
d
G
il
be
rt
,
un
pu
bl
.
da
ta
).

5.
A
ve
ra
ge
o
f
10
co
ar
se
-g
ra
in
ed
,
ho
rn
bl
en
de
-b
io
ti
te
gr
an
it
es
o
ft

he
R
ef
or
m
at
or
y
G
ra
ni
te
,
O
kl
ah
om
a
(H
og
an
an
d
G
il
be
rt
,
un
pu
bl
.
da
ta
).

6.
A
ve
ra
ge
o
f
II
bi
ot
it
e-
ho
rn
bl
en
de
gr
an
it
es
,
U
rn
ia
ko
vi
k
ba
th
ol
it
h,
N
ai
n
C
om
pl
ex
,
L
ab
ra
do
r
(E
m
sl
ie

an
d
S
ti
rl
in
g,
19
93
).

7.
A
ve
ra
ge
o
f
8
bi
ot
it
e-
ho
rn
bl
en
de
gr
an
it
es
,
M
ak
ha
vi
ne
kh
pl
ut
on
,
N
ai
n
C
om
pl
ex
,
L
ab
ra
do
r
(E
m
sl
ie

an
d
S
ti
rl
in
g,
19
93
)
.

8.
A
ve
ra
ge
o
f
5
bi
ot
it
e
gr
an
it
es
,
V
oi
se
y
B
ay
-
Z
o
ar
pl
ut
on
,
N
ai
n
C
om
pl
ex
,
L
ab
ra
do
r
(E
m
sl
ie
an
d
S
ti
rl
in
g,
19
93
)
.

9.
W
el
de
d
tu
ff
,
L
ar
am
ie
A
no
rt
ho
si
te
C
om
pl
ex
,
W
yo
m
in
g
(G
ei
st
et
aI
.,
19
89
).

10
.

A
ve
ra
ge
o
f
3
gr
an
it
es
fr
om
th
e
S
he
rm
an
G
ra
ni
te
,
L
ar
am
ie
A
no
rt
ho
si
te
C
om
pl
ex
,
W
yo
m
in
g
(G
ei
st
et
aI
.,
19
89
)
.

II
.

A
ve
ra
ge
o
f4
gr
an
it
es
fr
om
th
e
M
al
oi
n
R
an
ch
pl
ut
on
,
L
ar
am
ie
A
no
rt
ho
si
te
C
om
pl
ex
,
W
yo
m
in
g
(K
ol
ke
r
an
d
L
in
ds
le
y,
19
89
).

12
.

A
ve
ra
ge
o
f
18
2
L
ow
-M
g
fe
ls
it
es
o
ft

he
R
oo
ib
er
g
G
ro
up
,
B
us
hv
el
d
Ig
ne
ou
s
P
ro
vi
nc
e,
S
ou
th
A
fr
ic
a
(T
w
is
ta
nd
H
ar
m
er
,
19
87
).

13
.

A
ve
ra
ge
o
f
12
co
ar
se
-g
ra
in
ed
,
ho
rn
bl
en
de
-b
io
ti
te
gr
an
it
es
o
ft

he
N
eb
o
G
ra
ni
te
,
B
us
hv
el
d
Ig
ne
ou
s
P
ro
vi
nc
e
(K
1e
em
an
n
an
d
T
w
is
t,
19
89
).

14
.

A
ve
ra
ge
o
f9
ty
pi
ca
ll
y
fi
ne
-g
ra
in
ed
,b
io
ti
te
gr
an
it
es
o
ft
he
K
1i
pk
lo
of
G
ra
ni
te
,
B
us
hv
el
d
Ig
ne
ou
s
P
ro
vi
nc
e
(K
le
em
an
n
an
d
T
w
is
t,
19
89
).

15
.

A
ve
ra
ge
o
f7
gr
an
it
es
fr
om
th
e
S
ep
t
li
es
C
om
pl
ex
,
Q
ue
be
c,
(H
ig
gi
ns
an
d
D
ai
g,
19
86
).



SOUTHERN OKLAHOMA AULACOGEN 57

abundances of high field strength elements (e.g., Zr := 600-750 ppm), and distinctly
"within-plate" trace element characteristics (Weaver and Gilbert, 1986). Previously, the
rhyolites and granites have been interpreted to be comagmatic (Ham et ai., 1964;
Gilbert, 1982), but differences in trace element abundances, particularly Zr, have been
used to suggest that Carlton Rhyolite is not the direct extrusive equivalent of Wichita
Granites (Weaver and Gilbert, 1986).

4.2. WICHITA GRANITE GROUP

Members of the Wichita Granite Group fonn extensive subhorizontal granite sheets
that appear to be preferentially localized along the unconfonnable contact between the
underlying Glen Mountains Layered Complex and the overlying Carlton Rhyolite
Group (Ham et ai., 1964; Hogan and Gilbert, 1997). Intrusive relationships of the
Wichita Granite Group with these two units are unequivocal: 1) Wichita Granites
exhibit sharp cross-cutting contacts, with well defined chilled-zones, against Carlton
Rhyolite Group rocks, 2) dikes of Wichita Granite cross-cut the Glen Moun~ns

Layered Complex at several locations, 3) gabbroic xenoliths are present in the basal
contact zones of some granites, 4) rhyolite xenoliths are commonly observed in Wichita
Granites, 5) partially resorbed anorthite-rich xenocrysts are observed within granite that
is adjacent to the Glen Mountains Layered Complex, and 6) the Glen Mountains
Layered Complex is extensively altered adjacent to the contact with Wichita Granite
(e.g., Stockton, 1984).

Contact relationships between Wichita Granite and Roosevelt Gabbros are more
enigmatic and remain the source of some debate (e.g., Gilbert and Myers, 1986; Price et
ai., this volume). The Mount Scott Granite sheet, the largest recognized Iithodemic
unit, becomes considerably more heterogeneous, and more mafic, as contacts with the
Raggedy Mountain Gabbro Group are approached. A highly variable population of
mafic, and less commonly felsic, enclaves can be locally abundant in Mount Scott
Granite adjacent to Roosevelt Gabbro. Hybrid rock types, some of which have been
described by Huang (1955) and Stockton (1984) can be spatially associated with these
contacts.

Members of the Wichita Granite Group are typically hypersolvus leucocratic alkali
feldspar granites (Myers et ai., 1981; Gilbert and Myers, 1986). However, minor
amounts of primary plagioclase crystallized in some granites (e.g., Mount Scott
Granite, Headquarters Granite). Porphyritic textures are common, although most
granites are seriate, and rarely equigranular. They are typically medium (1-5 mm) to
fine-grained «1 mm) and variably granophyric (Hogan and Gilbert, 1997). Distinctly
coarse-grained (1-2 cm) granites are present but less abundant. Coarser-grained
granites invariably intrude finer-grained granites. Quartz and feldspar commonly
exhibit textural evidence for multiple periods of growth separated by resorption (Hogan
and Gilbert, 1991). Early crystallizing antiperthitic temary anorthoclase, with
reintegrated compositions of Ab6:P60rls-33AI4.12 , have been identified in the Mount
Scott Granite sheet (price et 01., 1996a). The Mount Scott Granite sheet also exhibits
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rapakivi textures, including facies with mantled (i.e., wiborgite) and unmantled (i.e.,
pyterlite) ovoid phenocrysts. Amphibole, biotite, and Fe-Ti oxides are common as
minor phases. The amphiboles are ferro-edenitic hornblende and are characterized by
low AI contents, high Fe2+lFe3+, high FelFe+Mg (.67-.77) and high F contents (Hogan
and Gilbert, 1995). Biotites are also characterized by low AI, high FelFe+Mg, and high
F contents (Hogan, unpublished data). Accessory minerals include zircon, apatite,
titanite, fluorite, ±allanite, and carbonate. Although zircon can be common, recent
geochronologic investigations have failed to identified the presence of inherited zircon
in plutons studied thus far (Wright et al., 1996). Thus, temperatures of 1'l::900-950°C
recorded by the Zr and P20 S chemical geothermometers may represent minimum
liquidus temperatures for these magmas (Hogan et al., 1995).

Major element abundances of rhyolite and granite from AMCG complexes, from
layered mafic complexes, and from the Carlton Rhyolite Group and Wichita Granite
Group, are presented for comparison in Table 4. As expected, the major element
compositions of these granites are all broadly similar: a reflection of many petrologic
processes ultimately resulting in melt compositions that coincide with thermal minima
in the haplogranite system (Tuttle and Bowen, 1958). The subtle differences that do
exist from one complex to another (e.g., Na20) do not appear to be diagnostic of a
particular origin. For example, felsic rocks from the Bushveld Complex are noticeably
lower in Al20 3, and those associated with the Laramie AMCG complex noticeably
higher in Al20 3• However, there is little difference between Al20 3 of granites from the
Nain Complex and those from the Sept Isles Complex. At low Si02 contents (50-65
wt%) the compositional trends for AMCG granite suites diverge from those of other
mid-Proterozoic A-type granites: AMCG A-type granites typically exhibit consistently
higher total alkali content, FelFe+Mg, CaO, Ti02, Sr, and lower Rb abundances
(Emslie, 1991). This comparison is hindered by the fact low silica "granitoids" are
essentially restricted in occurrence to AMCG complexes. However, the high FelFe+Mg
(>0.8%) values of AMCG granites persist at high Si02 contents whereas other
mid-Proterozoic A-Type granites display a considerably broader range (see Emslie,
1991 Fig. 2A). The FelFe+Mg of both Carlton Rhyolite and Wichita Granites remains
high (>0.8%) at high Si02 contents as well and displays considerable overlap with the
field defined by AMCG granites (Fig. 8). This ratio is also very high for the Bushveld
Granites due to their distinctively low MgO abundances (Table 4).

5. DISCUSSION

Igneous rocks of the SOA and those ofMid-Proterozoic AMCG complexes exhibit
many broad similarities that suggest a commonality in their petrogenesis. These
similarities, as well as important differences, will be compared in the following
sections.
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5.1. PRINCIPAL ROCK TYPES

AMCG complexes are best known for the close temporal and spatial association of
three distinctive rock types: massif anorthosites, rapakivi granite, and the
volumetrically minor, "jotunite" or ferrodiorites. Comparison of these rock types with
potential counterparts in the SOA is discussed below.

5.1.1. Massiftype anorthosites
The absence of coarse-grained massif-type anorthosite plutons in the SOA

represents a prominent void in the characteristic igneous assemblage of AMCG
complexes. Ashwal (1993) previously considered the GlenMountains Layered Complex
transitional between massif-type anorthosites and anorthosites associated with layered
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mafic complexes. However, the presence of calcic plagioclase, well defined
macr~clic units, modal layering, cryptic layering, and distinctive "pothole"
structures indicates the Glen Mountains Layered Complex is best considered as a
typical layered mafic complex (e.g., Bushveld Complex). A similar conclusion was
previously reached by Powell and Phelps (1977) on the basis of mineral compositional
variations. This is further substantiated by the similarity in whole rock composition of
anorthosite from the Glen Mountains Layered Complex with anorthosite from other
typical layered mafic complexes (Table 1).

More importantly, the distinctive high-AI orthopyroxene megacrysts, a hallmark of
AMCG massif-type anorthosites, have yet to be reported from the Glen Mountains
Layered Complex. In fact, orthopyroxene is typically a minor constituent of rocks of the
Glen Mountains Layered Complex, occurring mainly as a post-cumulus reaction rim on
olivine phenocrysts (powell et 01., 1980b). The abundance of clinopyroxene, lack of
orthopyroxene, and plagioclase compositions typical for layered mafic intrusions in the
Glen Mountains Layered Complex suggests limited contamination of the magma by
aluminous crustal sediments (see Bowen 1928). Values for oxygen (811l() 5.7-7.2 per
mil) and sulfur (834S 0.0-+3 per mil) isotopes from unaltered whole rock samples also
eliminate the possibility that parent magmas assimilated substantial amounts of mature
continental crust (Cooper, 1991). This would suggest that ENds28 values of 3.63 to 5.35
reported for this complex by Lambert et 01., (1988) are an intrinsic feature of their
mantle source rather than the result of crustal contamination.

The role of crustal contamination in the formation of massif-anorthosites is clearly
a complex one. Emslie (1985) noted that orthopyroxene-bearing anorthosite massifs
exhibit consistently higher initial Sr and lower ENd in comparison to olivine-bearing
anorthosites, a feature he attributed to assimilation of felsic material. Anderson and
Morrison (1992), pointed out that the majority of mafic plutonic rocks associated with
the mid-Proterozoic AMCG complexes exhibit initial ENd values that are significantly
less than that of depleted mantle, and suggested derivation of these magmas from
subcontinental mantle that was slightly enriched to chondritic in composition, but they
did not rule out the possibility of some crustal contamination. Scoates and Frost (1996)
were able to demonstrate an important role for assimilation in formation of the Laramie
Anorthosite Complex that increasingly diminished in successively younger batches of
magma. They suggested that the magma conduit that fed this mid-crustal complex must
have become increasingly more insulated from crustal contamination with time. Thus,
the apparently limited role for crustal contamination in the formation of the Glen
Mountains Layered Complex suggest the magmas that formed this body traversed the
crust along "preconditioned" conduits, thereby inhibiting crustal contamination and
heat loss, and facilitating a relatively rapid ascent to shallow crustal levels.

Although absent from the AMCG acronym, layered mafic complexes are a
common feature of many AMCG complexes. The Kiglapait (Morse, 1969), Newark
Island (Wiebe, 1988), and Reid Brook (Ryan et aI., 1995) are just a few of the better
known layered mafic intrusions temporally and spatially associated with the Nain
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Plutonic Suite. The Bjerkreim-Sokndal is a prominent layered mafic intrusion
associated with the Rogaland AMCG complex in Norway (Duchesne et 01., 1989).
Detailed mapping of massif-type anorthosite plutons of the Laramie Anorthosite
Complex (e.g., Poe Mountain anorthosite) has revealed internal structure,
compositional layering, and cryptic variations that are akin to those obselVed in much
more typical mafic layered complexes (Frost et al., 1996). Morse (1968) considered
massif anorthosites and layered mafic intrusions to be very closely related, postulating
flotation of plagioclase during crystallization of a high-alumina basalt (i.e, a reasonable
parent magma for many layered mafic intrusions) as a plausible mechanism for
generating massif anorthosites. Thus, the Glen Mountains Layered Complex, although
not a massif-type anorthosite body, is considered by us to be an important link in the
similarity of igneous activity associated with the SOA and that ofAMCG complexes.

5.1.2. Ferrodiorite suite
For AMCG complexes, intermediate rock types are represented by the distinctive,

but volumetrically minor, ferrodiorite or "jotunite" suite (e.g., McLelland and Whitney,
1990; Wiebe, 1992; Owens et 01., 1993). These intrusions are referred to as
ferrodiorites due to the characteristically high FelFe+Mg content of the mafic silicates
and the presence of andesine (e.g. Emslie, 1978). However, they are commonly
comprised ofolivine gabbro, olivine monzogabbro, monzonorite and monzonite, as well
as olivine-ilmenite rocks, and were originally classified as "intermediate" because of
their temporal and compositional relationship relative to the anorthositic and granitic
plutons (Ryan and Emslie, 1996). In this sense, the Roosevelt Gabbros exhibit many of
these characteristic rock types, including olivine-ilmenite rocks (e.g., Powell, 1986) and
thus bear a strong similarity to the ferrodiorite plutons of AMCG complexes. Roosevelt
Gabbros also exhibit the relatively high Ti02 and P20S contents that are a hallmark of
the AMCG ferrodiorite suites (Table 2). However, Mitchell et al., (1995; 1996) have
recognized two distinct mafic liquids in the Laramie Anorthosite Complex that have
unique petrogenetic histories: 1) Ferrodiorite melts interpreted to be residual liquids
derived from crystallization of anorthosite massifs, and 2) High-AI biotite gabbro melts
interpreted to be primary liquids to the anorthosite massifs. An important distinction
between rock types that are representative of these two liquids is the anhydrous nature
of the ferrodiorite suite and the hydrous nature (e.g., early biotite) of the high-AI
gabbroic suite. Examples of these two distinct liquids are also present in the SOA. The
intrinsically "hydrous" Roosevelt Gabbros exhibit mineralogical and compostional
similarities to the high-AI biotite-bearing gabbros of the Laramie Anorthosite Complex
(see Table 2). The anhydrous Late Diabase dikes are more mineralogically and
compositionally similar to ferrodiorite from AMCG complexes (see Table 3). This
fundamental similarity suggest a commonality in the petrogenetic evolution of the SOA
and Mid-Proterozoic AMCG complexes.

In AMCG complexes, as well as in the SOA, "intermediate" plutons typically occur
along the contact between underlying anorthositic plutons and overlying granite
plutons. Intrusive relationships with the anorthositic rocks indicate the ferrodiorite
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plutons are younger (e.g., Ryan and Emslie, 1996), however contacts with granite are
more complex and the presence of hybrid and mingled rock types suggest intrusion of
coeval felsic and mafic magmas (e.g., Wiebe, 1990). Similarly styled contacts are
observed for Roosevelt Gabbro plutons, which exhibit clear intrusive relationships with
anorthositic gabbro of the Glen Mountains Layered Complex but complex enigmatic
hybrid contacts with the Wichita Granite Group (e.g., Gilbert and Myers, 1986) and
appear to be emplaced near the contact between the Glen Mountains Layered Complex
and the overlying granite sheets (see Price et. 01., this volume). Recent geochronologic
investigations have determined crystallization ages of 539±2 Ma from 40Arf'39Ar laser
investigation of primary amphibole, and an age of 533±2 Ma from a U-Pb age of
zircon, for the Mount Scott Granite sheet (Hogan et 01., 1996). These ages permit a
close temporal association of Mount Scott Granite and the adjacent Mount Sheridan
Gabbro (see previous discussion) and indicate that magmatism associated with
formation of the SOA may be better characterized by penecontemporaneous mafic and
felsic magmatism rather than two compositionally distinct magmatic events as
previously thought.

5.1.3. Granites
Although Cambrian in age, granites of the Wichita Granite Group share many

characteristics of A-type granites of the Proterozoic AMCG complexes (see Emslie,
1991 for a recent summary of AMCG granite characteristics). Close temporal and
spatial association with anorthositic rocks is considered a distinguishing characteristic
of AMCG granite suites. In this sense the Wichita Granite Group has affinities for
AMCG granites because of their association with anorthositic gabbros of the Glen
Mountains Layered Complex. AMCG granite suites are dominantly metaluminous in
composition, peraluminous granites are considerably less abundant and peraka1ine
granites are rare, and of small volume, as is also the case for the Wichita Granite Group
(Gilbert and Myers, 1986). In both suites alkali feldspar, plagioclase, and quartz
commonly exhibit evidence for multiple episodes of growth, and resorption, and
rapakivi textures are common, although not universal. Hypersolvus ternary feldspars
are reported from some AMCG granites as well as some Wichita Granites (e.g., Price et
01.. 1996a), attesting to the relatively high temperature and low /H20 for these
magmas. In AMCG complexes, hornblende and biotite, with Fe/Fe+Mg >0.8, are
typical minor phases in high level intrusions, whereas Fe-rich pyroxene and fayalite can
occur locally, but are more common in deeper level mangerites and chamockites.
Ferroedenitic hornblende and annitic biotite are typical of the high-level Wichita
Granites whereas Fe-rich pyroxene and Fe-rich olivine are rare (e.g., Hogan and
Gilbert, 1995). Common accessory minerals in both suites include Fe-Ti oxides, zircon,
apatite, ±allanite, and fluorite. Although zircon is commonly an abundant accessory
mineral, the presence of old inherited zircon in AMCG granites is rare and suggestive
of initially high temperatures for these dominantly metaluminous magmas (Emslie,
1991). Zircon from the Wichita Granites exhibit evidence for multiple periods of
growth but U-Pb dating of these minerals has yet to reveal substantial amounts of
inheritance (Wright et 01., 1996). Titanite, monazite, carbonate, and sulphides are rare
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to absent in AMCG granites, whereas all but monazite occur as primary and secondary
accessory minerals in Wichita Granites.

AMCG granites appear to have crystallized under consistently reduced f~ in
comparison to other A-type granites (Emslie, 1991). This is in contrast to the Wichita
Granites which commonly contain primary titanite, suggesting crystallization under
slightly higher f~ conditions (e.g., Wones, 1989). The scarcity of miraolitic cavities,
pegmatites, and aplites, and the late crystallization of hydrous silicates is used to infer
crystallization under low-fH20 (i.e., fluid-undersatured conditions) for the bulk of
granites from AMCG complexes and from the Wichita Granite Group. The presence of
primary fluorite, and high F contents of mafic silicates suggests F has played an
important role in the petrogenesis of some Wichita Granites (price et al., 1996; Hogan
and Gilbert, 1997). However, the role of F and CO2 in the petrogenesis of AMCG
granites remains a source of debate (Emslie, 1991; Frost and Touret, 1989).

5.2. TECTONIC SETTING

Igneous activity associated with the SOA and with AMCG complexes is
anorogenic. AMCG complexes typically straddle prominent tectonic boundaries
between older crustal blocks (e.g. Laramie Complex, Geist et al., 1989; the Nain
Plutonic Suite, Ryan and Emslie, 1996) having formed within 100 Ma (or less) to 600
Ma after the collisional event (Emslie, 1991). The Cambrian rifting event that formed
the SOA postdates the =1.1 Ga Grenvillian Orogeny by several lOO's of Ma. The
resulting aulacogen transects an older tectonic boundary between distinct crustal blocks
(Fig. 1). In addition, the orientation of rift-related faults coincides with the structural
grain of the underlying 1.3-1.4 Ga basement making a strong case for structural
inheritance (Ham et al., 1964; Denison, 1995).

AMCG magmatism is thought to have been triggered by mantle plumes, or hot
spots, and presumably may reflect magmatism associated with aborted continental
rifting (e.g., Emslie, 1978, Emslie et al., 1994). Roosevelt Gabbros and Late Diabase
dikes exhibit trace element characteristics typical of "within-plate" magmatism and
suggest the involvement of a mantle-plume component in their petrogenesis (Cameron
et a/., 1986). The Carlton Rhyolite and Wichita Granites are definitive examples of
A-type felsic magmas associated with a intracontinental rift environment with trace
element characteristics similar to those ofOcean Island Basalts (Hogan et al., 1995). In
addition to the Late Diabase dikes, rare "rhyolite" dikes cross-eut members of the
Wichita Granite Group (Ham et al., 1964). Their presence demonstrates that
felsic-magmas continued to rise and presumably breached the surface after
emplacement and cooling of granite, but more importantly they signify that tectonism,
resulting in uplift and erosion, accompanied younger magmatic events (Gilbert and
Myers, 1986). McConnell and Gilbert (1990) present a convincing case that fault block
rotation, along listric normal faults related to extension, accompanied magmatism
during formation of the SOA. However, unlike the SOA, direct evidence for rifting
during emplacement of massif anorthosites has not been established (Wiebe, 1992).
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AMCG complexes are built up from sequences of closely spaced igneous events
that result in multiple intrusions, commonly in the fonn of tabular sills and sheets.
Gravity studies suggest that most of the massif anorthosite bodies are relatively tabular
sheet-like plutons (Wiebe, 1992). In the Nain Plutonic Suite, many of the granites
(Wheeler, 1968; Ryan. 1991), as well as the ferrodiorites (Wiebe, 1992; Ryan and
Emslie, 1996), also have sheet fonns, with flat floors underlain by anorthosite plutons
and the adjacent gneissic country rock. The ferrodiorites are typically sandwiched
between the underlying anorthosite and overlying granite and commonly exhibit
hybridized contacts with the granite (Wiebe, 1992).

A similar history and intrusive style is beginning to emerge for igneous activity in
the SOA. Gravity modeling indicates the aulacogen is floored by the Glen Mountains
Layered Complex a large tabular shaped intrusion approximately 3-4 km thick
(Coffman et al., 1986). Overlying this intrusion is a very thin veneer (::=1-2 km thick) of
granite and rhyolite. Hogan and Gilbert (1997) have documented the sheet-fonn for
many of the Wichita Granite plutons. Recent geochronological investigations indicate
that these granites and the overlying rhyolite cover were extruded and intruded in a
narrow time interval, potentially less than 5 Ma (Wright et al., 1996). The Fe-Ti-P-rich
Roosevelt Gabbros are also spatially associated along the contact between underlying
anorthositic gabbro and overlying granite sheet. Some Roosevelt Gabbro plutons may
have begun to spread out along this contact and developed immature sheet-like
morphologies for portions of the intrusions (price et al., this volume). Hybridized rocks
are common along the gabbro-granite contacts. Recent age detenninations indicate that
some of these intrusives may be slightly younger than or coeval with spatially
associated granite sheets (Hogan et al.. 1996).

5.4. DEPTH OF EMPLACEMENT

AMCG complexes appear to have been emplaced at mid- to shallow-erustal levels.
Thennobarometric studies suggest final emplacement at depths ranging from 6 to 16
km (Fuhrman et al., 1988; Jansen et al., 1985; Berg, 1979). Many of the magmas of
these complexes are likely to have undergone a period of high pressure (6-11 kb)
crystallization before reaching the emplacement level (e.g., Emslie et al., 1994).
However, there is scant evidence for deeper levels of emplacement at depths of 25 km
or more (Emslie, 1981; Anderson, 1980). The presence of rare volcanics (Emslie, 1991)
and rhyolite dikes (e.g., Ryan and Emslie, 1996) associated with younger intrusions in
these complexes suggest a substantial amount of uplift, accompanied by erosion, must
have occurred during the course of the igneous activity. Such uplift can be attributed to
doming and lithospheric thinning as a result of invasion of the crust by large volumes
of high temperature magmas (Hill and Miller, 1990).

In contrast to the mid-erustal AMCG complexes, the preponderance of rhyolite and
intrusive relationships of sheet-granites with the coeval rhyolite cover demonstrates a
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subvolcanic emplacement for felsic plutonic rocks of the SOA. If the Roosevelt Gabbros
are indeed penecontemporaneous with the intrusion of the granites (see previous
discussion), stratigraphic constraints would indicate a shallow level of emplacement for
these magmas as well. As previously discussed. prior to extrusion of the Carlton
Rhyolite the older Glen Mountains Layered Complex was presumably uplifted and 1-4
km of layered section eroded, possibly exposing the middle of the intrusion (powell and
Phelps, 1977). Although the original depth of emplacement for the Glen Mountains
Layered Complex is unknown, the fine-grained nature of this intrusion and the
presence of orthopyroxene reaction rims on olivine at very low !H20 implies
crystallization at low pressures. The absence of any significant sedimentary rift-fill
suggests the aulacogen must have been part of a large area of positive topographic
relief, presumably due to the high heat flow associated with the rift. Powell and Phelps
(1977) questioned if uplift due to crustal doming would be sufficient to expose the
intrusion at its mid-section in a reasonable amount of time. However, McConnell and
Gilbert (1990) suggest rapid uplift and erosion of the Glen Mountains Layered
Complex is likely to have been accentuated by block faulting and tilting during
lithospheric extension. The late intrusion of "rhyolite" dikes also indicates
contemporaneous igneous and tectonic activity (i.e., uplift) throughout the duration of
the rifting event (see earlier discussions).

Geophysical and petrologic arguments suggest near surface to extrusive igneous
activity in the SOA was accompanied by intrusion of a substantial amount of magma at
mid-crustal depths. Gravitational modeling, and petrologic arguments, require a second
more substantial layered mafic complex to reside at mid-crustal levels (~15-21 km
depth) to account for the significant gravitational anomaly centered over the aulacogen
(Coffman et al., 1986). Gilbert and Hughes (1986) postulated this buried mafic
complex as the source for the Late Diabase dike suite. McConnell and Gilbert (1990)
used the normative compositions of the granites to suggest felsic liquids were initially
derived at pressure of 4 kb or approximately 12-15 km depth. They further postulated
that the mid-crustal mafic complex may have supplied the necessary heat to produce the
Wichita Granites. One of the these granites, the Mount Scott Granite sheet is
interpreted to have undergone partial crystallization at approximately 2 kb prior to
emplacement beneath the volcanic cover, suggesting the possible development of
temporary magma chambers as this magma migrated up towards its ultimate
emplacement level (Hogan and Gilbert, 1995; Price et al., 1996). The ponding of
magmas at several levels in the crust raises the possibility for a connection between the
typical AMCG complexes that developed at mid-crustal levels during extension and
complexes similar to the SOA that formed at the surface. The numerous dikes that cut
AMCG complexes, such as the the Laramie complex, may represent conduits that were
feeding near surface complexes such as the SOA as suggested by the compositional
similarities in rock types exhibited by these two provinces. Such near-surface
expressions of magmatism related to Mid-Proterozoic AMCG complexes are rare as
most are likely to have been removed by erosion. Conversely, we speculate that if the
inferred mid-crustal mafic complex beneath the SOA were to be exposed it would look
like a typical Mid-Proterozoic AMCG complex (Fig. 9).
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Figure 9. Schematic cross-section of the aust across the Southern Oklahoma Aulacogen during Cambrian time.
The presence of a large mid-ctustaI AMCG complex is inferred on the basis of petrologic and geophysical data
(see Coffinan et at, 1986; McConnell and Gilbert, 1990; and this paper). The briUle-ductile 1ransition, and
temporary storage chambers for felsic magmas, at approximately 8 km depth (see Hogan and Gilbert, 1995) have
been omitted for clarity.

5.5. PETROGENESIS

5.5.1. AMCG Complexes
The petrogenesis of AMCG complexes has attracted considerable interest (see

Weibe, 1992 for a review). Proposed models include derivation by fractionation of high
alumina basaltic magma (e.g., Fram and Longhi, 1992), accompanied by crustal
assimilation (e.g., Emslie et al., 1994), to coeval crystallization of distinct magmas
from unique sources (e.g., McLelland and Whitney, 1990) as well as variants of these
models. As summarized from Weibe (1992) and Emslie et al., (1994) basaltic magma
trapped at the base of a thick, tectonically stable, craton would undergo a period of
extended high pressure fractionation. The heat released from this basaltic underplate
triggers crustal anatexis and the formation of granitoid magma. Extraction of these
felsic magmas leaves behind an aluminous plagioclase-pyroxene granulite restite that is
assimilated by the basaltic underplate. Isotopic studies of AMCG complexes have
identified the signature of older crust in some of these mafic intrusions (Geist et al.,
1990; Emslie et al., 1994; Scoates and Frost, 1996). During crystallization of this
magma, gravitational separation of plagioclase crystals from more dense ultramafic
cumulates results in enrichment of the magma in the upper levels of the chamber in
plagioclase and plagioclase components. With continued fractionation the denser
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magma approaches compositions which may represent parental magmas for the
ferrodiorite suite. Recharge of the chamber with new hot basaltic liquid results in
resorption of some plagioclase crystals and the formation of hyperfeldspathic liquids.
Such a process may be enhanced due to relatively slow rates of heat loss from deep
crustal magma chambers. Once formed, these low density magmas, laden with
plagioclase crystals, are gravitationally unstable and may rise as diapirs to mid-crustal
levels to form the massif anorthosite complexes (Longhi and Ashwal, 1985).
Subsequent basaltic liquids may rise to this same level filling mid-crustal magma
chambers capable of convection, which then crystallized insitu as layered mafic
complexes. The "intermediate" ferrodiorites have been interpreted as crystallizing from
magma consanguineous with those that formed the massif anorthosites and may
represent residual liquids that were squeezed out by filter pressing (Owens et al., 1993;
Emslie et al., 1994; Mitchell et al., 1996). Alternatively, McLelland and Whitney
(1990) suggest massif anorthosites, ferrodiorites, and granites all crystallized from
unrelated magmas with distinct sources. The more enriched isotopic signature of
granites associated with AMCG complexes suggest their derivation primarily from
anatexis of older continental ernst with supplements from materials with shorter crustal
residence times (Emslie et al., 1994).

5.5.2. The Southern Oklahoma Aulacogen
The temporal and spatial relationships of major igneous events in the SOA

resembles that of the AMCG complexes. An early formed, extensive anorthositic
gabbro (i.e., Glen Mountains Layered Complex) forms the substrate to overlying
younger A-type sheet granites (i.e., Wichita Granite Group), and in the case of the
SOA, their associated rhyolite cover (i.e., Carlton Rhyolite Group). In the SOA, rocks
of the ferrodiorite suite of AMCG complexes have the closest compositional match with
the Fe-rich and Ti-rich Late Diabase dikes, whereas the Roosevelt Gabbros are most
similar to the high-AI biotite gabbro dikes. However, Roosevelt Gabbros form plutons,
as well as dikes, which have spatial and temporal relationships in the SOA that are
similar to those of the ferrodiorite plutons in AMCG complexes (e.g., the Nain
Complex, see Wiebe, 1992). The Roosevelt Gabbros commonly share contacts with both
the Glen Mountains Layered Complex and the Wichita Granite Group. Although
clearly intrusive into the layered complex, contact relationships with the granites are
more enigmatic and commonly delineated by the presence of hybridized rock types.
Previously considered to be older than the granites (e.g., McConnell and Gilbert, 1990),
new geochronologic information indicates the possibility that some Roosevelt Gabbro
magmas may have been penecontemporaneous with the granite liquids. Powell (1986)
argued convincingly for derivation of the Glen Mountains Layered Complex and
Roosevelt Gabbros from distinct mantle derived magmas. If the SOA is a younger
analog for AMCG complexes, this raises the possibility that some ferrodiorite plutons
crystallized from magma independent of that which gave rise to the massif anorthosites
(e.g., Duchesne et aJ., 1989; McLelland and Whitney, 1990; Vander Auwera and
Longhi, 1994)
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Fonnation of the SOA involved contemporaneous lithospheric extension and
extensive bimodal igneous activity (McConnell and Gilbert, 1990). Although the
tectonic setting of SOA is well constrained (Gilbert, 1983), petrogenesis of the
associated igneous rocks, particularly the rhyolites and granites, is not well known.
Early on, Hamilton (1956) suggested the granites and rhyolites were derived from
extensive fractionation of the underlying layered mafic complex. However, Ham et al.•
(1964) recognized the older layered mafic complex and younger felsic igneous rocks to
be separated by an unconformity and concluded the Carlton Rhyolite and Wichita
Granites were not differentiates of the parent gabbroic magma which created the
GMLC. Subsequent workers have predominantly proposed derivation of the felsic
magmas by partial melting of older continental crust as a result of intraplating of mafic
magmas during crustal extension (e.g., McConnell and Gilbert, 1990). However, recent
Nd isotopic studies of the Carlton Rhyolite, Wichita Granites, and the Late Diabase
dikes show strong isotopic similarities, which preclude direct derivation of the felsic
magmas by anatexis of ancient crust (Hogan et al., 1995).

The limited role for assimilation of older continental crust in the petrogenesis of
both mafic and felsic igneous rocks in the SOA, as indicated by their primitive isotopic
signatures, is in contrast with isotopic results from AMCG complexes (see previous
discussions). A lack of isotopic contrast between the intruding magma and the crustal
contaminant, for example as a result of relatively small differences in the formation
ages of the two rock types, can mask the importance of assimilation in the petrogenesis
of some plutons associated with AMCG complexes (e.g.. see Frost et al., 1996).
However, in the case of the SOA, a significant isotopic contrast is expected between
potential crustal contaminants, the 1.4-1.3 Ga mid-eontinent Granite-Rhyolite terrane
with TOM ages of 1.7-2.0 Ga (see Fig. 1), and the ==0.535 Ga mantle derived igneous
rocks associated with the aulacogen because of the large difference in their formation
ages. Thus, the primitive isotopic composition of mafic rocks from the SOA suggests
that assimilation of old continental crust was of minor importance in their petrogenesis.
For the SOA, this distinction may be a consequence of the rapid transport of magma
from deep source regions to surface and subvolcanic conditions of emplacement. Here
magma transport is likely to have been facilitated by the presence of large-scale crustal
fractures associated with the rifting event (Hogan and Gilbert, 1997). Rapid ascent of
theses magmas through the crust, and quick cooling at the emplacement level, would
inhibit wall rock assimilation. In addition, the crust may be preconditioned by the
repeated passage of earlier magmas such that the potential for crustal contamination is
significantly reduced for younger magma batches (Scoates and Frost, 1996). The
presence ofmafic igneous rocks, inferred to underlie the SOA, may have contributed in
a similar fashion to limiting crustal contamination, as well as heat loss, thus enabling
some magma batches to rise to the surface, and near-surface, relatively pristine.

The substantial mid-erustal mafic complex that is inferred to reside beneath the
SOA may have been emplaced at a depth more favorable for development of a typical
AMCG complex. The experimental studies of Fram and Longhi (1992) demonstrate
plagioclase-melt partitioning in high-alumina basalts is highly dependent on pressure.
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Crystallization at pressures of 10-11.5 kb yield liquidus plagioclase crystals with
compositions of ~-AnS4 that are well within the range of plagioclase compositions
typical for massif anorthosites. Crystallization at low pressure produces more anorthitic
plagioclase (e.g., An76 at 1 bar). Thus, at substantially higher pressures, the high
alumina basalt which formed the epizonal Glen Mountains Layered Complex would be
an appropriate parent magma for massif anorthosites. The positive Eu anomalies
exhibited by several Late Diabase dikes indicate derivation from hyperfeldspathic
liquids, possibly as a result of plagioclase assimilation (Gilbert and Hughes, 1986). H
derived from the inferred mid-crustal mafic complex, these dikes lend support to the
possibility that this deep level intrusion may more closely resemble a typical AMCG
complex. Conversely, the SOA may be considered an analog for upper crustal igneous
and tectonic processes concomitant with emplacement of the deeper level AMCG
complexes (Fig. 9).

6. CONCLUSIONS

Igneous rocks of the SOA and those of the mid-Proterozoic AMCG complexes bear
many similarities that suggest a commonality in the petrogenesis. Counterparts in
AMCG complexes can be found for most igneous rock units in the SOA. In particular
the Fe-Ti-P-rich biotite gabbros of the Roosevelt Gabbros and Late Diabase dikes bear
strong compositional and mineralogical similarities to high-AI biotite gabbros (e.g.,
Mitchell et aI., 1995) and to the well known "intermediate" ferrodiorite suites
respectively, that are so characteristic of the Mid-Proterozoic AMCG complexes.

A rift-related origin for igneous rocks of the SOA is well documented whereas
direct evidence for extension during emplacement of AMCG complexes may be
obscured presumably due to their development at considerably greater depths in the
crust. Both provinces exhibit evidence for continued uplift during igneous activity.
Nonetheless, significant differences between these igneous provinces, such as the
absence of massif-type anorthosites in the SOA, may therefore be more of a function of
differences in crystallization conditions, which are related to the level of emplacement
in the crust, rather than tectonic setting. Although of minor importance to the
petrogenesis of mafic and felsic igneous rocks in the SOA, assimilation of continental
crust plays a significant role in the petrogenesis of igneous rocks, particularly granites,
in AMCG complexes. This difference may reflect quick transport and crystallization of
magmas emplaced into cold brittle crust at subvolcanic levels in the SOA. In contrast,
assimilation should be more efficient for large magma chambers developed at
mid-crustallevels where the adjacent crust has been warmed by the passage of previous
magmas and the high heat flow from melts ponded at the base of the crust. Thus, we
suggest the mid-crustallayered mafic complex underlying the SOA (see McConnell and
Gilbert, 1990), if exposed may closely resemble a more typical Mid-Proterozoic AMCG
complex. Conversely, the SOA may represent a good analog of what igneous and
tectonic activity in the crust above AMCG complexes may have been like before
subsequent removal by erosion.
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Abstract

Surface and subsurface investigation of the spatial relationships between the
Cambrian-age Glen Mountains Layered Complex, Mount Scott Granite, and Sandy
Creek Gabbro in the Hale Spring Area of the Wichita Mountains, shows that the upper
portion of the Sandy Creek gabbro pluton is largely steep-walled, with a blunt
irregular subhorizontal roof capped by Mount Scott Granite. In the subsurface, the
near vertical sidewalls of the gabbro are presumed to truncate an older subhorizontal
contact of regional extent, between the Glen Mountains Layered Complex substrate
and the Mount Scott Granite cap. This subhorizontal contael is interpreted as an
angular unconformity that developed on the layered complex and was subsequently
buried by volcanic deposits of the Carlton Rhyolite Formation prior to intrusion of the
Mount Scott Granite sheet. The Sandy Creek Gabbro does contain xenoliths of Glen
Mountains Layered Complex and Meers Quartzite, a metasedimentary unit associated
with this unconformity. Locally, a thin ledge of gabbro, with an irregular floor,
protrudes more than 0.5 km to the south from the main body of the intrusion
presumably exploiting this subhorizontal contact. Thus, the Sandy Creek Gabbro is a
stock, capped by the floor of the Mount Scott Granite sheet, and only locally spreads
laterally along the older unconformity, the contact between the Mount Scott Granite
sheet and the underlying Glen Mountains Layered Complex.

The Mount Scott Granite was cored to a depth of 87.5 m adjacent to the contact
at the Ira Smith Quarry (site SQ-!). The core is homogeneous with respect to prinuuy
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igneous mineralogy and texture. The only exceptions are the presence of a thin aplitic
zone at a depth of 47.1 m and sodic amphibole at a depth of 87 m, both ofwhich can
be seen in surface exposures in the adjacent quarry. However, subsequent events have
altered the primary igneous mineralogy and texture of Mount Scott Granite, and
important variations in fracture density, color, oxide mineralogy, and magnetic
susceptibility (X) occur within the upper 30 m of the core. Macro-fracture densities are
0.6 cm" at the surface to 0.0 cm" at 30 m depth. Fracture density, although variable
throughout this upper 30 m, generally decreases with depth. Oxide mineralogy varies
from hematite + iron hydroxide near the surface, to magnetite + hematite (adjacent to
microfractures and grain boundaries) + ilmenite, at depths between 23 and 30 m, to
magnetite + ilmenite below 30 m. Color changes from grayish reddish orange (2YR
5/6) near the surface to moderate grayish red (8R 4/6) below 30 m due to alteration of
sub-microscopic hematite flakes structurally trapped within the abundant alkali
feldspar grains, to iron hydroxide. Magnetic susceptibility varies from 2 x 10-4 at the
top, to -9 X 10') (SI mass) below 30 m. The order of magnitude change in
susceptibility values reflects oxidation of the primary igneous mineral assemblage
(principally titanomagnetite) to hematite and hemoilmentite, and hydration of
secondary hematite to iron-hydroxide, and is likely to be a result of interaction with
meteoric fluids. This significant change in magnetic susceptibility in the upper 30 m
of Mount Scott Granite was incorporated in geomagnetic modeling of the subsurface.
Changes in color, magnetic susceptibility, and oxide mineralogy are directly correlated
to changes in fracture density. Thus, brittle fractures provided conduits for fluid-flow
and subsequent alteration of the crystalline basement. The extent of alteration reflects
the fluid/rock ratio which, in part, is a function of fracture density and connectivity.
The timing of the fracturing and the composition of fluid(s) is largely unconstrained,
but is likely to be groundwater in equilibrium with atmospheric conditions. As
evidenced by the alteration within the core, circulation of these fluids has been
restricted to depths less than 30 m below the present erosional surface. Thus, opening
of these fractures is likely to be directly related to unroofing of this basement. The
timing of alteration may be a relatively recent phenomenon. However, because the
Wichita Mountains were previously exposed to atmospheric conditions in the Permian,
the possibility for multiple alteration events cannot be excluded.

1. Introduction

Spatial and temporal relationships between the Sandy Creek Gabbro, Mount
Scott Granite sheet, and Glen Mountains Layered Complex, in the Hale Spring Area
of the Wichita Mountains, Oklahoma, were investigated through surface mapping,
core drilling, and magnetic surveying. Although the subhorizontal contact between
the underlying gabbro and overlying granite sheet is regionally well exposed, details of
this contact are typically obscured by talus, vegitation, and extensive alteration. Thus,
a drilling investigation was designed with two primary goals: 1) retrieve a continuous
core across the contact between Mount Scott Granite and Sandy Creek Gabbro for
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direct observation of the contact relationships between these two units and 2) obtain
"fresh" samples of these units in the vicinity of the contact for petrologic investigation.
The Ira Smith Quarry location was selected with these goals in mind, particularly
with the intent of transecting the contact at a relatively shallow depth, within 20 m of
the surface, based on the local spatial distribution of Sandy Creek Gabbro and Mount
Scott Granite. The initial result, 87.5 m of continuous core of Mount Scott Granite,
was surprising, and became the impetus for initiating a magnetic survey designed to
determine the subsurface morphology of the Sandy Creek Gabbro pluton and the
nature of its contact with Mount Scott Granite. The results of this study require
important revisions to earlier models of the temporal and spatial evolution of
magmatism in the province as a whole. The subsurface spatial relationships between
these units are more compatible with the Sandy Creek Gabbro being younger than the
Mount Scott Granite rather than vice versa as previously thought (e.g., Powell et al.,
1982).

1.1. REGIONAL GEOLOGY

The geology of the Wichita Mountains is summarized here from Ham et al.
(1964), Powell et al. (1980), Gilbert (1982), and Hogan and Gilbert (1997) and
references therein. The Wichita Mountains are a series of rounded hills and rocky
promontories located in southwestern Oklahoma, extending northwest from the city of
Lawton, past the town of Granite. They are the fault-bounded geomorphic expression
of the Wichita Igneous Province, a northwest-southeast trending zone of Cambrian
bimodal igneous activity. This igneous activity is believed to be related to crustal
extension and formation of the Southern Oklahoma Aulacogen during the breakup of
the Laurentian supercontinent (see Hogan and Gilbert, this volume).

The mountains result from a complex tectonic history. Subsequent to the rifting
event, the province underwent extensive thermal subsidence and was buried by clastic
and carbonate sediments from the early Paleozoic to the Mississippian. This was
followed by uplift and exhumation of the igneous rocks as a result of the Wichita
Orogeny (Ham and Wilson, 1967) in the Pennsylvanian. The resulting mountain
range had a similar form to the currently exposed Wichita Mountains. Permian
clastics, largely sediments shed from the Ouachita Mountains to the east, but also
locally derived sediments (e.g., Post Oak Conglomerate) buried these early mountains.
Re-exhumation of the mountains began in the Tertiary and continues today: All that
covers these ancient mountains is a veneer ofwestward thickening Permian clastics.

Exposed igneous units in the eastern Wichita Mountains (east ofOklahoma Hwy.
54, Fig. 1), are compositionally stratified: mafic units are overlain by silicic units. In
near vertical exposures, the larger mafic bodies (GMLC and Roosevelt Gabbros) crop
out below the sheet granites, which in tum typically crop out beneath Carlton Rhyolite.
The major mafic bodies (GMLC and Roosevelt Gabbros) were previously interpreted
to have been uplifted and eroded, covered by rhyolite, prior to intrusion of the granite
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(Ham et aI., 1964; Hogan and Gilbert, 1995). Then granite magmas spread out
laterally along the rhyolite-gabbro contact resulting in sheet-like plutons (Hogan and
Gilbert, 1997). These units are crosscut by later dikes of diabase (Late Diabase),
locally abundant pegmatite (e.g., Hale Spring Pegmatite), aplite, and rhyolite (Fig. 2).

Recent geochronologic investigations suggest that some members of the
Roosevelt Gabbros may not have been part of the eroded mafic substrate, but rather
intruded the GMLC after early silicic magmatism, thus requiring modification of
earlier models for the rift. Laser 40Arf9Ar dating of amphibole and biotite from the
Mount Sheridan Gabbro, a member of the Roosevelt Gabbros, places its age at 533 ± 2
Ma, whereas amphibole from the Mount Scott Granite yields an age of 539 ± 2 Ma
(Hogan et al., 1996). If these hydrous gabbro plutons are indeed younger than the
silicic rocks, then the magmas that gave rise to these gabbros were possibly stopped
and trapped beneath the silicic cover. Thus, resolving contact relationships between
the Mount Scott Granite sheet and the underlying Roosevelt Gabbro plutons is critical
to determining the temporal and spatial evolution of magmatism during formation of
the Southern Oklahoma Aulacogen. The Hale Spring Area (Fig. I), a region on the
western edge of the large, continuous eastern e~..posure of the Mount Scott Granite
(Cooperton 7.5 minute U.S.G.S. quadrangle, Oklahoma Coordinates T.3N. RI5W.
Sec. 2-4, 9-11, 98° 45-46.5' West Longitude, 34° 45-46' N Latitude), provides an area
where these units crop out and can be readily investigated.

Basement
1.2-1.5 Ga

Figure 2. Schematic stratigraphic cross-section through the eastern Wichita Igneous Province illustrating the
Cambrian contact relationships between the observed lDlits. No erosion or fauhing shown. This
study examines the relationship between the Sandy Creek Gabbro, one of the Rooseveh Gabbros
and the MOlDlt Scott Granite.
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1.2. GEOLOGY OF THE HALE SPRING AREA

Many lithologies are exposed within the Hale Spring Area. These include the
Meers Quartzite (age uncertain), the Cambrian Glen Mountains Layered Complex
(GMLC), Mount Scott Granite, Sandy Creek Gabbro, Hale Spring Pegmatite, a hybrid
rock unit, Permian Post Oak Formation (granite conglomerate), and Quaternary
alluvial sediments. The following geologic description is summarized from Johnson
(1955), Gilbert (1982), Powell et 01. (1982), Stockton and Giddens (1982), Stockton
(1984), Diez de Medina (1988), and references therein. Figure 3 is a "bedrock"
(permian and Quaternary sediments removed) geologic map of the area.

The Sandy Creek Gabbro, of the Roosevelt Gabbro Group, crops out in the lower
elevations « 600 m), mostly on the valley floor and adjacent to the stream cuts of the
Hale Spring Area. The rock is hard and dense. Weathered surfaces are dark-reddish
black and scalloped; however, weathering does not appear to penetrate the rock more
than two or three centimeters. The gabbro is largely composed of plagioclase, with
variable amounts of olivine, typically exhibiting pyroxene coronas. Olivine-rich
exposures are laminated; lamination of plagioclase in the southern portion of the area
dips ESE 20-30°. Primary interstitial pink-brown amphibole and red-brown mica are
common. Exposures to the north ofBig Four Mountain also contain quartz and alkali
feldspar. Work by Powell et al. (1982) and Diez de Medina (1988) found that the
samples in the south are compositionally more primitive than those collected from
Hollis Canyon, north of Big Four Mountain. Within the central portion of the area,
exposures include altered gabbro containing sericite and calcite replaced plagioclase
crystals, and chlorite, epidote-zoisite, calcite and fibrous or acicular amphibole
replacing mafic grains (powell et 01., 1982).

The Mount Scott Granite crops out in the higher elevations (>500 m). On the
surface, the rock is variably fractured, and weathers to an orange-red color.
Weathered exposures commonly contained spheroidal boulders that are substantially
altered to their cores, the result of weathering below the groundwater table along
fractures in the granite (Gilbert, 1982). The rock texture is porphyritic, with gray
ovoid anorthoclase phenocrysts, many with rapakivi-texture albitic rims of plagioclase,
set in a matrix largely of alkali feldspar and quartz (price et 01., 1996). Although
many localities contain abundant granophyre, here matrix quartz and feldspar are
seriate (Merritt, 1965). Minor and accessory minerals comprise less than 5 modal
percent. Typically, these minerals, ferroedenitic amphibole, biotite, magnetite,
ilmenite, along with titanite, fluorite, zircon, apatite and rare allanite, occur together
in clots throughout the matrix. Secondary minerals include hematite, calcite, sericite,
titanite, epidote, and clays.

The contact between the Sandy Creek Gabbro and the Mount Scott Granite is not
easily observed; the faster weathering rate of the gabbro relative to the granite results
in steep granite hill slopes, with granite talus covering much of the contact. However,
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the exposure is typically sufficient enough to allow placement of the contact to within
several meters. The regional shape of the contact between the Sandy Creek Gabbro
and the Mount Scott Granite sheet can be inferred from elevations of the contact
within the area, provided that there has been no significant offset by faulting. Based
on the Mount Scott Granite's sheet-like morphology, its exposure on hill tops, and that
exposures of Sandy Creek Gabbro are confined to the valleys, Powell et a/. (1982)
concluded that the area is an erosional window, where Sandy Creek is dissecting a
subhorizontal granite/gabbro contact, stripping away the overlying granite to expose
the gabbro.

Cropping out largely within the Mount Scott Granite, and only locally in contact
with the gabbro, is a rock of highly variable appearance called hybrid rock. The
outcrop pattern of the hybrid rock trends east-west from Sandy Creek Valley across
Big Four Mountain (Fig. 3). The hybrid rock is variable in color index, grading from
pink and gray to dark gray. It is medium-grained, with quartz and pink feldspar
phenocrysts, and contains xenoliths of biotite gabbro. Similar rocks are found
elsewhere in the Wichita Mountains, and workers have attributed their origin to
partial melting of the gabbro's weathered erosional surface (i.e.• saprolitic regolith)
during granite intrusion over and along this surface (powell et a/., 1982).
Alternatively, if the gabbro is younger the granite, it is plausible that the hybrid rock
originated along the contact between these two units as a partial melt of the granite
that may have mingled with the gabbroic magma. The exposure on Big Four
Mountain therefore may represent a "dike" of this contaminated partial melt which
intruded the overlying granite.

Exposures of Hale Spring Pegmatite crop out over much of the area in the lower
elevations «550 m) as dikes and ~val shaped bodies that cross cut both Sandy Creek
Gabbro and Mount Scott Granite. The Hale Spring pegmatite has aplitic to pegmatitic
texture, is largely quartz, albite, and microcline, and contains large crystals of sodic
amphibole (arfvedsonite) along with magnetite and acmite (Scofield and Gilbert,
1982). Hale Spring Pegmatite is mineralogically similar to the nearby Quanah
Granite and this has lead previous workers to infer their derivation from this granite.

The Glen Mountains Layered Complex crops out as small (1-30 m2) blocks
within the Sandy Creek Gabbro. Powell et a/. (1982) concluded these are xenoliths,
confirming the younger age of the Sandy Creek Gabbro relative to the layered
complex. They are composed of anorthositic gabbro, and are similar to nearby
exposures of the GMLC to the east and the west of the Hale Springs Area.

Also present as xenoliths within the Sandy Creek Gabbro are several exposures
ofMeers Quartzite, some ofwhich are spatially associated with xenoliths of GLMC, a
relationship which may be preserving an unconformable relationship between these
two units. Here, the Meers Quartzite is largely composed of quartz, abundant
sillimanite, and lessor muscovite. Xenoliths of Meers Quartzite, entirely within the
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Mount Scott Granite, also occur nearby. This quartzite contains only trace sillimanite
and muscovite.

Covering much of the valley floor is Post Oak Conglomerate, composed largely
of granite clasts in a matrix of calcrete, clay, and ferric oxides (Donovan, 1982).
Elsewhere, this unit has been assigned a Permian age based on gradational contacts
into Permian clastics (Chase, 1954). Within the Hale Spring area, stream dissection of
this unit is extensive in places, and it is difficult to discriminate between this Permian
unit, and much younger, reworked fluvial deposits.

This study found scant evidence for faulting wihtin the Hale Spring Area.
However, two previous studies have proposed faults. Stockton (1984) placed an
east-west fault along the southern base of Black Bear Mountain, although more recent
magnetic data argue against its existence (discussed below). McLean and Steams
(1986) placed an east-west trending, left-lateral fault, and a smaller,
northeast-southwest trending, left-lateral fault through the southern portion of the Hale
Spring area, related to Pennsylvanian uplift. These two faults were based on analysis
of regional lineaments and linears and the horizontal offset of local quartz veins.
Although these quartz veins are indeed offset, the timing of the offset remains
speculative. While a Pensylvanian origin is possible, it is equally likely that the veins
record earlier movements within the granite, perhaps even previous to Sandy Creek
Gabbro intrusion. Because of the limited amount of evidence regarding timing and
nature of the of faulting within the region, the conclusions presented here minimize
the role of faulting in developing a spatial model for the units.

2. Procedure

2.1. DRILLING AND CORE RETRIEVAL

The drill site is located on the Snell Ranch adjacent to one of the several pits of
the defunct Ira Smith Quarry on the west slope of Big Four Mountain,
(Township-range, Oklahoma Coordinates: SE SE SW NW Sec. 4 T.4N. R.15W.; NAD
27 UTM 14 S 0520394 N, 3845679 E). The site was chosen on the basis of regional
considerations to intercept the granite-gabbro contact within 20 m or less, the ability to
start drilling in bedrock, and the close proximity to an ample supply offresh water.

The SQ-l hole was spudded in the Mount Scott Granite, just west of the quarry
pit and less than 50 m east from the contact with the gabbro. Drilling began in the
Spring of 1993, and concluded in September of that year. The SQ-l hole was cored to
a total depth of 87.5 m by 2 inch (5.08 cm) J.D. diamond drill bit, using a water-cooled
rotary rig. The rig is owned and operated by the Oklahoma Geological Survey.
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The second hole, SQ-2, was a short hole spudded in soil and fill and completed
in Sandy Creek Gabbro to an estimated depth of 10.4 m. Only a little over 1.67 m of
core was retrieved using the same drilling equipment as SQ-l. Both cores were
initially examined, logged, and oriented by J.P. Hogan at the drill site.

2.2. COLOR

Color was assessed by visual observation of the interior of dry core samples using
the Geological Society of America Rock-Color chart (Goddard et al., 1948). All
estimates indicate the bulk color of the sample, unless otherwise noted. Estimates are
reported using color names defined in the U.S. National Bureau of Standard's Special
Publication #440 on color (Kelly and Judd, 1976) and the corresponding identification
number in the Munsell color system: hue value/chroma (e.g., lOR 7/4). Visual
estimation ofMunsell identification numbers have the following errors: hue ±4, value
±1, chroma ±1.

2.3. MAGNETIC SUSCEPTffiILITY (X)

Magnetic susceptibility readings of the SQ-l core were taken every 0.5 feet
(0.153 m) using an Exploranium™ KT-5, hand-held susceptibility meter.
Measurements from the hand-held meter were correlated to selected analyses of the
core on a Sapphire Instmments™ SI-2, 5 cm diameter, copper coil susceptibility and
anisotropy meter housed in the School of Geology and Geophysics Paleomagnetic
Laboratory. The SI-2 meter was calibrated using a known volume and mass ofMoO.
Readings on the SI-2 were taken in SI mass units. However a limited number of
readings in SI volume units were acquired to verify the mass readings.

Magnetic susceptibility readings on the SQ-2 core were done exclusively on the
SI-2 susceptibility meter. Most of the core was analyzed in 4 cm increments in SI
volume measurements. SI volume values were converted to SI mass values using the
measured density of the core. SI mass units were taken on three 4 cm long pieces
with known masses, and were used to check against the volume readings for the same
interval. All magnetic susceptibility measurements are reported in SI mass units
(dimensionless).

2.4. MAGNETIC SURVEYING

The magnetic survey of the area was conducted to constrain the relative
subsurface relationships and geometry of the Sandy Creek Gabbro and Mount Scott
Granite. Several traverses were made using an EG&GTM proton-procession
magnetometer. Observations points were located 25 ft (7.63 m) apart in early
traverses and 20 m (65.6 ft) apart in later traverses. However, when significant
changes in total field were observed, suveying employed smaller stations interval
distances to better characterize the noted change. Direction and distances were
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measured using compass and measuring tape, and with a GPS unit. Stations were
carefully plotted on the appropriate U.S. Geological Survey 7.5' quadrangle to
ascertain the elevation. Five or more readings were taken at each observation station,
and these were then averaged to produce a total field reading. Averages with 2cr
standard deviation> ±3.oo gammas were discarded from the data set. A base-station
was reoccupied to monitor drift (observed drift <10 gammas) every two hours or less.
The main field was then subtracted from the total field data. Data were then modeled
using GM a commercially available MS-DOS software package (Northwest
Geophysical Associates) for forward 2-D modeling of gravity and magnetic data.

2.5. FRACTURE DENSITY

Fracture density (fractures/cm of core) data were acquired by counting the
number ofmacro-fractures (visible to the unaided eye) over 0.5 ft (0.153 m) sections of
the core. Two types of fractures were observed: I) Complete fractures which transect
the entire core, and 2) Incomplete fractures which cross-cut only a portion of the core.

2.6. PETROGRAPHIC ANALYSIS

Thin sections of the core were made every -15 m and at selected additional
depths. Observations were made in both transmitted and reflected light. Selected
feldspar phases were analyzed by electron microprobe as part of a separate study
published in Price et 01., 1996.

3. Results

3.1. DRILL CORE INVESTIGATION

Drilling at SQ-l produced 87.5 m of continuous core, entirely of Mount Scott
Granite. The absence of the granite-gabbro contact came as a surprise and prompted a
magnetic survey in order to better resolve the subsurface geometry of this contact. The
results of this survey are discussed later in the paper. Cursory inspection of the core
revealed little if any significant variation with respect to primary igneous texture and
mineralogy of the Mount Scott Granite as a function ofdepth. However, more detailed
studies documented systematic variation in oxide mineralogy, fracture density, color,
and magnetic susceptibility as a function ofdepth within the first 30 m of the surface.

The granite of the SQ-l core is typical of surface exposures of Mount Scott
Granite as observed within the Ira Smith Quarry. Although this granite may contain
abundant granophyre at other locales (e.g., Mount Scott), here the Mount Scott
Granite is porphyritic with a seriate matrix, and granophyre is noticeably absent.
Miarolitic cavities were not observed. The granite contains the characteristic gray
ovoid rapakivi-textured anorthoclase feldspars phenocrysts discussed by Price et aI.,
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(1996). These phenocrysts are set in a matrix of red to pink alkali feldspar and quartz,
with lessor plagioclase and with glomerocrystic ferroedenitic hornblende + biotite +
accessory minerals which include titaniferous oxides, titanite, fluorite, zircon, apatite,
± allanite. The core also contains a substantial amount of mafic enclaves,
characteristic of the Mount Scott Granite (Merritt, 1965). Sodic amphibole is present
in the very deepest sample from the core (87.5 m) and is observed in surface exposures
in vein fillings. A 0.1 m thick aplitic zone is present at 47.05 m depth. The aplite is
fine-grained, -equigranular, and devoid of ovoid feldspars or other phenocrysts. The
color index grades from 5% to 0% from 47.05 to 47.11 m depth, and then grades back
to 5% over the next 0.04 m.

The primary igneous mineralogy of the Mount Scott Granite is variably altered
over the first -30 m of the SQ-I core. Largely, it is the titaniferous oxides that are
altered, however, many of the silicates are altered to a lesser extent. With increasing
depth to 27 m, the proportion of primary titanomagnetite and ilmenite increases and
the proportion of secondary hematite decreases. At 20.5 m depth and shallower, oxide
grains are largely hematite (Fig. 4d), with a small amount of ilmenite, and have a
martite texture. In samples between 20.5 m and 34.7 m depth (Fig. 4b, c), hematite,
propagating inward from grain boundaries, fractures, and partings, has encroached
upon primary magnetite grains leaving only small domains of the original magnetite.
This encroachment decreases as a function of depth and by 34.7 m, (Fig. 4a) and in
deeper samples, the oxide assemblage is near-pristine primary titanomagnetite and
primary ilmenite. Here magnetite grains typically exhibit only trace amounts of
hematite along grain boundaries and partings.

The color of the core changes substantially over the first 30 m of the SQ-I core
(Fig. 5a). Close to the surface, the color is a grayish reddish orange (2YR 5/6). With
increasing depth, the color darkens to a moderate grayish red (8R 4/6) (depth of 10 m).
The color becomes lighter and more yellow from 10 to 13 m, ending at a grayish
reddish orange (2YR 5/6). Over the next 14 m, the color gradually grades darker, and
largely remains a moderate grayish red (8R 4/6) at depths below 27 m. This color is
observed above and below the aplitic zone at 47.1 m, although the zone itself is a
lighter color (8 R 6/3).

Magnetic susceptibility (x.) increases almost two orders of magnitude (Fig. 5b
and Appendix I) in the first 27 m of the SQ-I core and then remains constant with
depth. The lowest susceptibility values, 3 x 10-4 SI, are found at depths less than 2 m.
From 2 to 10 m, susceptibility values rise to just below I x 10.3 SI, and are -constant
for 2 m. Between 12 m and 19.5 m, susceptibility varies from 3 x 10-4 to I X 10,3 SI.
From 19.5 m to 27 m, susceptibility values increase to 9 x 10.3SI. Below 27 m, to a
depth of 55 m, values average -9 x 10-3 SI, with only one notable exception at 47.1 m,
where values drop over the corresponding interval of the aplitic-texture zone noted
above.



~ en ::J o ~ ~ ~ ~ ~ ~ o ~ >

F
ig

ur
e
4.
F
ou
rp
ho
to
m
ic
ro
gr
ap
hs
o
ft
he
S
Q
-I
dr
il
lc
or
e
(r
ef
le
ct
ed

l.i
gh

t)
do
cu
m
en
ti
ng
a
ch
an
ge
in
th
e
ox
id
e
m
in
er
al
og
y
as
a
fu
nc
ti
on
o
f

de
pt
h.
a)
.A
n
ex
am
pl
e
o
rn
ea
r-
pr
is
ti
ne
(u
na
lt
er
ed
)
ox
id
es
:
m
ag
ne
ti
te
(M
nt
)
an
d
eu
he
dr
al
il
m
en
it
e
(H
m
)
fr
om
34
.7
m
de
pt
h.
b)
.

H
em
at
it
e
(h
ig
he
st
re
fl
ec
ti
vi
ty
)
re
pl
ac
in
g
m
ag
ne
ti
te
gr
ai
ns
al
on
g
fr
ac
tu
re
s
at
2
7

oS
m
de
pt
h.
c)
.
H
em
at
it
e
(h
ig
he
st
re
fl
ec
ti
vi
ty
)

re
pl
ac
in
g
m
ag
ne
ti
te
al
on
g
fr
ac
tu
re
s-
an
d
gr
ai
n
bo
un
da
ri
es
at
23
.3
m
.
N
ot
e
al
te
ra
ti
on
is
m
or
e
ex
te
ns
iv
e
th
an
at
27
.5
m
.
d)
.

H
em
at
it
e
(H
em
)
(h
ig
he
r
re
fl
ec
ti
vi
ty
)
af
te
r
m
ag
ne
ti
te
an
d
il
m
en
it
e
(1
1m
)
at
20
.5
m
.

'C
i ....



92 PRICE ETAL.

Color X (51 Units) Fracture Density (cm-1
)
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Figure 5. Variation of a). oolor (reported aa h••Mleldlroma), b). magnetic IUICeplibility (X). c).
complete fracture density, and d). inI:on1'1ele fracture density with depth. Lowell hue, lowell
IUICeplibility, and higbat 1iac:tura density value- occur _ the 1UIf&l:C, pding to higher hue,
higher susceptibility and lower fracture density value. by 27 m depth. Between 0 and 27 m,
inacaaes in hue, lUlCCptibility, oone-polld to inacaaes in fi'adure density. Below 27 m, all of
theacmcaaurcd panmeters are largely COIIItant, with the exception ofa cIwlgc in oolor (ina'eaaed
value, decreased chroma) and a drop in IUSCCptibility at 47.1 m COI"leipollding to aplite in the
core. See text for fur1her desaiption
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The SQ-Icore is variably fractured, and the fracture density decreases with depth
to nil in the first -30 m from the surface (Fig. 5c, d and Appendix 1). Fractures are
irregular to planar, exhibit several orientations, and are observed both macroscopically
and microscopically. Larger fractures commonly have thin (-1 mm) coatings of
secondary minerals (e.g., calcite, pyrite, clays). Fractures contain little evidence of
offset but zones of micro-brecciation have been observed. Above 0.9 m depth, the rock
is largely incompetent and crumbly as a result of the extremely high number of
fractures. Between 0.9 m and 27 m, fracture density varies, but shows an overall
decrease with increasing depth. Partial fracture densities between 1 and 3 m are as
great as 0.60 cm-I . Complete fracture densities were large in this same interval, with
densities above 1.0 cm-I . Complete fracture density dropped to zero from 9.5 m to 14
m, and partial fracture density was low (-0.07 cm-I ) for this interval. Fracture
densities increase at 14 m, to 0.45 cm·t partial fractures and 0.50 cm-t complete
fractures. Below 15 m, fracture densities taper off to 0.0 by 27 m. Below 27 m the
core is unfractured, except at 31.5 m, 41.5 m, and 56.5 m.

Color, oxide mineralogy, magnetic susceptibility, and fracture density vary
systematically with depth over the first 27 m of SQ-I core. At depths greater than 27
m the core remains largely homogeneous. In general, from the surface to 27 m,
magnetic susceptibility, hue, and modal primary magnetite and ilmenite increase,
whereas fracture density and modal secondary hematite decrease. More importantly
there is a direct correspondence between these properties and fracture density. For
example, at 14.5 m depth and again at 19.5 m depth, magnetic susceptibility decreases
drastically, the color lightens, with a corresponding increase in fracture density.
Conversely, at 11 m depth and again at 18 m depth, magnetic susceptibility increases,
the color becomes pinker, with a corresponding decrease in fracture density (Fig 5).

In contrast to this, the Sandy Creek Gabbro from the near-surface SQ-2 core,
although containing a significantly fractured interval (0.70 cm-t partial fractures) from
9.5 to 10 m, shows no alteration of magnetite to hematite (Fig. 6) and insignificant
change in magnetic susceptiblity (Appendix 2). Although the core length is short and
perhaps insufficient for documenting trends in mode or suceptibility, it is shallow «11
m) and one would expect to find magnetite to hematite alteration here if present.
However, exsolution of fine ilmenite needles (Fig. 6b) within magnetite grains was the
only observed secondary featureof the SQ-2 oxides. Magnetite crystals are otherwise
pristine, showning not even the slightest alteration, including along grain boundaries,
fractures, and partings.

3.2. MAGNETIC SURVEY

Magnetic susceptibility of the Mount Scott Granite is considerably lower (at any
depth) than for the Sandy Creek Gabbro (Bradley and Jones-Cecil, 1991). Thus, as a
result of failing to intersect the granite gabbro contact with the drill, a magnetic survey
of the area was initiated in order to better resolve the subsurface geometry of the Sandy
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Creek Gabbro and Mount Scott Granite contact. The large contrast in magnetic
susceptibility (AX) between these units greatly facilitates modeling the subsurface
spatial geometries of these two bodies from geomagnetic data.

Jones-Cecil (1995) presents the results of a detailed aeromagnetic survey of the
Wichita Mountains as with the total-field data from the survey reduced to the pole.
Figure 7 places that data over the geology shown in figure 3. Substantial magnetic
highs on this map should correspond with relatively shallow and/or large bodies of
material with a large AX with their surroundings. Although the survey indicates there
are substantial changes in magnetism within this area, very few coincide with mapped
contacts. For instance, the highest readings in the Hale Spring Area are found beneath
Black Bear Mountain, the surface of which is composed entirely of Mount Scott
Granite. This is likely to correspond to Sandy Creek Gabbro under a thin veneer of
Mount Scott Granite.

Several magnetometry ground traverses resolved local details of the magnetic
field (see Fig. 3). Traverses across the contact between the Sandy Creek Gabbro and
all of the surrounding and intruding lithologies were always marked by a change in
total field. Total field variations were also noted elsewhere along many of the traverse
lines, and, in many cases, direct observation of the geology during such variations was
obscured by alluvium. Two extensive traverses are presented in this paper (Table 1
and 2), and a permissible subsurface geometry for the units was constructed by 2D
forward modeling.

4. Discussion and Conclusions

4.1. VARIATION WlTIllN THE GRANITE

Analysis of the SQ-l drill core indicates little change in the primary magmatic
character of Mount Scott Granite over the 87.5 m hole depth. The majority of
variations in the core result from fracture-controlled fluid-rock interaction and
alteration of the granite (price et al., 1985).

4.1.1. Magmatic Variation
Magmatic variation refers to changes resulting from igneous processes operating

during crystallization of the cooling granite magma. The homogeneous nature of the
primary igneous mineralogy and primary texture of the core suggest a largely uniform
composition, and a uniform cooling history, for the Mount Scott Granite magma over
the interval examined (87.5 m). Detailed investigations of feldspar compositions
(price et aI., 1996) and amphibole compositions (Hogan and Gilbert, 1995) from this
core revealed little if any compositional variation, indicating rather uniform magma
composition and intensive parameters (e.g., T, ./02) during crystallization of this
portion of the granite.
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TABLE 1. Position of stations, distance and angle from origin, and
anomalous field values for East to West traverse from SQ to Bell Mountain
forTrav 1.

NAD27UTM Elevation Distance Azimuth Anomaly
Easting Northing (meters) (meters) (degrees) (gammas)

520408 3845673 531 15 115 302
520401 3845676 531 8 115 104
520394 3845679 531 0 318 51
520389 3845685 528 -4 318 140
520384 3845690 527 -8 318 140
520379 3845696 526 -23 318 226
520374 3845702 525 -31 318 219
520367 3845705 525 -38 313 173
520360 3845708 523 -45 310 68
520353 3845711 522 -52 308 114
520346 3845714 521 -60 306 162
520340 3845719 521 -67 306 287
520334 3845724 520 -75 307 415
520328 3845728 520 -83 307 299
520322 3845733 520 -90 307 351
520318 3845739 519 -98 308 402
520313 3845746 519 -105 309 299
520306 3845748 518 -112 308 350
520298 3845750 515 -119 306 348
520291 3845752 514 -126 305 357
520284 3845755 514 -134 305 273
520277 3845757 514 -141 304 248
520269 3845759 515 -148 303 356
520263 3845763 515 ·156 303 411
520256 3845766 515 ·163 302 338
520249 3845770 515 -171 302 389
520243 3845774 516 ·179 302 400
520236 3845778 516 -186 302 503
520230 3845782 515 -194 302 469
520205 3845752 514 -203 302 362
520188 3845762 514 -222 300 807

The one exception to the primary mineralogical and textural homogeneity of the
core is the aplitic zone observed at 47.1 m. In general aplite dikes are rarely observed
within the Mount Scott Granite. This aplite is finer grained and more felsic than the
adjacent granite and is free of ovoid phenocrysts. Although currently compositional
information is unavailable on this zone, we interpret it to be a late stage differentiate
of the Mount Scott Granite rather than a distinctly separate magma.

4.1.2. Subsolidus Variation (Alteration)
Circulation of presumably meteoric waters through a near-surface fracture

network in this crystalline basement has significantly altered the primary mineralogy
of the Mount Scott Granite. This alteration has drastically modified both the magnetic
susceptibility and color of the Mount Scott Granite.
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TABLE 1. Continued

NAD27UTM Elevation Distance Azimuth Anomaly
Easting Northing (meters) (meters) (degrees) (gammas)

520168 3845765 514 -242 290 420
520149 3845771 513 -262 288 417
520130 3845776 513 -282 288 376
520112 3845786 513 -302 290 160
520103 3845789 513 -312 290 -23
520098 3845791 513 -317 290 -224
520093 3845792 513 -322 290 -736
520088 3845794 512 -327 290 -123
520084 3845795 513 -332 290 326
520074 3845799 513 -342 290 331
520055 3845804 514 -362 289 401
520036 3845812 514 -382 290 292
520018 3845820 515 -401 290 271
520000 3845829 515 -421 291 182
519981 3845834 516 -441 290 94
519962 3845841 518 -461 290 -16
519943 3845846 518 -481 290 -19
519924 3845838 518 -501 287 132
519906 3845830 518 ·521 285 48
519888 3845822 517 -541 282 110
519879 3845817 517 -551 281 281
519861 3845809 517 -571 279 654
519851 3845805 516 -581 279 590
519833 3845797 516 -601 277 301
519815 3845789 516 -621 275 57
519797 3845781 516 -641 274 -34
519778 3845773 515 -661 273 -20
519760 3845765 515 -081 272 -70
519723 3845748 515 -721 270 100
519705 3845740 515 ·741 269 407

Fluids altered the primary titanomagnetite grains within the Mount Scott
Granite. Samples from depths below 27 m in the core contain primary
titanomagnetite, largely free of hematite. With decreasing depth, these grains are
increasingly replaced by hematite by the following reaction:

2Fe2+Fe~+04 + t02 -+ 3Fe~+03 (I)

Hematite growth proceeds from grain boundaries and fractures into the crystals.

Fluids altered the color of Mount Scott Granite through hydration of
chromophores in alkali feldspar. Based on cathodoluminescence studies of other
samples of Mount Scott Granite (price, unpublished data), and what is known about
feldspar chromophores (Smith, 1974), the color of matrix alkali-feldspars results from
submicroscopic hematite flakes as inclusions. Ifwater-rich fluid were to permeate the
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TABLE 2. Position of stations, distance and angle from origin, and
anomalous field values for East to West traverse from SQ to Bell
Mountain for Trav 1.

NAD 27 lTTM Elevation Distance Azimuth Anomaly

Easting Northing (meters) (meters) (degrees) (gammas)
519428 3847230 489 -655 0 799
519428 3847210 489 -635 0 482
519428 3847190 488 -615 0 457
519428 3847170 487 -595 0 435
519428 3847150 487 -575 0 440
519428 3847130 486 -555 0 578
519428 3847110 485 -535 0 473
519428 3847090 488 -515 0 478
519428 3847070 488 -495 0 218
519428 3847050 488 -475 0 -615
519428 3847050 488 -455 0 307
519317 3846973 482 -455 0 -412
519317 3846953 482 -435 0 -387
519317 3846933 482 -415 0 -298
519317 3846913 482 ·395 0 -503
519317 3846893 482 -375 0 46
519317 3846873 482 -355 0 302
519317 3846853 482 -335 0 340
519317 3846833 482 -315 0 75
519317 3846813 482 -295 0 597
519317 3846793 482 -275 0 103
519317 3846773 482 -255 0 168
519317 3846753 482 -235 0
519317 3846733 482 -215 0 319
519317 3846713 482 -195 0 953
519317 3846713 482 ·195 0 959
519317 3846697 482 -179 0 945
519317 3846657 482 ·139 0 236
519317 3846637 482 -119 0 828
519317 3846617 482 -99 0 644
519317 3846597 482 -79 0 913
519317 3846577 483 -59 0 371
519317 3846557 482 -39 0 680
519317 3846537 482 -19 0 482
519349 3846509 501 0 0 1446
519349 3846489 501 20 180 981
519349 3846479 501 30 180 680
519349 3846469 501 40 180 363
519349 3846459 501 50 180 65
519349 3846449 501 60 180 ·91
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TABLE 2. Continued

NAD27tJfM Elevation Distance Azimuth Anomaly
Easting Northing (meters) (meters) (degrees) (gammas)
519349 3846439 501 70 180 1005
519349 3846429 500 80 180 994
519349 3846409 499 100 180 1345
519349 3846399 499 110 180 813
519349 3846389 498 120 180 411
519349 3846369 497 140 180 657
519349 3846349 496 160 180 1429
519349 3846339 496 170 180 1282
519349 3846329 496 180 180 559
519349 3846316 495 193 180 -104
519349 3846309 494 200 180 31
519349 3846289 493 220 180 68
519349 3846269 491 240 180 332
519349 3846249 491 260 180 221
519349 3846232 491 277 180 348
519426 3846199 490 310 180 23
519426 3846179 491 330 180 236
519429 3846159 495 350 175 573
519434 3846140 498 370 173 1059
519438 3846120 499 390 171 275
519442 3846101 500 410 171 688
519446 3846081 502 430 170 1295
519450 3846061 503 450 170 1406
519454 3846042 504 470 170 1012
519459 3846022 505 490 170 1235
519463 3846003 506 510 169 957
519467 3845983 507 530 169 538
519471 3845964 509 550 169 445
519475 3845944 510 570 169 13
519479 3845925 512 590 169 51
519484 3845905 513 610 169 -60
519488 3845885 513 630 169 27
519492 3845866 511 650 169 47
519496 3845846 509 670 169 97
519502 3845820 509 696 169 -6

crystals, perhaps along perthite boundaries or cleavage planes, it could react with the
inclusions, to produce iron hydroxide (e.g., goethite) at the expense of hematite:

Fe~+03 +H20 -+ 2(Fe3+O(OH» (2)
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Hydration of red hematite flakes to yellow iron hydroxide turns the alkali feldspar
grains from pink to orange. Since alkali feldspar comprises over 80 percent of the
rock, the entire color of the rock is changed when alteration is thorough.

The oxidation of primary magnetite to hematite and the hydration of hematite to
iron hydroxide deminish the magnetic susceptibily of the rock. Magnetic susceptibility
is a function of the concentration, size, shape, and type of the ferromagnetic (8./.)
minerals (i.e. magnetite, hematite, ilmenite) within a rock (Tarling and Hrouda,
1993). Changes in concentration, size, shape are not significant here: the mode of
oxides remains unchanged throughout the upper portion of the core, and replacement
appears to be largely pseudomorphic. However, the secondary alteration of magnetite
to hematite and hematite to iron hydroxide, can readily account for the decrease in the
magnetic susceptibility. The mass magnetic susceptibility values of magnetite are ten
times those of hematite, and the values for hematite are one hundred times those for
the iron hydroxide, goethite (Tarling and Hrouda, 1993).

All of the above alteration features, changes in color, oxide mineralogy, and
magnetic susceptibility, correlate with fracture density. The greater alteration occurs
closer to the surface, as do the greater numbers of fractures. In highly fractured
intervals (i.e. near surface) alteration was more pervasive because of enhanced
permability and because of the increased surface area for fluid/rock interaction.

The exact origin, timing, or temperature of the fluid(s) that altered the Mount
Scott Granite remains unknown. However, because of the decrease in intensity of
alteration as a function of depth, and because of the oxidizing nature of the reactions,
we suggest that relatively recent circulation of meteoric water through this near
surface fracture system is a likely explanation. Since many of the observed fractures
within the core and on the surface of the granite are open, it is likely that the oxidation
and hydration of the granite are ongoing phenomena. However, because of the
previous exposure of the Wichita Mountains to surface conditions in the Permian, we
do not rule out the possibility of multiple alteration events. The presence of clay
minerals and calcite within some fractures indicate that much of the interaction
occurred at low temperature. The presence of rare sulfide mineralization along some
fractures indicates interaction with low-j02 fluid(s). This suggests more complicated
scenarios involving more than one alteration period with fluids of differing
composition.

The ultimate origin of the fractures and their distribution is poorly constrained at
this time. The region was subjected to several episodes of compression during the late
Paleozoic, and faults have been located proximal to the core site (Stockton and
Giddens, 1984; McClean and Steams, 1986). However, the lack of offset and the
presence of only minor brecciation argues against a compressional tectonic origin for
the fractures observed in the core. Moreover, the decreasing fracture density with
depth is more indicative of sheet fracturing developed during overburden unloading
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(Holtzhausen, 1989; Turcotte and Schubert, 1982). Because of the early Paleozoic
burial level of this region, removal of overburden would have had a pronounced effect
on the structural integrity of the Mount Scott Granite. Some 4-5 km of volcanic and
sedimentary rocks once covered the Mount Scott Granite, and these were stripped
away during the late Paleozoic. Additionally, the region returned to a depth of 1 km
during the Mesozoic (Gilbert, 1982), and the current re-exhumation provides a second
opportunity for sheet fracture genesis.

Perhaps the most significant conclusion from this portion of the study is the
depth to which significant alteration of the granite is observed. To obtain what would
be pristine igneous rock, one must penetrate >30 m below the surface. Typically,
compositional analyses from granites are perfonned on near-surface samples. The
effect of alteration on major-elements appears to be negligible, based on the lack of
mineral mode variation. The possible effect on trace element chemistry is unknown,
but may be substantial for elements easily mobilized by the fluids described here.

4.2. THEMOUNT SCOTT GRANITE - SANDY CREEK GABBRO CONTACT

Based on the regional relationships, the granite-gabbro contact was inferred to be
subhorizontal and should have been encountered within -15m of the surface at the
drill site. However, the contact was not encountered with 87 m of drilling through
solid Mount Scott Granite. Clearly, within the immediate vicinity of the drill hole the
contact is neither subhorizontal nor does it dip shallowly to the east. Thus, we
employed forward 2-D modeling of the magnetic survey data to resolve the subsurface
geometry of this contact. Modeling provides a calculated profile that fits the observed
data. This is largely dependent on the contrast in magnetic susceptibility, the shape of
the boundary between the units, and the depth of the units. Although by themselves
such models produce non-unique solutions, when augmented by detailed surface
mapping, known regional relationships, and, albeit limited, drill hole data, the result
is a reasonable geologic model of the subsurface.

As previously discussed, the magnetic susceptibility of the Mount Scott Granite
gradually increases through a zone of fracturing and alteration to a depth of 27 m
where it remains largely unifonn. Thus, the Mount Scott Granite was subdivided into
two units: a 27 m thick altered cap, with an average susceptibility of 1.23 x 10.3 SI,
and an unaltered subsurface unit with a susceptibility of 7.60 x 10.3 SI. In
construction of the models, we assumed the boundary bewteen altered and unaltered
granite parallels topography. Although we recognize that a more complicated
geometry reflecting fracture intensity and paleo-groundwater circulation is more
likely, significant variation to the depth of this contact will not drastically alter the
conclusions presented here.

Magnetic susceptibilities for the Sandy Creek Gabbro core (SQ-2) are quite
consistent (Appendix 2), and magnetite grains throughout the core appear pristine and
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largely unaltered. It appears that the Sandy Creek Gabbro does not share the same
alteration profile as the Mount Scott Granite. Two reasons for this: 1.) there are fewer
fractures and joints within surface exposures of the Sandy Creek Gabbro relative to the
Mount Scott Granite so there is less surface area for fluid interaction. 2.) The
diffusion rate of fluid through the rock is much slower than that of the Mount Scott
Granite. This is evidenced by the difference in the weathering of the gabbro, as seen
on surface outcrops. Whereas exposed Mount Scott Granite weathers completely,
producing meter-sized boulders of crumbly rock that are completely altered to their
cores, the Sandy Creek Gabbro produces a weathering rind that is cm thick, with
pristine-appearing rock below this surface.

Although weathering will have created little to no variation in magnetic
susceptibility of the Sandy Creek Gabbro, some variation, including higher values than
those observed in the SQ-2 core, should be anticipated as the gabbro exhibits
pronounced layered mineralogical variation throughout the body, including
apatite-pyroxene-titaniferous oxide cumulates in the central portion of the Hale Spring
Area (powell, 1986; Diez De Medina, 1988). Furthermore, other Roosevelt Gabbro
bodies contain appreciable amounts of high magnetic susceptibility rocks: there is a
magnetite-ilmenite-olivine body (21-60% modal magnetite, Powell and Gilbert, 1982)
exposed within the Glen Creek Gabbro, and some Mount Baker Gabbro float contains
magnetite crystals as large as 15 cm in diameter (Stockton and Giddens, 1982). In
many parts of the pluton, it is likely that overall susceptibility of the gabbro is much
greater than that measured from the core.

Modeling attempted to use the collected susceptibilities (average = 1.64 x 10.2 SI)
from the core SQ-2. These were employed for the construction of Trav. 1 (Fig. 8), as
the core hole penetrates much of the modeled section, and the susceptibility satisfied
the observed magnetic readings. However, we were unable to model the gabbro in
Trav. 2 (Fig. 9) with this susceptibility: the calculated magnetic profile falls far below
the observed data. It was therefore necessary to increase the susceptibility to produce
the observed magnetic anomaly. In comparison to Trav. 1, Trav 2. crosses a more
mafic section of the pluton (Diez de Medina, 1988): the mineralogy may differ
substantially from that observed in the SQ-2 core. Additionally, if the gabbro extends
to great depths (500 m), as has been modeled, more mineralogical (and susceptibility)
variation is likely, and should be accounted for within the model. Therefore, in
modeling the gabbro in Trav 2, we employed a much greater susceptibility (5.00 x 10.2

SI) for the gabbro, chosen because it produces the intensity of magnetism necessary to
fit the profile and because it is a reasonable estimate of a gabbro pluton with small
magnetite-dominated layers or zones.

The susceptibility data for the other modeled units was taken from literature
sources, where available, or approximated based on rock composition. The magnetic
susceptibility value for the GMLC (5.7 x 10.3 SI) was taken from Bradley and
Cecil-Jones, (1991). This value does not significantly differ from that of unaltered
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Mount Scott Granite. Because of the lack of contrast, the contact between the Mount
Scott Granite and GMLC within the subsurface was interpolated from exposures to the
north and east of the Hale Spring Area. Its presence in the near subsurface is likely, as
xenoliths or possibly roof pendants of GMLC are present within the Sandy Creek
Gabbro. No data are available for the Hale Spring Pegmatite. Its felsic mineral
composition indicates that its susceptibility is quite low, and was modeled with values
similar to the altered Mount Scott Granite. Likewise, there are no available data for
the Post Oak Conglomerate or younger alluvium. Altered Mount Scott Granite
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susceptibility values were used for these units, as they are largely comprised of detrital
grains and cobbles from the granite.

Figure 8 displays the modeled results for an -east-west magnetic survey across
the southern portion of the Sandy Creek Gabbro (Trav. I, Fig. 3). The traverse begins
15 m east of the SQ-I drill hole in Mount Scott Granite, transects the gabbro, and ends
100 m into exposed Mount Scott Granite on the western side of the body. Beneath this
traverse, the Sandy Creek Gabbro is relatively thin with an irregular floor. The
eastern contact dips shallowly to the west, readily explaining why the granite-gabbro
contact was not intersected by the SQ-I drill hole. The western contact is near
vertical. An anomaly of low-susceptibility material is present roughly in the middle of
the traverse, and although not exposed at the surface, its location, shape, and low
susceptibility are indicative of Hale Spring Pegmatite. The subhorizontal contact
between the Mount Scott Granite and the underlying GMLC is interpreted from
regional map patterns and appears to be truncated by emplacement of the Sandy Creek
Gabbro.

A south-north traverse (Fig. 9) beginning on Mount Scott Granite at Bell
Mountain, crosses Sandy Creek Gabbro, and terminates on a small exposure of
pegmatite within the gabbro. The Sandy Creek Gabbro displays considerable
thickness, and the floor of the pluton is not imaged by this data. The contacts between
the Sandy Creek Gabbro and the Mount Scott Granite along this traverse are near
vertical, dipping only slightly to the north. The Sandy Creek Gabbro contact is again
interpreted to truncate an older contact between the GMLC and Mount Scott Granite
in the subsurface. No compelling evidence for faulting was observed in surface
exposures of nearby Mount Scott Granite, suggesting that this geometry is the direct
result of intrusion of the magma which gave rise to the Sandy Creek Gabbro.
Numerous Hale Spring Pegmatite dikes crop out along this traverse, and thus, regions
with low magnetic anomalies were modeled as pegmatite.

Magnetic data indicate that shape of the gabbro-granite contact varies. The
models show that in the southern portion of the area, the surface contact outlines the
furthest extent of the gabbro into the granite. The areomagnetic data (Jones-Cecil,
1995, Fig. 6) indicate the gabbro extends beneath the granite to the northeast. This
may indicate that the contact is indeed subhorizontal for a short distances in the less
eroded regions of the eastern Hale Spring Area.

4.3. THE SHAPE OF THE SANDY CREEK PLUTON

The subsurface geometry of the Sandy Creek Gabbro and its spatial relationships
with adjacent units were evaluated from a series of north-south cross-sections, spaced
I km apart, constructed on the basis of the results of this study (i. e., surface mapping,
drill-hole core data, and magnetic surveys), aeromagnetic data from Jones-Cecil
(1995) fig. 7), and the surface geologic data from Powell et al. (1982), and Stockton
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(1984) and are shown in figure 10. Additional field data from exposures elsewhere in
the Wichita Mountains aided in constraining this geologic model.

Cross sections A and B on figure 10 reveal that the present erosional surface is
just beginning to expose the subhorizontal roof of the Sandy Creek Gabbro pluton in
the vicinity ofHollis Canyon. The gabbro is interpreted to extend back beneath Black
Bear Mountain where it is capped by a relatively thin veneer of Mount Scott Granite
on the basis of the large regional magnetic anomaly associated with this mountain (see
Fig. 7). The hybrid rock, present along the southern contact of the gabbro, is
interpretively depicted here as a dike-like body, generated by partially melting Mount
Scott Granite (see Big Four Mountain, Fig. 3). The Sandy Creek Gabbro is also
shown to lip over, and, to an extent, exploit the GMLC-Mount Scott Granite contact.
This is an interpreted extension of the Sandy Creek Gabbro ledge that protrudes out
from the main body to the south seen on magnetic surveys further west (see cross
section C).

Section C crosses the most eroded portion of Sandy Creek Valley. The surface
geology is mostly Permian and younger sediments, but exposures of gabbro are found
throughout the valley. Additionally, small blocks of GMLC and Meers Quartzite crop
out: xenoliths, possibly roof pendants, suggesting the level of exposure is proximal to
the former unconformity, that is the GMLC-Mount Scott Granite sheet contact. The
southern end of section C is perpendicular to the E-W geophysical traverse (Trav. 1,
Fig. 8). Here the Sandy Creek Gabbro is relatively thin, with inwardly dipping
margins, which we interpret as a protruding subhorizontal ledge of gabbro that
exploited the preexisting GMLC-Mount Scott Granite contact. Such lateral spreading
occurs when the overlying strata (e.g., Mount Scott Granite and Carlton Rhyolite) are
lifted by the driving pressure of the emplaced magma (Hogan and Gilbert, 1995).
Although much of the Sandy Creek Gabbro pluton has steep sides, and it probably
made room for itself largely through stopping or displacing the crust horizontally, a
small amount of magma had sufficient driving pressure to exploit the horizontal
discontinuity and form a shallow ledge.

Section D is -D.3 km west and parallel to the S-N geophysical profile (Trav. 2)
in figure 9. The moderately eroded profile has similar geometry to that seen in the
other sections. However, geophysical data indicate that the southern contact of the
Sandy Creek Gabbro pluton is best modeled as a steep, near-vertical wall that
truncates, rather than spreading laterally along, the older contact between the GMLC
and the Mount Scott Granite sheet. As previously discussed, evidence of faulting was
not observed at the surface. Thus we attribute this geometry to intrusion of a younger
gabbroic magma that gave rise to the Sandy Creek Gabbro. Additional support for this
conclusion includes a recently determined younger crystallization age for another
Roosevelt Gabbro pluton, the Mount Sheridan Gabbro, than that determined for the
Mount Scott Granite (Hogan et al., 1996).
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The Sandy Creek Gabbro pluton may have made room for itself through a
combination of stoping, passive lifting of the overburden, and partial melting of its
roof rocks. The pluton is typically a steep walled, >300 m deep -oval shape, with a
short axis -1.5 km wide, and a long axis excessive of 5 km. However, minor amounts
of spreading occurred along the anisotropy created by the GMLC-Mount Scott Granite
contact (i.e., the 100 m thick subhorizontal gabbro ledge along the southern margin of
the body; see fig. 8).

Work by Diez de Medina (1988) shows the gabbro fractionated after
emplacement, producing a general distribution of relatively high MgO, cumulitic
gabbro adjacent to highway 49 in the southern portion of the area and moderate, less
cumulitic, moderate to low MgO gabbro located to the north in the drainage of Sandy
Creek. Her work concluded that the gabbro adjacent to the creek results from and
fractional crystallization of the gabbro to the south and assimilation of crustal
materials. This is consistent with our model, in that the gabbro to the south,
crystallizing within a thin ledge, would cool prior to the rest of the body, and preserve
a more primative composition. Addtionally, granite assimilation would occur in the
bulk of the body to the north, producing the observed contamination .

Powell et oJ., (1982) and Powell (1986) concluded that the Sandy Creek Gabbro
is tilted to the east with respect to the nearly horizontal Mount Scott Granite on the
basis of dipping lamination and compositional differentiation within the gabbro. Such
an interpretation is only valid for a scenerio where the Sandy Creek Gabbro is much
older than the Mount Scott Granite, and is emplaced and tilted prior to the Carlton
unconformity. As mentioned above, the evidence from this study precludes this case.
Instead we suggest that these features arise from floor irregularity and assimilation of
the granite. Powell et oJ. (1982) report 20-30° ESE dips on plagioclase lamination
within the olivine gabbro in the southern portion of the Hale Spring area. However,
no additional layering is observed elsewhere in the exposed gabbro, so it is doubtful
that laminations continue for any great distance. Furthermore, the observed
lamination occurs within the thin ledge of our model, and since lamination is the
likely result of crystal settling, probably reflects the irregular floor of the ledge (see fig.
8). In addition to the evolution of the gabbro pluton noted in Diez de Medina (1998),
the olivine gabbro grades into quartz gabbro adjacent to the contact with the Mount
Scott Granite in Hollis Canyon. Differentiation away from the ledge, as mentioned
above, should be expected, so that the gabbro becomes increasingly evolved in the
uppermost portions of the main body (i.e. the root). Additionally, although the degree
of chemical contamination of the gabbro by the granite remain unconstrained at this
time, it is likely that the gabbro will becomes more pronouncedly evolved adjacent to
the contact because of interaction with partially melted Mount Scott Granite (hybrid
rock).
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5. Summary
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Combined surface and subsurface methods have been used to image the spatial
relationships of the Sandy Creek Gabbro and the Mount Scott Granite. The upper
portion of the Sandy Creek Gabbro pluton can be modeled as an oval cylinder with
steep-walls and a relatively flat roof. The southern contact, as modeled from magnetic
surveying, is best interpreted with the Sandy Creek Body intruding the Mount Scott
Granite. Other contacts of the pluton are inferred to truncate in the subsurface a
preexisting contact between Mount Scott Granite and Glen Mountains Layered
Complex, implying a younger age for the Sandy Creek Gabbro than either of these two
units. The presence of xenoliths, or possibly roof pendants, of Glen Mountains
Layered Complex and Meers Quartzite within the Sandy Creek Gabbro, and the
geometry of the surrounding contacts with Mount Scott Granite, suggest the roof of
this pluton is spatially associated with an older regional unconformity that developed
on the layered complex. This unconformity and associated sediments (i.e., Meers
Quartzite) were subsequently buried by the Carlton Rhyolite Formation prior to
intrusion of the Mount Scott Granite along this surface. Limited subhorizontal
protrusion of gabbro out from the main body of the pluton along this older contact
suggests that locally accommodation of the gabbroic magma was achieved by passive
lifting of the overburden.

Alteration of the Mount Scott Granite core, presumably by meteoric fluids, is
fractured controlled. Macro-fracture density is variable but, overall decreases with
depth, from an intensely fractured surface to unfractured rock at 30 m depth.
Interaction with these fluids has changed the rock color and oxidized primary
titanomagnetite to hematite and hydrated hematite to iron hydroxide. This change in
magnetic mineralogy of the granite resulted in a drastic reduction of the magnetic
susceptibility of Mount Scott Granite. This was incorporated into construction of
subsurface models from magnetic field data. Changes in color, magnetic susceptibility,
and oxide mineralogy are directly correlated to changes in fracture density. Domains
of intense fracturing correspondingly exhibit more intense alteration. Thus, brittle
fractures provided conduits for fluid-flow and subsequent alteration of the crystalline
basement. The extent of alteration reflects the fluid/rock ratio which in part is a
function of fracture density and connectivity. The exact timing of the fracturing and
the composition of fluid(s) is unconstrained, but fluids likely include groundwater in
equilibrium with atmospheric conditions. Circulation of these fluids has been
restricted to depths less than 30 m below the present erosional surface. Thus, opening
of these fractures is likely to be directly related to unroofing of this basement and the
timing of alteration may be a relatively recent phenomenon. However, because the
Wichita Mountains were previously exposed to atmospheric conditions in the Permian,
the possibility for multiple alteration events is not excluded.
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APPENDIX 1. Magnetic susceptibility and fracture
density data for the SQ-l drill hole core._.._--------_..__.
Depth Magnetic Standard Fracture Density

Susceptibility Deviation Complete Incomp.

(m) (SI mass) (SI mass) (Cm") (Cm")

0.00
0.15
0.31
0.46
0.61
0.76
0.92 1.19E-04 5.16E-06 0.07 0.00
1.07 1.08E-04 1.21E-05 0.07 0.07
1.22 1.16E-04 l.39E-05 0.07 0.00
1.37 1.15E-04 1.23E-05 0.66 0.98
l.S3 1.03E-04 8.16E-06 0.66 1.05
1.68 8.52E-05 8.56E-06 0.66 0.79
1.83 8.00E-05 4.47E-06 0.20 0.66
2.14 5.51E-oS 1.29E-05 0.59 0.79
2.29 7.36E-05 9.91E-06 0.26 0.66
2.44 8.52E-05 9.31E-06 0.13 0.98
2.59 8.95E-oS 6.44E-06 0.13 0.72
2.75 2.68E-04 1.22E-04 0.13 0.98
2.90 2.81E-04 1.l0E-04 0.13 0.79
3.0S 1.4SE-04 4.19E-oS 0.07 0.00
3.20 1.05E-04 5.63E-06 0.20 0.07
3.36 1.77E-04 4.06E-05 0.07 0.39
3.51 1.61E-04 2.23E-05 0.07 0.46
3.66 1.20E-04 1.77E-05 0.07 0.33
3.81 8.00E-05 1.48E-05 0.26 0.98
3.97 6.32E-05 7.64E-06 0.07 0.52
4.12 1.24E-04 6.32E-06 0.13 0.33
4.42 8.52E-oS 1.29E-oS 0.13 0.13
4.58 1.05E-04 3. 15E-05 0.20 0.52
4.73 3.75E-04 l.SIE-04 0.07 0.07
5.19 l.28E-04 9.22E-06 0.00 0.07
0.00 1.30E-04 1.18E-05 0.07 0.79
5.34 1.39E-04 8. 16E-06 0.13 0.39
5.49 1.38E-04 6.71E-06 0.20 0.26
5.64 I.72E-04 1.48E-05 0.07 0.07
5.80 2.09E-04 5.08E-05 0.13 0.00
5.95 l.SOE-04 1.46E-05 0.13 0.00
6.10 1.85E-04 8.78E-06 0.00 0.00
6.25 1.62E-04 2.32E-05 0.00 0.00
6.41 1.03E-04 1.2 IE-05 0.07 0.07
6.56 1.61E-04 4.45E-05 0.00 0.13
6.71 1.66E-04 1.88E-05 0.20 0.39
6.86 1.70E-04 2.22E-05 0.07 0.13
7.02 3.59E-04 8.10E-05 0.07 0.13
7.17 2. 18E-04 1.38E-05 0.00 0.20
7.32 3.42E-04 6.51E-05 0.00 0.00
7.47 3.32E-04 1.18E-05 0.07 0.00
7.63 3.08E-04 4.74E-05 0.00 0.00
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APPENDIX 1. Continued

Depth Magnetic Standard Fracture Demity
Susceptibility Deviation

Complete Incomp.

(m) (SI mass) (SI mass) (Cm'l ) (Cm·l )

7.78 2.67E.Q4 S.86E.QS 0.00 0.20
7.93 I.72E.Q4 1.57E.QS 0.00 0.20
8.08 2. 14E.Q4 1.60E.Q4 0.G7 0.07
8.24 2.39E.Q4 1.70E.QS 0.33 0.52
8.39 4.81E-04 S.93E.QS 0.07 0.26
8.54 3.28E.Q4 3.28E.QS 0.07 0.00
8.69 4. 13E.Q4 6.90E.QS 0.13 0.00
8.85 4. 17E.Q4 l.34E.QS 0.00 0.00
9.00 3.64E.Q4 1.6SE.QS 0.33 0.00
9.15 3.S6E.Q4 3.94E.QS 0.07 0.07
9.30 2.97E.Q4 1.I6E.Q4 0.07 0.00
9.46 6. 14E.Q4 3.2SE.QS 0.07 0.00
9.61 7.4OE.Q4 6.SSE.QS 0.07 0.00
9.76 3.16E.Q4 4.7SE.QS 0.07 0.00
9.91 4.08E-04 2.63E·OS 0.07 0.00
10.07 4.80E-04 4.49E.QS 0.07 0.00
10.22 8.46E.Q4 1.28E.Q4 0.07 0.00
10.37 6.33E.Q4 3.77E.QS 0.20 0.00
10.52 8.46E.Q4 2.80E.QS 0.00 0.00
10.68 8.77E.Q4 6.20E.QS 0.07 0.00
10.83 1.01E.Q3 1.30E.Q4 0.07 0.00
10.98 8.3SE.Q4 4.86E.QS 0.07 0.00
11.13 7.S2E-04 7.12E.QS 0.00 0.00
11.29 8.16E.Q4 4.S8E·OS 0.07 0.00
11.44 7.07E.Q4 8.11E.QS 0.00 0.00
11.59 7.63E.Q4 8. 16E.QS 0.00 0.00
11.74 8.S7E.Q4 1.26E.Q4 0.00 0.00
11.90 8.3SE.Q4 7. 13E-QS 0.00 0.00
12.05 7.63E.Q4 3.71E.QS 0.26 0.00
12.20 S.82E.Q4 S.82E-OS 0.00 0.00
12.35 6.S0E.Q4 S.32E.QS 0.00 0.00
12.51 8.04E.Q4 3.76E.QS 0.00 0.00
12.66 9.29E.Q4 3.80E.QS 0.00 0.00
12.81 1.0SE.Q3 1.32E.QS 0.00 0.00
12.96 1.06E.Q3 9.S2E.QS 0.00 0.00
13.12 9.S8E.Q4 1.06E.Q4 0.00 0.00
13.27 8.2SE.Q4 8.63E.Q5 0.00 0.00
13.42 7.23E.Q4 7.72E.QS 0.00 0.00
13.57 6.11E.Q4 3.19E.QS 0.00 0.00
13.73 6.47E.Q4 1.20E.Q4 0.13 0.26
14.03 4.27E.Q4 8.16E.QS 0.33 0.20
14.18 4.3SE.Q4 8.77E.QS 0.00 0.26
14.34 3.20E.Q4 4.77E.QS 0.39 0.26
14.49 3.43E.Q4 6.2SE.QS 0.00 0.S2
14.64 4.60E.Q4 2.S4E.QS 0.33 0.26
14.79 4. 18E.Q4 2. 14E.Q4 0.13 0.S2
lS.10 4.00E.Q4 4.63E.QS 0.07 0.33
lS.2S S.14E.Q4 8.93E.QS 0.13 0.26
lS.4O 2.04E.Q4 1.I3E.QS 0.13 0.46
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APPENDIX 1. Continued

Depth Magnetic Standard Fracture Demity
Susceptibility Deviation

Complete Incomp.

(m) (SI mass) (SI mass) (Cm") (Cm")

15.56 6.04E-04 1.22E-04 0.00 0.07
15.71 6.58E-04 1.06E-05 0.07 0.20
15.86 8.31E-04 3.35E-05 0.07 0.13
16.01 7.90E-04 7.53E-05 0.00 0.00
16.17 7.46E-04 3.35E-05 0.00 0.07
16.32 6.45E-04 3.52E-05 0.00 0.20
16.47 8.68E-04 9.22E-05 0.00 0.00
16.62 6.76E-04 2.99E-05 0.00 0.00
16.78 7.35E-04 4.45E-05 0.07 0.00
16.93 6.74E-04 5.57E-05 0.00 0.00
17.08 9.65E-04 2.77E-05 0.00 0.00
17.23 1.39E-03 5.57E-05 0.00 0.00
17.39 I.46E-03 7.60E-05 0.00 0.00
17.54 1.25E-03 4.02E-05 0.00 0.00
17.69 1.07E-03 4.82E-05 0.00 0.00
17.84 1.06E-03 4. 12E-05 0.00 0.00
18.00 9. 18E-04 3.33E-05 0.00 0.00
18.15 8.40E-04 2.56E-05 0.00 0.13
18.30 8.12E-04 7.40E-05 0.07 0.07
18.45 7.87E-04 5.85E-05 0.00 0.00
18.61 4.37E-04 7.32E-05 0.26 0.13
18.91 2.59E-04 9.63E-05 0.20 0.26
19.06 3.21E-04 4.28E-06 0.00 0.98
19.22 3.25E-04 3.08E-05 0.00 0.00
19.37 3.08E-04 1.61E-05 0.20 0.20
19.52 2.92£-04 4.47£-06 0.20 0.39
19.67 2.68E-04 l.S9E-05 0.07 0.20
19.83 3.03E-04 I.84E-05 0.07 0.33
19.98 8.11E-04 2.38E-05 0.00 0.26
20.13 1.07E-03 3.10E-05 0.00 0.13
20.31 1.15E-03 5.42E-05 0.00 0.00
20.44 1.14E-03 5.98E-05 0.00 0.00
20.59 1.42E-03 1.37E-04 0.00 0.00
20.74 1.37E-03 7.76E-05 0.00 0.00
20.89 8.33E-04 2.46E-05 0.26 0.13
21.05 1.08E-03 1.34E-04 0.13 0.20
21.20 7.48E-04 7.20E-05 0.07 0.13
21.35 9.12E-04 2.19E-05 0.13 0.07
2l.S0 2.31E-03 7.67E-05 0.00 0.00
21.66 2.39E-03 5.27E-05 0.00 0.00
21.81 2.35E-03 8.81E-05 0.00 0.00
21.96 2.24E-03 1.49E-04 0.20 0.33
22.11 2.39E-03 3.19E-05 0.07 0.20
22.27 2.26E-03 9.75E-05 0.07 0.26
22.42 1.91E-03 7.36E-05 0.00 0.07
22.57 2.72E-03 9.46E-05 0.00 0.00
22.72 3. 12E-03 1.77E-04 0.00 0.13
22.88 2.02E-03 1.10E-04 0.07 0.33
23.03 2.29E-03 1.61E-04 0.07 0.33
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APPENDIX 1. Continued

Depth Magnetic Standard Fracture Density
Susceptibility Deviation Complete Incomp.

(m) (SI mass) (SI mass) (Cm") (Cm")

23.18 3.33&03 1.20E-04 0.07 0.33
23.33 3.18E-03 1.19E-04 0.00 0.00
23.49 3.83E-03 3.25E-04 0.00 0.00
23.64 4.56E-03 5.08&04 0.00 0.00
23.79 4.78E-03 5.56E-04 0.13 0.39
23.94 4.63E-03 5.76E-04 0.00 0.26
24.10 4.99E-03 2. 16E-04 0.00 0.00
24.25 5.15E-03 1.07E-04 0.00 0.00
24.40 5.20E-03 1.91E-04 0.00 0.00
24.55 5.52E-03 2.54E-04 0.00 0.00
24.71 5.68E-03 2.94E-04 0.00 0.00
24.86 5.32E-03 1.15E-04 0.00 0.00
25.01 6.05E-03 1.84E-04 0.00 0.00
25.16 5.89E-03 7.64E-05 0.00 0.00
25.32 5.74E-03 7.64E-05 0.00 0.00
25.47 6.26E-03 2. 14E-04 0.00 0.00
25.62 6.51E-03 1.93E-04 0.13 0.13
25.77 3.42E-03 7.77E-04 0.00 0.07
25.93 7.43E-03 1.48E-04 0.00 0.00
26.08 5.50E-03 3.91E-04 0.13 0.00
26.23 7.ooE-03 2.57E-04 0.00 0.00
26.38 6.92E-03 2.49E-04 0.00 0.00
26.54 7.67&03 4.42E-04 0.13 0.20
26.69 6.93&03 1.73E-04 0.00 0.00
26.84 7.06&03 3.68&04 0.07 0.00

26.99 7.07E-03 2.44E-04 0.00 0.00
27.15 7.69&03 2.35&04 0.00 0.00
27.30 7.16&03 2.20E-04 0.00 0.00

27.45 7.45E-03 0.00 0.00

27.60 7.4IE-03 1.34E-04 0.00 0.00
27.76 6.84E-03 5.23E-04 0.00 0.00
27.91 7. 17E-03 3.07E-04 0.00 0.00
28.21 7.47E-03 5.20E-04 0.00 0.00
28.37 7.76&03 2.49E-04 0.00 0.00
28.52 8. 16E-03 1.64E-04 0.00 0.00
28.67 8.02E-03 8.04E-05 0.00 0.00
28.82 7.38E-03 2.64E-04 0.00 0.00
28.98 7.51E-03 4.07E-04 0.00 0.00
29.13 8. 19E-03 3.43E-04 0.00 0.00
29.28 7.81E-03 2.46E-04 0.00 0.00
29.43 7.99&03 2.23E-04 0.00 0.00
29.59 7.94E-03 2.49E-04 0.00 0.00
29.74 7.71E-03 2.20E-04 0.00 0.00
29.89 7.69E-03 1.52E-04 0.00 0.00
30.04 8.11E-03 1.38E-04 0.00 0.00
30.20 7.85E-03 1.l0E-04 0.00 0.00
30.35 7.75E-03 2.42E-04 0.00 0.00
30.50 8.00E-03 O.OOE+OO 0.00 0.00
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APPENDIX I. Continued

Depth Magnetic Standard Fracture Density
Susceptibility Deviation

Complete Incornp.

(m) (SI mass) (SI mass) (Cm·l ) (Cm")

30.65 7.94E-03 2.49E-04 0.00 0.00
30.96 8.26E-03 4.29E-04 0.00 0.00
3I.I1 7.72E-03 1.65E-04 0.00 0.00
31.26 8.31E-03 1.69E-04 0.00 0.00
31.42 7.50E-03 I.IOE-04 0.07 0.00
31.S7 7.76E-03 2.20E-04 0.00 0.00

31.72 7.70E-03 3.97E-04 0.00 0.00
32.03 7.91E-03 1.69E-04 0.00 0.00
32.33 8.26E-03 I.I8E-04 0.00 0.00
32.48 8.46E-03 2.26E-04 0.00 0.00
32.64 7.91E-03 8.14E-04 0.00 0.00
32.79 8.01E-03 I.I8E-04 0.00 0.00
32.94 7.65E-03 I.S9E-04 0.00 0.00
33.09 7.79E-03 2.72E-04 0.00 0.00
33.25 7.50E-03 2.71E-04 0.00 0.00
33.40 7.58E-03 3.06E-04 0.00 0.00
33.55 8.20E-03 2.26E-04 0.00 0.00

33.70 8.IOE-03 3.60E-04 0.00 0.00
33.86 8.13E-03 3.70E-04 0.00 0.00
34.01 7.53E-03 2.77E-04 0.00 0.00

34.16 7.66E-03 2.62E-04 0.00 0.00
34.31 8.27E-03 4.46E-04 0.00 0.00
34.47 7.64E-03 2.20E-04 0.00 0.00
34.62 7.70E-03 3.67E-04 0.00 0.00
34.77 7.91E-03 4.10E-04 0.00 0.00
34.92 7.91E-03 2.05E-04 0.00 0.00
35.53 7.50E-03 6.52E-04 0.00 0.00
35.69 8.27E-03 3.34E-04 0.00 0.00
35.84 8.31E-03 1.94E-04 0.00 0.00
35.99 8.06E-03 2.61E-04 0.00 0.00
36.14 7.61E-03 2.62E-04 0.00 0.00
36.30 7.69E-03 2.54E-04 0.00 0.00
36.45 8.36E-03 1.73E-04 0.00 0.00
36.60 7.79E-03 3.06E-04 0.00 0.00
36.75 8.04E-03 3.49E-04 0.00 0.00
37.06 8.78E-03 2.l4E-04 0.00 0.00
37.21 9.24E-03 4.59E-04 0.00 0.00
37.36 8.82E-03 2.59E-04 0.00 0.00
37.52 8.43E-03 2.84E-04 0.00 0.00
37.59 7.64E-03 8.23E-04 0.00 0.00
37.67 7.79E-03 3.77E-04 0.00 0.00
37.74 6.96E-03 9.85E-04 0.00 0.00
37.82 7.45E-03 6.92E-04 0.00 0.00
37.90 7.76E-03 I.IOE-03 0.00 0.00
37.97 8.15E-03 1.01E-03 0.00 0.00
38.13 8.18E-03 4.77E-04 0.00 0.00
38.28 8.09E-03 3.00E-04 0.00 0.00
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APPENDIX 1. Continued

Depth Magnetic Standard Fracture Density
Susceptibility Deviation

Complete Incomp.

(m) (SI mass) (SI mass) (Cm") (em")

38.43 8.S8E-03 1.48E-04 0.00 0.00
3858 8.72E-03 3.1IE-04 0.00 0.00
38.74 8.31E-03 3.29E-04 0.00 0.00
38.89 9.09E-03 2.S7E-04 0.00 0.00
39.04 7.77E-03 3.97E-04 0.00 0.00
39.19 8.26E-03 4.75E-04 0.00 0.00
39.35 8.15E-03 1.83E-04 0.00 0.00
39.50 8.40E-03 8.16E-05 0.00 0.00
39.6S 7.73E-03 3.73E-04 0.00 0.00
39.80 756E-03 4.22E-04 0.00 0.00
39.96 7.67E-03 4.23E-04 0.00 0.00
40.11 7.62E-03 6.60E-04 0.00 0.00
40.26 7.43E-03 4.02E-04 0.00 0.00
40.41 7.37E-03 6.54E-04 0.00 0.00
40.57 7.53E-03 5.32E-04 0.00 0.00
40.72 7.37E-03 2.44E-04 0.00 0.00
40.87 7.62E-03 3.51E-04 0.00 0.00
41.02 7.7IE-03 2.86E-04 0.00 0.00
41.18 7.02E-03 1.09E-03 0.00 0.00
41.33 6.71E-03 1.20E-03 0.07 0.00
41.48 7.12E-03 9.47E-04 0.13 0.13
41.63 7.1IE-03 1.45E-03 0.00 0.00
41.79 7.50E-03 6.20E-04 0.00 0.00
41.94 7. 17E-03 1.67E-03 0.00 0.00
42.09 6.51E-03 1.35E-03 0.00 0.00
42.24 6.95E-03 1.62E-03 0.00 0.00
42.40 6.09E-03 2.05E-03 0.00 0.00

42.55 6.35E-03 1.63E-03 0.00 0.00
42.70 6.60E-03 U7E-03 0.00 0.00
42.85 7.SSE-03 4.64E-04 0.00 0.00
43.01 7. llE-03 U3E-03 0.00 0.00
43.16 6.00E-03 2.17E-03 0.00 0.00
43.31 6.13E-03 1.90E-03 0.00 0.00
43.46 6.54E-03 9.59E-04 0.00 0.00
43.62 7. 15E-03 1.47E-03 0.00 0.00
43.77 7.48E-03 7.91E-04 0.00 0.00
43.92 7.44E-03 8.43E-04 0.00 0.00
44.07 6.46E-03 1.18E-03 0.00 0.00
44.23 6.38E-03 1.40E-03 0.00 0.00
44.38 7.45E-03 7.30E-04 0.00 0.00
44.53 6.4IE-03 9.49E-04 0.00 0.00
44.68 7.69E-03 9.18E-04 0.00 0.00
44.84 7.18E-03 3.85E-04 0.00 0.00
44.99 7.07E-03 6.33E-04 0.00 0.00
45.14 7.80E-03 6.01E-04 0.00 0.00
45.29 7.55E-03 3.81E-04 0.00 0.00
45.45 7.60E-03 3.48E-04 0.00 0.00



120 PRICEETAL.
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Depth Magnetic Standard Fracture Density
Susceptibility Deviation

Complete Incomp.

(m) (SI mass) (SI mass) (Cm") (Cm")

45.60 6.97E-03 5.56E-04 0.00 0.00
45.75 7.41E-03 3.99E-04 0.00 0.00
45.90 7.50E-03 7.39E-04 0.00 0.00
46.06 7.37E-03 5.37E-04 0.00 0.00
46.21 6.40E-03 1.30E-03 0.00 0.00
46.36 6.80E-03 9.24E-04 0.00 0.00
46.51 7.67E-03 9. 13E-04 0.00 0.00
46.67 6.87E-03 9.46E-04 0.00 0.00
46.82 5.88E-03 1.18E-03 0.00 0.00
46.97 7.53E-03 6.99E-04 0.00 0.00
47.12 3.06E-03 3.75E-04 0.00 0.00
47.28 6.94E-03 5.93E-04 0.00 0.00
47.43 6.07E-03 1.38E-03 0.00 0.00
47.58 7.51E-03 6.33E-04 0.00 0.00
47.73 5.85E-03 1.38E-03 0.00 0.00
47.89 6.82E-03 8.I3E-04 0.00 0.00
48.04 7.87E-03 8.36E.Q4 0.00 0.00
48.19 7.49E-03 9.43E-04 0.00 0.00

48.34 8.14E-03 4. 18E-04 0.00 0.00
48.50 6.75E-03 1.09E-03 0.00 0.00

48.65 6.42E-03 1.19E-03 0.00 0.00
48.80 7.49E-03 8.95E-04 0.00 0.00
48.95 7.96E-03 2.04E-04 0.00 0.00

49.11 7.51E-03 7.98E-04 0.00 0.00
49.26 8.05E-03 4.27E-04 0.00 0.00
49.41 5.09E-03 3.68E-04 0.00 0.00
0.00 7. 16E-03 6.24E-04 0.00 0.00
49.72 7.81E-03 6.71E-05 0.00 0.00
49.87 8.89E-03 2.14E-04 0.00 0.00
50.Q2 7.55E-03 5.29E-04 0.07 0.00
50.17 8.10E-03 2.94E.Q4 0.00 0.00
50.33 6.84E-03 1.59E-04 0.00 0.00
50.48 7. 12E-03 6.84E.Q4 0.07 0.00
50.63 7.85E-03 4.50E-04 0.00 0.00
50.78 7.51E-03 2.93E-04 0.00 0.00
50.94 6.58E-03 1.13E-03 0.00 0.00
5l.09 6.58E-03 8.72E.Q4 0.00 0.00
51.24 8.17E-03 3.29E.Q4 0.00 0.00
51.39 6.75E-03 7.05E-04 0.00 0.00
51.55 8.00E-03 5.94E-04 0.00 0.00
51.70 7.89E-03 2.08E-04 0.00 0.00
51.85 7.39E-03 2.49E-04 0.00 0.00
52.00 8.25E-03 1.75E-04 0.00 0.00
52.16 7.06E-03 4.62E-04 0.00 0.00
52.31 6.93E-03 5.83E-04 0.00 0.00
52.46 7. 17E-03 4.65E-04 0.00 0.00
52.61 7. 16E-03 5.36E-04 0.00 0.00
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APPENDIX 1. Continued

Depth Magnetic Standard Fracture Density
Susceptibility Deviation

Complete Incomp.

(m) (SI mass) (SI mass) (Cm·l ) (Cm'l )

52.77 6.50E.Q3 6.00E.Q4 0.00 0.00
52.92 7.97E.Q3 2.27E.Q4 0.00 0.00
53.07 7.33E.Q3 3.35E.Q4 0.00 0.00
53.22 8.74E.Q3 2.20E.Q4 0.00 0.00
53.38 8.I3E.Q3 2.21E.Q4 0.00 0.00
53.53 7.69E.Q3 3.49E.Q4 0.00 0.00
53.68 8.54E.Q3 2.97E.Q4 0.00 0.00
53.83 8.45E.Q3 2.85E.Q4 0.00 0.00
53.99 7.21E-03 4.75E.Q4 0.00 0.00
54.14 7. 17E-03 7,S8E-04 0.00 0.00
54.29 7.76E-03 4.02E-04 0.00 0.00
54.44 8.57E-03 4.40E-04 0.00 0.00
54.60 7.36E.Q3 6.05E.Q4 0.00 0.00
54.75 8.24E-03 3.43E.Q4 0.00 0.00
54.90 8. 15E-03 7.31E-04 0.00 0.00
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Appendix 2. Magnetic susceptibility of the Sandy Creek Gabbro.

The SQ-2 hole encountered the Sandy Creek Gabbro at an estimated depth of 9
m. Retrieved core covers a -continuous 167 cm interval.

Core SQ-2, Sandy Creek Gabbro

Depth Magnetic Standard
Susceptibility Deviation

(m) (SI mass) (SI mass)

9.04 UOE-02 2.62E-oS

9.12 1.19E-02 1.8SE-04
9.16 l.lIE-02 3.04E-oS
9.2S 1.70E-02 7.70E-06
9.29 1.78E-02 3.44E-06
9.33 1.77E-02 4.87E-06
9.37 1.82E-02 4.97E-06
9.41 1.66E-02 3.44E-06

9.68 1.78E-02 1.29E-oS

10.09 1.29E-02 2.23E-oS
10.13 1.20E-02 6.88E-06

10.38 U2E-02 2.03E-oS
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Abstract

Fundamental zones of crustal weakness that were established in the northern Reading
Prong, central Appalachians during Grenvillian orogenesis were reactivated multiple
times during subsequent tectonic events. The rocks in these fault zones contain
complexly overprinted mylonites, cataclasites, and breccias with distinct kinematics and
mineralizations. By studying the similarities and differences of rocks from three
different fault zones across the Reading Prong of eastern Pennsylvania, New Jersey and
the southeastern New York, the tectonic succession and a relative chronology can be
determined. As many as seven phases of reactivation can be identified within the major
Ramapo, Reservoir, and Morgan Hill fault zones. These weak zones between the rigid
crystalline basement blocks exhibit these multiple and intense deformational episodes
because they absorbed the majority of the strain that was transmitted through the
basement rocks during the subsequent intense tectonic events. The cover sequence was
also heavily deformed during these events. The crystalline blocks between the major
faults, on the other hand, show relatively little post peak-Grenville deformation. The
only evidence of these events are minor faulting and several phases of jointing. The
rigid crystalline blocks simply adjusted to the renewed stresses by movement along
their boundaries. Depending upon stress and metamorphic conditions, the previously
formed mylonites and cataclasites were either sheared in ductile or semi-brittle
deformation or fragmented into physically separated blocks.

1. Introduction

MUltiple reactivation of major faults and fault systems is common in the Appalachians
(Ratcliffe, 1971; Swanson, 1986; Bobyarchick and Glover, 1979; Goldstein, 1989;
Gates, 1996). Fundamental zones of crustal weakness were established after
consolidation of the crystalline basement predominantly during the Precambrian and
then reactivated during every successive orogenic event (Goldstein, 1989; Gates, 1996).
Where the metamorphic grade never exceeded the brittle-ductile transition as in the
Reading Prong and most other Precambrian crystalline massifs, these zones were
especially prone to reactivation because there were no stitching plutons or substantial
mineral growth that might hinder or prevent movement on the system. Instead during
phases of cyclical (Wilson, 1966) and non-cyclical tectonism, these faults were
reactivated while the crystalline blocks between them reacted in a passive manner.
These zones of weakness are even active today when stress levels are relatively low
(Aggerwal and Yang, 1978). In this paper, several major zones of crustal weakness are
examined to illustrate multiple reactivation of crystalline fault block margins during
tectonism in the Reading Prong ofNew Jersey, Pennsylvania and New York.

1.1 REGIONAL GEOLOGY
The northern Reading Prong comprises the Hudson Highlands in southeastern

New York, the New Jersey Highlands and their extension into eastern Pennsylvania
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(Fig. I). The Reading Prong is composed of Grenville aged crystalline rocks that have
largely been metamorphosed to granulite facies (see Drake, 1984 for review). The
Reading Prong is bounded to the west by deformed Paleozoic sedimentary rocks of the
Valley and Ridge Province and to the east by the Piedmont Province which consists of
Mesozoic rift basin rocks and the Appalachian mobile core. The northern Reading
Prong is roughly divided into three blocks separated by major faults, the western,
central, and eastern highlands (Ratcliffe, 1980; Hull et al., 1986). The Ramapo fault
zone is the boundary between the eastern and central highlands and the Reservoir fault
marks the boundary between the central and western highlands. Other major faults cross
the crystalline highlands including the Morgan Hill fault (Drake, 1967) but none have
been proposed to be fundamental boundaries.

Middle Proterozoic rocks of the central and western Hudson and New Jersey
Highlands (Fig. 1) consist of predominantly light colored sodic-rich gneisses and lesser
amphibolite (Drake, 1984) of sedimentary, volcanic, and plutonic origin (Dallmeyer,
1974). These rocks were metamorphosed to upper amphibolite through hornblende
granulite facies (Dallmeyer, 1974; Young and Cuthbertson, 1994). The rocks are
roughly divided into the Lossee Metamorphic Suite and the Byram Intrusive Suite
(Drake, 1984). The Lossee Metamorphic Suite is a complex of oligoclase-quartz gneiss
with varying amounts of hornblende, biotite, and pyroxene. The Byram Intrusive Suite
consists of microperthite- or microcline-bearing hornblende granite, alaskite, biotite
granite, hornblende-quartz syenite and pegmatite. Other Proterozoic rocks include
marble, pyroxene gneiss, epidote-scapolite-quartz gneiss, sillimanite-cordierite gneiss,
pyroxenite, and magnetite deposits.

The basement rocks of the eastern Hudson Highlands are predominantly
middle Proterozoic biotite-granitic gneiss, amphibolite, biotite-hornblende quartzo­
feldspathic gneiss and minor hornblende granite gneiss (Hall et al., 1975). These rocks
are intruded by the Canopus and related intermediate to mafic plutons (Ratcliffe, 1971)
and by a series of granitic plutons (Helenek and Mose, 1984). The Precambrian rocks
are overlain by Cambrian-Ordovician metasedimentary rocks including the Poughquag
and Lowerre quartzites, the Inwood marble, the Manhattan schist, and the Walloomsac
Formation (Fisher et al., 1970). These rocks and the underlying basement were
regionally metamorphosed to greenschist through upper amphibolite facies conditions
during the Ordovician Taconian orogeny (Ratcliffe et al., 1982). A 60-km long belt of
east-west- to northwest-striking Silurian alkalic dikes and lamprophyres extends from
the igneous Cortlandt Complex, New York westward to the Beemerville Complex, New
Jersey (Ratcliffe, 1981; Maxey, 1976). An earlier unrelated suite of northeast­
southwest-trending mafic dikes intrude the Reading Prong and Hudson Highlands and
may be related to Late Proterozoic rifting at approximately 650-600 Ma (Puffer et al.,
1991; Ratcliffe, 1983; 1987).

The approximate 10,000 meter thick sequence of Triassic-Jurassic sedimentary
and igneous rocks (Olsen, 1980) of the Newark basin (Fig. I) rest unconformably on
Paleozoic and Precambrian basement rocks. These Mesozoic rocks dip 5° - 25°
northwest and into the Ramapo fault.

2. Ramapo Fault

The northeast-trending Ramapo fault system (Figs. 1 and 2) in northern New Jersey and
southeastern New York juxtaposes Middle Proterozoic crystalline rocks of the Reading
Prong with Triassic and Jurassic sedimentary and igneous rocks of the Newark Basin
along most of its length. In southeastern New York, north of the Newark Basin, the
many splays of the Ramapo fault include the Thiells, Mott Farm Road, Timp Pass and
Canopus faults, known collectively as the Canopus fault zone (Ratcliffe, 1980). The
Canopus fault zone separates the rocks of the central Hudson Highlands from the
eastern Hudson Highlands. To the south, there is a probable connection of the
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Figure 2. Geologic map of the study area along the Ramapo fault (see Fig. 1 for location).
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Hopewell and Flemington-Furlong with the Ramapo fault faults (Ratcliffe, 1980). The
Hopewell and Flemington-Furlong faults are moderately southeast-dipping intrabasinal
normal faults developed late in the history of the Newark basin (Schlische and Olsen,
1988).

The Ramapo fault system varies in thickness from approximately 5 km to 10
km along strike (Ratcliffe, 1980). It consists of many parallel to subparallel zones of
well foliated and poorly to moderately lineated type II SOC mylonite (Lister and Snoke,
1984) and ultramylonite in Grenville gneisses (Fig. 3a). Moderate to steeply southeast­
dipping retrograde shear zones, up to 25m thick, developed in granitic and calc-silicate
gneisses and exhibit a mesoscopic SOC fabric. C planes typically dip 40° - 50° towards
the southeast. The average angle between Sand C planes is 20°, but varies from 6° to
40°. C' planes, where present, are spaced from 1.0 mm to 1.0 cm and oriented
approximately 20° - 30° shallower than the C plane. Lineations of quartz, amphibole,
and chlorite are consistently down dip.

Primary kinematic indicators from the mylonites along the Ramapo fault
system in northern New Jersey consistently indicate reverse shearing. Both a-type and
o-type quartz porphyroclasts (Fig. 3b) (Passchier and Simpson, 1986) are present
within the mylonites and confirm the reverse sense of shear. Cores of the porphyroclasts
define the southeast-dipping S plane and have tails of dynamically recrystallized quartz.
Type B2a and type B2b quartz ribbons (BoulIier and Bouchez, 1978) and dynamically
recrystallized tails on porphyroclasts (Passchier and Simpson, 1986) define the C plane.
The C' plane, where present, is defined by asymmetric boudinage of quartz ribbons.

Potassium feldspar and plagioclase also form a-type and o-type
porphyroclasts (Fig. 3b) (Passchier and Simpson, 1986) with tails of recrystallized
feldspar, quartz, muscovite and chlorite. Cores of these porphyroclasts define the
southeast-dipping S plane. The C plane is defined by the porphyroclast tails. Edges of
feldspar porphyroclasts are commonly dynamically recrystallized. Plagioclase
porphyroclasts have deformed twin lamellae. Feldspar porphyroclasts, less commonly,
show pul1-apart textures (Stauffer, 1970) that show antithetic shearing along cleavage
planes.

Hornblende commonly underwent a brittle response. Pull-apart (Stauffer,
1970) hornblende porphyroclasts underwent reaction-enhanced ductility (White, et al.,
1980) in which crude a-type porphyroclasts evolved from antithetically sheared
fragments. In these retrograded grains, metamorphic reactions generated chlorite,
tremolite-actinolite, biotite, and muscovite as fillings within conjugate shear planes and
as tails on porphyroclasts.

Chlorite and muscovite "fish" (Eisbacher, 1970; Lister and Snoke; 1984) and
aligned muscovite, tremolite and biotite define the southeast-dipping SoC fabric. Biotite
commonly underwent reaction enhanced ductility (White, et al., 1980). C' planes
commonly developed within the chlorite-rich zones.

The ductile behavior exhibited by the feldspar porphyroclasts, indicates that
temperatures of this phase of deformation were in excess of 450 ± 50° C (Sibson, 1977;
1983; TulIis and Yund, 1977). This mineral response is consistent with deformation at
middle- to upper greenschist facies conditions (Simpson, 1985).

Within these mylonite zones of unequivocal reverse movement, there is
evidence for an earlier phase of normal movement at approximately the same
metamorphic grade. Several features such as intrafolial rootless isoclines and relict
foliations (Fig. 3c), composite porphyroclasts, and V-shaped fractures with two
syntaxial overgrowths (Fig. 3d) support this interpretation. The intrafolia1 folds and
relict foliations occur primarily within quartz ribbons but also within the fine-grained
mylonitic matrix. Some porphyroclasts and brittle pull apart grains exhibit evidence for
two periods and directions ofmovement. The tails on some of the quartz porphyroclasts
are pulled under or over the grain in a direction opposite to that indicated by the
porphyroclast. Some of the brittle hornblende grains show pull-apart textures with a
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Figure 3. Photographs and photomicrographs ofrocks from the Ramapo fault. a) Photomicrograph ofS-C mylo­
nite showing mylonitic fabric, quartz ribbons, and rotated quartz porphyroclasls (q). Arrows show shear sense;
scale bar = 5mm. b) Photomicrograph of rotated 6-, lJ-type porphyroclast (Passchier and Simpson, 1986) of
microcline. Arrows show shear sense; scale bar = 2mm. c) Photomicrograph ofmylonitic fabric showing intra­
folial folds and relict foliations. Arrows show shear sense; scale bar = 5 mm. d) Photomicrograph of V-shaped
fracture in a pull-apart texture (Stauffer. 1970) hornblende porphyroclast (h). Composite filling pattern shows
early amphibole (a) parallel to the fracture walls and late chlorite-sericite-quartz intergrowth (c) in a V-shaped
filling. Scale bar = 2 mm. e) Photomicrograph of seam ofmicrobreccia crossing myloitic foliation. Arrows show
shear sense; scale bar = 5 mm. I) Field photograph of Alleghanian conjugate strike-slip brittle faults crossing
and offsetting Taconian mylonitic foliation. Arrows show offset direction; pen for scale.



A.E. GATES AND R.E. COSTA 129

shear sense opposite to that of the mylonitic matrix. Within some of these hornblende
grains, the fractures formed during extension and fragmentation of the grain are V­
shaped and are syntaxially filled first by amphibole and then by a chlorite-muscovite­
quartz intergrowth. The amphibole is parallel to the fracture walls and indicates no
rotation whereas the second growth indicates substantial rotation. Hippert (1993)
proposed that V-textures could be used as kinematic indicators in single deformations
but the textures described here are clearly composite and indicate a complex history.

Cataclastic textures (Sibson, 1977) that overprint the early ductile and brittle­
ductile fabrics indicate brittle strike-slip (Figs. 3e and 3t) and normal reactivation of the
southeast-dipping faults. Cataclastic seams (0.5 mm to 1.5 cm thick) offset grains and
early fabrics and are themselves offset by later faults (Fig 3t). Southeast-dipping
foliated greenish-gray to black gouge zones approximately 4.0 cm to 5.0 cm thick are
commonly enriched in calcite and sheared antithetically. In addition, there are two
generations of type I (Beach, 1975) quartz, calcite and chlorite filled tension gashes and
two generations of primary and secondary (Harding, 1974) planar, curvi-planar and
listric brittle fault arrays with slickenlines.

Slickenside coated fault surfaces most commonly contain fibrous or stepped
slickenlines of fine grained chlorite, tremolite-actinolite, limonite and calcite with lesser
amounts of quartz and epidote. Two generations are evident by overprinting relations
on single fault surfaces. Each generation of brittle faults includes four sets of moderate
to steeply-dipping faults. The early generation of steeply-dipping brittle faults includes
east-southeast- and west-northwest-dipping reverse faults, northeast- and southwest­
dipping normal faults and a conjugate set of north-northwest- and south-southeast­
dipping right-lateral strike-slip and east- and west-dipping left-lateral strike-slip faults
(Fig. 4A). The later set of brittle faults includes south-southwest- and north-northwest­
dipping reverse faults, southeast- and northwest-dipping normal faults, and a conjugate
pair of northeast- and southwest-dipping right-lateral strike-slip and southeast-dipping
left-lateral strike-slip faults (Fig. 4B). An additional set of northwest- and southeast­
dipping right-lateral strike-slip faults is present. Fault planes also developed P and T
criteria kinematic indicators (Petit, 1987) and tension gashes filled with calcite,
tremolite-actinolite, chlorite, and quartz.

2.1 TIMING OF DEFORMATION

In addition to its development as a Grenvillian reverse fault (Ratcliffe, 1980), the
Ramapo fault system has a long and complex reactivation history which includes up to
five periods of fault movement. The dominant reverse ductile deformation which
resulted in the development of the southeast dipping type II SoC mylonite (Lister and
Snoke, 1984) and ultramylonite zones is post-Grenvillian in age. The mineralogy and
texture which are present are indicative of a lower grade deformation than those
reached during the Grenville orogeny. Based on the deformation features and
metamorphic grade of deformation (Simpson, 1985), the reverse mylonites and
ultramylonites within the study area formed at mid- to upper greenschist metamorphic
facies. Ratcliffe (1980; 1981) and Ratcliffe et af. (1982) assigned a Taconian age
reverse ductile movement to the Ramapo fault zone of southeastern New York based on
radiometric dates of plutonic and dike rocks of the Rosetown pluton and Cortlandt
Complex which are shown to postdate or be partly synchronous with faulting. This
event occurred approximately 450 - 460 Ma based on Rb/Sr analysis of biotite and
whole rock samples, K-Ar analysis of biotite, hornblende and whole rock samples and
40ArP9Ar analysis of hornblende and biotite from within the fault zone (Ratcliffe et al.,
1982).

The mafic dikes can be used to constrain fault movement along the Ramapo
fault in New Jersey. Although the dikes that cross the mylonites have not been
radiometrically dated they are most likely Late Ordovician in age based on similarities
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Figure 4. A) Equal area nets of poles to brittle faults for early activity (Costa, 1991): a) Reverse faults and
slickenlines, n=30; b) normal faults and slickenlines, 0=11; c) dextral faults and slickenlines, n=13; d) Kamb
contour ofearly compressional P-axis, n=27.
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Figure 4 continued. B) Equal area nets of poles to brittle faults for late activity (Costa, 1991): a) Reverse
faults and slickenlines, n=30; b) normal faults and slickenlines, n=27; c) ) dextral faults and slickenlines, n=5;
d) Kamb contour oflate compressional P-axis, n=27.



132 MULTIPLE REACTIVATIONS RIGID BASEMENT BLOCK MARGINS

with dated dikes in the area. The chemistry of the altered basaltic dikes (Costa, 199 I)
does not match the chemistry of Late Proterozoic metagabbros (Ratcliffe, 1983; 1987;
Puffer et al., 1991), but instead appear to be part of the Cortlandt-Beemerville dike
swanns (Ratcliffe, 198 I). The orientation of the basaltic dikes is consistent with the
approximate east-west trend of Cortlandt-Beemerville dikes. Because the dikes do not
record any reverse shearing, they provide a minimum age for reverse movement.

The dominant ductile reverse mylonite fabric overprints a previously
developed nonnal mylonite fabric. We interpret this activity to be the result of lapetan
rifting. It clearly predates Taconian defonnation and postdates Grenville defonnation.
The presence of late Proterozoic rift related mafic dikes in the area and documented
Late Proterozoic nonnal movement on the Morgan Hill fault support this conclusion.

During post-Ordovician and pre-Mesozoic activity mesoscopic synchronous
primary and secondary brittle faults (Harding, 1974) and associated tension gashes
(Costa, 1991) developed within the Ramapo fault system. This reactivation shows both
reverse and strike-slip motion. Ratcliffe (1971) documents several kilometers of
Acadian dextral offset in the area of the Canopus fault. In this study, the strike-slip and
reverse motion were found to be of the same generation and interpreted as Alleghanian
based on regional relations (Costa and Gates, 1993). This problem of timing has not
been resolved.

Overprinting slickenlines on a single fault plane allow the detennination of a
younger generation of brittle faults superimposed over the interpreted Alleghanian
generation. This brittle phase of defonnation is corresponds with the southeast dipping
nonnal faults which created the Newark basin. The Mesozoic sediments (Olsen, 1980)
within the basin constrain the time of faulting. During Mesozoic rifting primary and
secondary brittle faults (Harding, 1974) and associated tension gashes also developed.
The generation of overprinting cataclastic textures and fault gouge (Sibson, 1977)
indicate faulting was under low temperature (Le. <250°C) and shallow conditions (Le.
<10 km). An approximate north-northeast-trending maximum compression direction
(Fig. 8e) is indicated by the complex fault array and tension gashes. This direction
requires that the fonnation of the Newark basin had a transtensional component.

3. Reservoir Fault

The Reservoir fault is a multiply activated zone of weakness that fonns the
western boundary of the Silurian-Devonian Green Pond outlier (Figs. 1 and 5). The
vertical to steeply northwest- and southeast-dipping shear zone extends from the
Hudson Highlands, New York into the central New Jersey Highlands. Cataclasites and
mylonites are best developed around Newfoundland, New Jersey within Grenville
paragneisses that have been interpreted as being of metasedimentary origin (Lewis and
Kummel, 1912; Hague et aI., 1956; Drake, 1984; Volkert, 1993). These rocks are
dominantly layered amphibole, biotite, and pyroxene quartzo-feldspathic gneisses and
minor amphibolite gneiss. The quartzo-feldspathic gneiss is interpreted as being derived
from layered volcaniclastic and calcsilicate rocks (Drake, 1984; Gundersen, 1986) and
contains scapolite, pyroxene, and garnet assemblages or plagioclase-pyroxene­
amphibole-garnet assemblages (Malizzi and Gates, 1989). The gneisses were intruded
by uraniferous pegmatite dikes along the Reservoir fault subsequent to or during
granulite facies metamorphism (Malizzi and Gates, 1989).

East of the Reservoir Fault, the Green Pond outlier is composed of Late
Ordovician - Silurian to early Middle Devonian rocks as well as several isolated
occurrences of Cambrian rocks (Darton, 1894; Kummel and Weller, 1902; Hennan and
Mitchell, 1991). The Ordovician Martinsburg Fonnation is exposed against the
Reservoir fault in one location. The conglomeratic Green Pond Fonnation of Silurian
age rests unconfonnably on basement rocks in most of the area. The overlying Silurian
Longwood Shale and Poxono Island Fonnation (limestone) are thin and rare. Devonian
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Highlands (from Gates, 1995).
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units are the lower Cornwall Shale, Bellvale Sandstone, and Skunnemunk
Conglomerate which caps the sequence.

Protoliths of the Reservoir fault rocks are preserved along the western margin
of the fault and as xenoclasts and xenocrysts within the fault zone. The protolith is
primarily a granitic to tonalitic paragneiss with antiperthite, varietal edenite to
hornblende, and/or diopside and minor ilmenite, and apatite with a granoblastic to
gneissic texture. Locally these rocks preserve early mylonititc textures (Fig. 6a). The
amphibole in this rock is F-rich (1.5-2.0 wt. %) and Cl-bearing (up to 0.5 wt. %).
Feldspar is albite with exsolution lamellae of K-spar. There are also minor amounts of
pyroxene -bearing amphibolite. In the fractured gneisses adjacent to the main fault
zone, plagioclase, edenite-hornblende and, locally diopside are replaced by F­
magnesiohastingsite along fractures and cleavage planes. Typically, the most complete
replacement occurs closest to the fracture but, in many cases, the new minerals
permeate the entire grain (Fig. 6a). Ilmenite has overgrowths of titanite.

Brittle deformation of the granitic-tonalitic gneiss ranges from veining and
fracturing in rocks adjacent to the fault to extensive fault breccia and cataclasite within
the fault zone. Feldspars are fractured or granulated and commonly offset along
microfaults that exploit mineral cleavage planes. The fractures are filled with
amphibole, epidote, calcite, chlorite, and hematite. Quartz shows extreme lattice
misorientation, much of which likely reflects submicroscopic cataclasis (see Tullis and
Yund, 1987) with minimal plastic deformation. Quartz also exhibits extensive fractures
that are filled with essentially the same minerals as feldspar. Other minerals are offset
along fractures and show extensive reaction textures.

In the mylonitic part of the shear zone, xenoclasts, xenocrysts and coarse
grained neomineralized amphibole cores exhibit brittle deformation whereas fine
grained amphibole and chlorite display marginal plastic deformation. A well developed
SOC mylonitic fabric is formed in the amphibole-rich matrix including late C' planes
(terminology of Simpson and Schmid, 1983) (Fig. 6b). S planes are composed
exclusively of fine-grained magnesiohastingsite and the cores of magnesiohastingsite
porphyroclasts whereas C and C' planes are fine-grained ferro-actinolite and actinolite
with variable amounts of chlorite. Larger grains of F-magnesiohastingsite including
porphyroclast cores commonly exhibit varying amounts of brittle fracturing primarily
as microfaulting along cleavage planes and subsequent bending of the microfault blocks
with Cl-magnesiohastingsite and chlorite filling the fractures. These large grains also
commonly exhibit mantles and asymmetric tails of fine-grained and aligned Cl­
magnesiohastingsite, ferro-actinolite and actinolite and form rotated a-type. SEM
images of the seemingly solid cores of these F-magnesiohastingsite porphyroclasts
show that most of their rims and even inner cores, in some cases, are granulated and
overgrown by epitaxial Cl-magnesiohastingsite with 1.0 to as much as 2.4 wt. % Cl but
with little to no F (Fig. 6c). The outer edge of the porphyroclast in tum is rimmed by
ferro-actinolite and actinolite. The SOC fabric, rotated porphyroclasts, and offset brittle
grains including pull-aparts consistently show a dextral transcurrent sense of shear.

Overgrowths and fracture fillings on Cl-magnesiohastingsite are optically
continuous ferro-actinolite and actinolite and subsequently actinolite + chlorite.
Commonly, the transition between the different amphiboles can only be observed in
SEM. Unlike the magnesiohastingsite assemblages, the ferro-actinolite is more
commonly intergrown with other minerals. Assemblages include fine-grained epidote,
albite, titanite, apatite, pyrite, and locally muscovite and biotite but they are still
dominated by amphibole. These minerals occur in shear bands and in veins that parallel
foliation. Biotite also shows a transition from F-rich to Cl-rich compositions within
ferro-actinolite and actinolite-bearing assemblages.

Small pockets within the main fault zone contain extensive breccia and
cataclasite that lack foliation. The matrix of these rocks is primarily actinolite. In the
well developed cataclasite parts of the shear zone, rounded xenoclasts of both protolith



A.E. GATES AND R.E. COSTA 135

Figure 6. Photomicrographs and SEM image of fault rocks from the Reservoir fault: a) Photomicrograph of
relict Grenville mylonite showing recovered quartz ribbons and CJ - type rotated quartz (q) and pseudomorphs
of feldspar (f) recording early high temperature reverse motion. All feldspar and mafic grains have been
replaced by magnesio-hastingsite. Arrows show early shear sense; scale bar = I em. b) Photomicrograph of S­
C mylonite in amphibole-rich fault rock. Porphyroclasts are dominantly magnesio-hastingsite and preserve S ­
planes (s). C planes (c) are ferro-actinolite, and actinolite, and C' planes (c') are actinolite. Shear sense is
shown by arrows; scale bar = 8 rom.
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c.

Figure 6 continued. Photomicrographs and SEM image of fault rocks from the Reservoir fault c) SEM
backscattered image of an amphibole porphyroclast from Figure 3b. The oldest amphibole is tluoro-magnesio­
hastingsite (F) and is fragmented and epitaxially overgrown by chloro-magnesio-hastingsite (C) (dark) which
is in tum fragmented and overgrown by ferro-actinolite and actinolite (A) (light). Scale bar = 20 ~m. d)
Photomicrograph of cataclasite of an actinolite + chlorite + plagioclase matrix enclosing xenoclasts of
granitic gneiss (c) and early formed amphibole-rich fault rock in various states of alteration. Scale bar = 5
mm.
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and cataclastic fault rock range up to 0.5 m but most relict components are 0.5 - 1.0 mm
xenocrysts of quartz and feldspar (Figs. 6d). The xenoclasts and xenocrysts float in a
matrix of randomly oriented 0.1 - 0.5 mm actinolite with minor chlorite, biotite, albite,
apatite, epidote and rare pyrite.

The retrograde metamorphism that accompanied shearing is reflected in
mineralogical changes. The observed protolith assemblages in granitic-tonalitic gneiss
are: diopside + low-Ca feldspar (antiperthite) + quartz + ilmenite, or edenite-hornblende
+ low-Ca feldspar (antiperthite) + ilmenite ± scapolite ± garnet. These assemblages
were produced during peak granulite facies metamorphism. The first retrograde
assemblage is magnesiohastingsite which is locally potassian and consistently a fluoro­
amphibole + titanite ±albite ±pyrite(?). Amphibole makes up about 90 to 95% of this
assemblage. The early magnesiohastingsite is F-rich but subsequent
magnesiohastingsite became progressively more CI-rich. Amphibole analyses with
equal parts of F and CI (-I%) are common. The latest magnesiohastingsite observed is
Cl-rich and contains no F. These data indicate that metamorphic fluids underwent a
transition from F-rich to CI-rich compositions that was synchronous with movement on
the Reservoir fault.

Ferro-actinolite-rich assemblages succeeded the magnesiohastingsite
assemblages and include albite, epidote, titanite, apatite, biotite(?), and chlorite(?).The
final retrograde amphibole is actinolite and it is virtually always associated with chlorite
in varying proportions. Other common associations include epidote, apatite, albite,
titanite, and biotite(?). These later assemblages are most common in cataclasites with
random grain orientations.

3.1 TIMING OF DEFORMATION

The Reservoir fault zone has a history of multiple periods of activity. Previous workers
have suggested that it underwent Alleghanian movement (Hull et al., 1986; Mitchell
and Forsythe, 1988), and that it is currently active, producing regular low magnitude
earthquakes (Ratcliffe, 1980). It has been proposed to have had Mesozoic (Lewis and
Kummel, 1912), Acadian (Finks, 1990), Taconian (Ratcliffe, 1980), and some form of
Precambrian movement (Hull et al., 1986), but these phases of motion are not as easily
documented.

Based on overprinting relations, the mechanical response of the minerals and
the chlorite-bearing assemblages of the fault rocks, shearing postdated peak granulite
facies metamorphism associated with Grenvillian orogenesis. Because quartz appears to
straddle the brittle-ductile transition, the temperature of deformation of this strike-slip
event appears to have been approximately 300 ±50° C (Tullis and Yund, 1977) or less,
which is consistent with the chlorite + actinolite + albite assemblages. On the other
hand, the presence ofearly F-rich fluids and halogen-rich fluids in general indicates that
it is related to Proterozoic metamorphism. The edenite and hornblende in the protolith
of the Reservoir fault rocks have similar F contents to the F-magnesiohastingsite within
the fault rocks. Such high F contents and halogen contents in general are common in
amphiboles and biotites within rocks that underwent Grenvillian metamorphism in the
Reading Prong (Gundersen, pers. comm., 1994). Such concentrations of halogen-rich
amphibole within fault zones or otherwise do not occur within the Paleozoic
sedimentary rocks of the Green Pond outlier. Other occurrences of amphibole
mineralization within the New Jersey Highlands are also restricted to late fault zones
within crystalline rocks (Gates, unpublished data) though Paleozoic sedimentary rocks
are common in the area. Based on occurrence and composition, the movement
accompanying amphibole mineralization on the Reservoir fault is late Middle to Late
Proterozoic in age.

Because the movement sense is unequivocally dextral, it is likely late Middle
Proterozoic. Costa and Gates (1993) have identified normal movement on the nearby
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and parallel Ramapo fault. They propose that this movement is Late Proterozoic to
earliest Cambrian and related to the opening of the Iapetus. These results are consistent
with the interpretation of lapetan rift deposits by Drake (1984) in the western Reading
Prong. Based on orientation, inferred orientation of the maximum compression
direction, and regional relations, the dextral strike-slip faulting on the Reservoir fault is
more consistent with the earlier movement on the Ramapo fault (Ratcliffe et aI., 1972)
than Iapetan rifting although oblique extension cannot be ruled out.

The timing of the multiple movement periods on the Reservoir Fault is poorly
constrained by both geochronology and the stratigraphy of the area. Clearly the
dominant deformation in the Green Pond outlier is Late Paleozoic Alleghanian and
compressional in nature (Hull et al., 1986, Mitchell and Forsythe, 1988, Herman and
Mitchell, 1991) and the Reservoir fault was certainly active during this event. Malizzi
and Gates (1989) proposed that this movement may have been dextral transpressional
rather than simply compressional. Hull et al. (1986) and Malizzi and Gates (1989)
speculated on Grenvillian movement on the fault, possibly recorded by gneissic
foliation and aligned uraniferous pegmatites. The Reservoir fault was active several
times during the Paleozoic and Mesozoic(?). Ratcliffe (1980), Mitchell and Forsythe
(1988) and Malizzi and Gates (1989) documented two post-depositional phases of
movement, one of which preserved the Green Pond outlier through west-side-up
movement. Lewis and Kummel (1912) and Ratcliffe (1980) considered the entire Green
Pond outlier to be preserved in a Mesozoic graben, the Reservoir fault having had
normal movement. Finks (1990) proposed that the thick, high energy Devonian
sedimentary rocks were deposited in a restricted dextral transtensional pulI-apart basin,
accounting for it's separation from the Catskill depocenter to the west. Ratcliffe (1980)
proposed Taconian movement on the zone as welI as neotectonism, marked by low
intensity earthquakes.

4. Morgan Hill Shear Zone

The geology around Easton, PA is characterized by a complex series of blocks of
Grenville gneiss within complexly deformed Early Paleozoic sedimentary rocks (Figs. 1
and 7). The sedimentary rocks include the Cambrian Hardyston Formation, a sporadic
basal sandstone-conglomerate of interpreted fluvial origin. The overlying carbonates
are Cambrian to Ordovician in age and include the Leithsville, AlIentown, and
Jacksonburg Formations and the Beekmantown Group and include limestone, cherty
limestone, lime mudstone, and dolomite (Drake, 1967). There are also sporadic
occurrences of lower Martinsburg Formation. The Grenville gneiss includes layered
calc-silicates, marble, granitic to tonalitic gneiss with varietal biotite, hornblende,
and/or pyroxene, alaskite, amphibolite, and pyroxene-hornblende gneiss (Drake, 1967).
Interpretations on the origins of the Grenville package are controversial and range from
a rift zone to a back-arc basin sequence. Late Paleozoic thrust faulting has shuffled
these two contrasting sequences to produce the current geometry.

Faults of alI ages abound in the Easton area. The two major fault complexes
are the Morgan Hill shear zone (Drake, 1967) and the Chestnut Hill shear zone (Fig. 7).
They are herein referred to as fault complexes because they are complexly reactivated
zones of multiple faults with a wide range of orientations, kinematics, and ages.
Subsequent faulting overprints, fragments, and block rotates previously formed fault
rocks. At least four to five fault generations can be identified in these complexes.

4.1 PEAK GRENVILLIAN SHEARING

During peak Grenvillian tectonism, the Morgan Hill and Chestnut Hill fault complexes
underwent reverse movement. Moderately southeast dipping high temperature
mylonites are well foliated, contained within most rock types, and defined by peak
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Figure 7. Geologic map of the Easton area, PA-NJ (after Drake, 1967)
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metamorphic minerals. Granitic-tonalitic and mafic gneisses contain rotated
porphyroclasts, rotated and sheared veins, and local cryptic SoC structures with
consistent reverse shear sense. The minerals contained in the mesoscopic kinematic
indicators all show static recovery textures. Sheared marble, calc-silicate, serpentinite,
and talc schist fonn a chain in the Chestnut Hill fault complex. They also record this
early reverse movement although it has largely been overprinted by later shearing. The
well foliated mylonites fonn an anastomosing pattern within the calc-silicate-marble
bodies. They exhibit some SoC development but shear sense is more readily detennined
by drag of amphibole and mica grains at the fault block-mylonite interfaces.

4.2 LATE- POST-GRENVILLE STRIKE-SLIP SHEARING

Sinistral strike-slip shear zones cross the Grenville reverse shear zones within the
Morgan Hill shear zone. These later shear zones are thin (5-20 m), steeply southwest­
dipping bands of mylonite that anastomose across the area. The mylonites are well
foliated and contain highly strained marginally ductile quartz but brittle feldspar and
magnetite. The feldspar and large magnetite grains within quartz-magnetite rocks show
brittle pull apart textures with antithetic microfaults (Fig 8a). Quartz fonns type A
ribbons and rotated porphyroclasts. These kinematic indicators show consistent sinistral
strike-slip offset. No significant strike-slip faulting has been identified in the Chestnut
Hill fault complex.

4.3 IAPETAN EXTENSIONAL SHEARING

Significant nonnal movement has been identified in both the Morgan Hill and Chestnut
Hill fault complexes. Steeply southeast-dipping mylonites cut off and fragment both
the Grenville reverse shear zones and post-Grenville strike-slip zones in the Morgan
Hill complex. Well developed SoC mylonites to ultramylonites occur within granitic
rocks along the southeast margin of the Morgan Hill block (Fig. 8b). The highly
foliated matrix is composed of highly recrystallized quartz, chlorite, muscovite, and
feldspar, and defines the C planes. Relict feldspar grains fonn the cores of rotated
porphyroclasts and commonly show brittle pull apart textures. Late spaced C' planes
offset the C planes. All kinematic indicators show a consistent and purely nonnal sense
of shear.

The shear zones within the calcsilicate-marble pods were strongly reactivated
during this event. The anastomosing shear zones contain well developed fibrous
slickensides of both asbestifonn serpentine and amphibole as well as talc schist. The
lensoidal fault slivers between the anastomosing shears show reaction enhanced
ductility along their margins to fonn the highly foliated mylonites (Fig. 8c). These
slivers are fragmented in a complex sequence of fractures. On the microscopic scale, S­
C fabrics are evident as well as rotated xenoclasts and porphyroclasts. All kinematic
indicators yield an unequivocal nonnal sense of shear.

There is a near vertical northwest striking zone of megabreccia within the
Morgan Hill complex. Clasts ranging from 2m to microscopic are randomly oriented
within a chloritic matrix. The edges of the unit are sheared and minor shear zones
penneate it. It appears to be a fault zone. However, enclosed within the zone is a folded
and rootless layer of sedimentary rock. The layer contains a 6 cm thick graded bed from
coarse sand to shale and several I to 2 cm thick graded silt to shale beds with
laminations (Fig. 8d). The framework grains in the sandstone are predominantly K­
feldspar with subordinate amounts of quartz, plagioclase, and rock fragments. These
deposits are interpreted as turbidites from their composition and geometry. The problem
is that no unit in the overlying sequence matches this unit. The only possible equivalent
is the Chestnut Hill Fonnation of Drake (1984) which is proposed to be an lapetan rift
deposit. Where we have observed the Chestnut Hill Fonnation, it contains 2 to 3 cm
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Table I. Timing and Kinematics of Fault Activity in the Northern Reading Prong.

p P
(?) =none identified.
NW =northwest-striking, all others are northeast-striking

EVENT AGE RAMAPO RESERVOIR MORGAN
FAULT FAULT HILL FAULT

Grenville 1.2 -1.0 Ga reverse, reverse, ductile reverse, ductileductile (?)

Post- 1.0-0.9 Ga (?) dextral, dextral, brittle- sinistral (NW)
Grenville ductile ductile ductile

Iapetan(?) 1.0-0.9 Ga- normal, (?) normal, brittle-
Cambrian ductile ductile

Taconian Middle reverse, (?) (?)Ordovician ductile

Acadian Devonian dextral· dextral· (?)

Alleghanian Carboniferous reverse, reverse/dextral reverse, brittlePermian ductile brittle

Atlantic Mesozoic normal, sinistral(?), (?)
brittle brittle

Current yes Yes No

- ro ose J In other stuGles ut no eVlOence tounG here.

The first reactivation after Grenville compression was the dextral strike-slip
event recorded in both the Ramapo and Reservoir zones and as conjugate sinistral zones
in the Morgan Hill complex (Fig. 9b). Ratcliffe (1971) reports that the dextral shearing
on the Canopus segment of the Ramapo fault lasted from at least 1,062 Ma to about 900
Ma. Gates (1995) reported that dextral shearing was pre-Iapetan but occurred after
1,000 Ma on the Reservoir fault. The sinistral faults in Morgan Hill similarly are post­
Grenville but pre-Iapetan. Helenek (1987) proposed a regional Proterozoic strike-slip
event in the Reading Prong. Gates (1995) proposed that this event is orogen-wide and
reflects escape tectonism during the later stages of the Grenville orogeny. The Grenville
orogeny is proposed to represent a Himalayan-type event (Windley, 1986). Therefore,
just as in the Himalayas, late strike-slip deformation related to tectonic escape is
consistent (Burke and Sengor, 1986). Only with more data can the magnitude of this
event be judged.

The Iapetus Ocean formed as the result of extension normal to the Appalachian
orogen beginning in the late Proterozoic and lasting until approximately 570 Ma (Fig.
9c) (Rankin, 1975; Rankin et al., 1993). Southeast-dipping mylonites and cataclasites
developed under greenschist and lower amphibolite facies conditions during crustal
extension (Bailey and Simpson, 1993; Simpson and Kalaghan, 1989). This extension
was accompanied by severe hydration of basement rocks (Evans, 1991) and intrusion of
Proterozoic plutons (see Rankin et al., 1993). Evidence for this Late Proterozoic rifting
episode in the northern Reading Prong is provided by the presence of northeast-striking
mafic alkalic dikes in the New Jersey Highlands (Puffer et al., 1991) and probable rift
generated northeast-striking metadiabase dikes in the Hudson and New Jersey
Highlands (Ratcliffe, 1987). Additionally, Drake (1984) identified lapetan rift deposits
in the Easton, PA area. The normal faulting, excessive hydration of the country rock
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Figure 8. Photomicrographs of rocks from and near fault zones in the Easton area. a) Rare brittle pull-apart
orthoclase grain within a quartz-magnetite matrix from conjugate sinistral strike-slip zone in the Morgan Hill
fault complex. Large arrows show overall shear sense of mylonite, small arrows show antithetic movement
along cleavage planes in feldspar. Scale bar = 8 mm. b) S-C mylonite from an Iapetan normal fault from the
Morgan Hill complex. Light bands are dominated by quartz and feldspar (qt) and preserve S planes (S). Dark
bands are mica-rich (m) and define C planes (C). Both dark and light bands are cut by C' planes (C'). Arrows
indicate shear sense; scale bar = I em.
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Figure 8 continued. Photomicrographs of rocks from and near fault zones in the Easton area. c) Relict lens of
calcsilicate (C) being dragged into a talc-rich shear zone from the Chestnut Hill shear zone. Arrows indicate
shear sense; scale bar = 5 mm. d) Sedimentary contact between coarse-sandstone to granule conglomerate (C)
and siltstone (S) from the Morgan Hill shear zone. Clasts in the sandstone-conglomerate are primarily feldspar
with lesser amounts ofquartz. All layers show normal grading. Scale bar =4 mm.
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Figure 8 continued. Photomicrographs of rocks from and near fault zones in the Easton area. e) Mica-rich
band of mylonite from the (apelan normal faults in the Morgan Hill fault complex showing superimposed
spaced crenulation cleavage interpreted as the result of Taconian or Alleghanian compression. Scale bar = 3
mm.
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garnets and is ubiquitously sheared. Along strike it merges into a chloritized breccia.
Therefore the sedimentary rock is likely part of the Iapetan rift sequence and either a
unit that has subsequently been removed by erosion and not represented in the cover
sequence or else it is a less deformed and metamorphosed version of the Chestnut Hill
Formation.

In the vicinity of the normal faults, the crystalline rocks have undergone
severe hydrothermal alteration. Most of the feldspars and varietal mafic minerals have
been replaced by intergrowths of chlorite, sericite, and hematite. Even in fresh samples,
the feldspars appear corroded and pseudomorphed. Adjacent to the Chestnut Hill
Formation, hematite was commercially mined. In all other instances in the northern
Reading Prong, only magnetite is mined for iron. These textures and mineralogy
indicate excessive alteration relative to the other rocks in the area.

4.4 PALEOZOIC THRUST/REVERSE FAULTING

There is extensive post Middle Ordovician deformation recorded in the cover sequence
in the Easton area. Folding, thrust faulting, pervasive cleavage formation, veining, and
emergence of the basement blocks are all products of this deformation. The crystalline
rocks contain thin chloritized fault zones that are well developed in segments along the
basement block margins. These faults further fragment and segment the preexisting
faults. Thrust faults also occur less commonly within the basement blocks where they
appear as fine grained well foliated layers of chlorite and muscovite. Shear sense
appears consistently reverse as indicated by fibrous slickensides and S-C fabric within
the zone. The mylonitic part of the fault is clearly the result of reaction enhanced
ductility (White and Knipe, 1978). There is also crenulation cleavage developed on the
Iapetan mylonites during this event (Fig. 8e).

There are also several north-northeast and north-northwest striking and near
vertical strike-slip faults that are especially prevalent in the Chestnut Hill block. The
faults are identified on map scale by offsets of contacts on the order of lOs to at most
IOOs of meters and in the field by horizontal polished slickensides. These faults could
be features that were produced late in Paleozoic compressional activity or else as the
result ofMesozoic extension.

5. Fault Reactivation and Tectonics

Ratcliffe (1980), Drake (1984), and Hull et al. (1986) proposed the development of
several major fault systems in the northern Reading Prong during high grade
metamorphic conditions and compressional tectonics of the Grenville Orogeny (Table
1, Fig. 9a). The timing of this event is controversial because some workers argue that
there were two peak events between 1.2 Ga and 1.0 Ga (Mose, 1982; Helenek and
Mose, 1984; Helenek, pers. comm., 1994) whereas others argue for a single protracted
event (Rankin et at., 1993). Although the fault systems are marked by rocks that record
high strains, virtually all rocks in the Reading Prong underwent significant deformation
at this time. Several of the fault systems continued to be active until well after the peak
of the Grenville orogeny and developed into major zones of crustal weakness. The
crystalline blocks between these zones exhibit largely only minor and sporadic
deformation after this consolidation event. These deformations are manifested in minor
faulting, and jointing, and rigid block translations and rotations. Virtually all of the
stress imposed upon this area subsequent to the Grenville orogeny was absorbed by
several fundamental zones of crustal weakness while the crustal blocks between them
remained rigid and passive.
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Figure 9. Tectonic model for the formation and reactivation of the major faults in the northern Reading Prong:
a) Middle Proterozoic Grenville compression, reverse movement on Ramapo, Reservoir, and Morgan Hill
shear zones, and penetrative internal deformation of crystalline fault blocks as indicated by patterns, b) Late
Middle Proterozoic dextral strike-slip reactivation of the Ramapo (Canopus), and Reservoir shear zones and
conjugate sinistral movement on the Morgan Hill shear zone, c) Late Proterozoic normal reactivation of the
Morgan Hill and Ramapo shear zones, hydration of Grenville gneiss, and fault controlled deposition of rift
sediments.
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Figure 9 continued. Tectonic model for the formation and reactivation of the major faults in the northern
Reading Prong: d) Taconian (Middle Ordovician) reverse reactivation of the Ramapo, and likely the Reservoir
and Morgan Hill shear zones, e) Alleghanian (Late Paleozoic)reverse and dextral strike-slip reactivation of the
Ramapo, Reservoir, and Morgan Hill shear zones, 1) Mesozoic normal reactivation of the Ramapo fault and
deposition.
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associated with these faults, and the sedimentary rock found within the Morgan Hill
shear zone are consistent with Late Proterozoic extension. Brock (1989) correlated late
Precambrian to early Cambrian rift-to-drift metasedimentary and metavolcanic rocks of
southeast New York and eastern Connecticut to the break-up of the Proterozoic
supercontinent. Late Proterozoic rifting along the Ramapo fault system, although not
previously identified, is consistent with the continental extension elsewhere along the
east coast ofNorth America.

Ratcliffe (1971; 1980) suggests that the Ramapo fault system was reactivated
as a reverse fault during the Ordovician Taconian orogeny (Fig. 9d). The dominant
southeast-dipping ductile foliation in the Ramapo fault system was formed during this
event. Late Ordovician mafic dikes cross the fault and provide a minimum age for the
timing of faulting. Taconian deformation has been proposed for both the Reservoir fault
(Ratcliffe, 1980; Hull et al., 1986) and the Morgan Hill fault complex (Drake, 1984)
but direct age constraints are lacking. Both areas contain deformed pre-Taconian
sedimentary rock and exhibit the classic Taconian unconformity but direct evidence of
fault movement is lacking. It is, however, likely that both faults were active at that time.

All of the fault systems had demonstrable post-Ordovician reactivation (Fig.
ge). Two complex systems of brittle faults overprint the Taconian mylonite in the
Ramapo fault. Relative dating of the two different ages is demonstrated by overprinting
relations. The first episode is the result of a west-northwest maximum compression
direction and offsets Late Ordovician dikes. Faulting includes both reverse and strike­
slip components. Ratcliffe (1971) demonstrated Acadian dextral strike-slip movement
on the Canopus segment of the Ramapo fault as well, but it is in uncertain relation to
that shown in the New Jersey segment. Alleghanian deformation including both
compression (Mitchell and Forsythe, 1988) and dextral strike-slip (Malizzi and Gates,
1989) is well documented along the Reservoir fault. Faulting as well as folding and
cleavage development are evident in the Skunnemunk conglomerate and all of the older
formations in the Green Pond outlier. The middle Devonian Skunnemunk conglomerate
is the easternmost exposure of Catskill facies deposition which resulted from the
building of the Acadian highlands. Deformation of this rock must have postdated the
Acadian orogeny and therefore is Alleghanian. The Morgan Hill and Chestnut Hill fault
complexes were also strongly reactivated during the Alleghanian. The thrusting of the
basement rocks over the Early Paleozoic cover sequence that forms the alternating
sequences across the Easton area is Alleghanian (Drake, 1984). Both the cover and
basement are riddled with thrust faults of all sizes. The cover rocks exhibit well
developed Alleghanian folds and cleavage as well (Drake, 1984).

The second episode of brittle faulting in the Ramapo fault is the result of an
approximately north-south maximum compression direction. Malizzi and Gates (1989)
attributed a late brittle overprint on the Reservoir fault to a Triassic maximum
compression based on correlation with structures in the Newark basin which indicate a
maximum compression direction of 0200 (Lucas et al., 1988). Geiser and Engelder
(1983) reported a similar trend for maximum compression which deformed middle
Carboniferous strata in the Appalachian Plateau of eastern Pennsylvania. Mitchell and
Forsythe (1988) analyzed structures which developed in Silurian and Devonian rocks
of the Green Pond outlier and attributed them to an approximate north-south trending
maximum compression direction. Geiser and Engelder (1983) and Mitchell and
Forsythe (1988) both consider the late phase brittle deformation to be the second phase
of a non-coaxial Alleghanian deformation. None of the studies, including this one,
provides any direct evidence which can be used to determine whether this late stage
brittle deformational event is Late Paleozoic or Triassic in age. The brittle mineral
responses of the latest movement are consistent with those proposed by Ratcliffe
(1980) for Triassic reactivation of the Ramapo fault. This Mesozoic reactivation of the
Ramapo fault formed the northwestern margin of the large Newark rift basin (Fig. 9f).
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A population of southeast- and northwest-dipping right-lateral strike-slip faults
have corresponding maximum compression directions uncommon to Alleghanian and
Triassic defonnation. These brittle faults are difficult to constrain. The east-north-east­
and west-south-west-trending maximum compression directions may represent
continued post-Triassic clockwise rotation of compression. This third maximum
compression trend is similar to proposed Jurassic maximum compression (Ratcliffe and
Burton, 1985). The nonnal reactivation of Ordovician dikes and the northeast trend of
Jurassic Watchung basalt flows are also consistent with this Jurassic paleostress
direction.

6. Conclusions

Fundamental zones of crustal weakness in the Reading Prong of Pennsylvania, New
Jersey and New York were established during Grenvillian orogensis. Three of these
zones, the Ramapo, Reservoir and Morgan Hill shear zones, were reactivated multiple
times thereafter and contain evidence of the major orogenic and extensional events of
the central Appalachians. The crystalline rocks between these shear zones appear to
have experienced relatively little defonnation during the reactivations. The tectonics of
the area appears to have reflected passive movement of rigid crystalline blocks with the
great majority of the strain taken up at their margins which comprise the shear zones
studied.
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Abstract

The most recent data indicate that, in the Sardinian-Corsican Massif, the
Variscan ocean was formed in northern Sardinia during middle Ordovician
times by transtension tectonics. The quasi-contemporaneous development
of the" Sardinian Phase" transpression folding suggests that the oceanic
area was opened as a transtension pull-apart basin, along a mega-shear
zone.The middle Ordovician magmatic rocks outcropping in central
Sardinia do not represent (as proposed by Carmignani et ai., 1992) an arc
related to subduction processes, but they are connected to transtension
tectonics marking the break-up of the continental crust and the subsequent
opening of the oceanic area. In agreement with Pin and Marini (1993),
middle Ordovician magmatism in the Sardinian-Corsican Massif can be
related, as in the Central Europe Variscan chain, to ensialic extension
causing crustal thinning and initiating rifting.

Introduction

The most recent studies (Carmignani etai., 1979; 1981; 1992, with refe­
rences; Minzoni, 1988; 1992) suggest that the Sardinian-Corsican Massif
(SCM) was formed, as the European Variscan chain, by the collision of
two passive margins. In the SCM, the collision is documented by the
"Asinara-Posada Oceanic Suture" (APOS) in northern Sardinia
(Figs. 1,2,40). The oceanic nature of this line is indicated by the occurrence
ofmafic rocks displaying a composition similar to modem evolved oceanic
tholeiites (Cappelli et ai., 1991-92). Although these rocks were retrograded
in the amphibolite facies during late Variscan metamorphism, they still
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contain granulite and eclogite relics (Ghezzo et ai., 1980), which may be
related to subduction processes.
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Figure 1.Main structural elements of the Sardinian-Corsican Variscan Massif. Arrow in­
dicates tectonic transport of nappes outcropping in central-northern Sardinia. Middle­
late Ordovician magmatic complexes occur in the nappe zone. APOS: Asinara-Posada
Oceanic Suture. NE Corsica is characterized by the occurrence of Mesozoic-Cenozoic
Alpine chain. See text for further explanations.
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A strong magnetic anomaly along the APOS (Cassano et al., 1979) is
probably connected to important buried mafic bodies, (Fig. 2), thus sugge­
sting a crustal-scale structure fonned by the convergence and collision of
two ancient passive margins. Consequently, the mafic rocks exposed at the
surface and inferred from geophisics to be buried at depth are presumed to
represent fragments of oceanic crust, emplaced along the contact between
the two margins.
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The area south of the APOS represents the southern paleomargin, overth­
rust by the northern one. In fact, this area is characterized by the occurrence
of a wide nappe zone (NZ) in which the allocthon units show a tectonic
transport toward a southern external zone (Fig. 1), and a low to medium­
grade Barrovian metamorphism developed during Variscan times
(Carmignani et ai., 1981; Del Mora et al., 1991).
The northern margin, represented by northern Sardinia and Variscan
Corsica, is composed of Variscan metamorphic rocks (radiometric dating:
Beccaluva et ai., 1985). However, in NW Corsica a pre-Cambrian
migmatite complex (Carmignani et ai., 1992) is unconformably overlain by
an early Paleozoic succession (Baudelot et al., 1977) affected by very low­
grade Variscan metamorphism (Fig. 3).
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Figure 3. Geological setting of NW Corsica. after Baud~lot et al., 1977. simplified. 1:
basement of pre-Cambrian age; 2: middle Cambrian-early Ordovician siltite and
sandstone. 3: late Ordovician-Silurian deposits (3a: conglomerate; 3b: siltite and shale;
3c: sandstone). Middle Ordovician compression tectonics are suggested by folding in
middle-Cambrian-early Ordovician sequences and by OCCWTence. in overlying middle-late
Ordovician sediments. of basal conglomerate and. in 3b, of early Ordovician reworked
microfossils.
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A SmlNd whole rock isochron on an amphibolite from the APOS yields an
age of 960±93 Ma for the protolith (Cappelli et al., 1991-92).
The middle Ordovician magmatic rocks of central Sardinia (Fig. 7) are

represeted by subaerial and submarine volcanics, ranging from rhyolite to
sub-alkaline basalt (Memmi et al., 1982). The late Ordovician volcanics,
outcropping in central-northern Sardinia, are represented by alkali basalt.
Using these data, Cannignani et al., (1992) proposed a geodynamic cycle
implying opening of an oceanic area, along the present APOS, during pre­
Cambrian times and B-type subduction processes, accompanied by the
formation of a magmatic arc in central Sardinia, during the middle
Ordovician.
This proposed cycle conflicts with several data resulting from recent

studies. The aim of this paper is to propose a geodynamic cycle consistent
with all available data.

1. The Variscan cycle

1.1. EARLY-MIDDLE CAMBRIAN
The oldest deposits outcrop in southern Sardinia (FigA A). In this area, an
early Cambrian succession, consisting of terrigenous sequences which
grade upward into Archeocyat and Trilobite-bearing carbonate sequences
(a in Fig. 4 A), covers a pre-Cambrian crystalline basement. The middle
Cambrian is represented by a carbonate platform (b , in Fig. 4A).
All of these sediments were deposited in a continental shelf environ­

ment characterized by delta systems evolving in oolite lagoonal and arid ti­
dal-flat areas (Boni and Cocozza, 1978; Boni and Gandin, 1980; Cocozza,
1980; Gandin, 1987). This indicates that southern Sardinia was affected,
during this long period, by a very slow subsidence.

1.2. MIDDLE CAMBRIAN-EARLY ORDOVICIAN
During this time, extension tectonics affected the whole SCM.
Contemporaneous with extension are intrusion of alkaline granitoids
(Delaperriere and Lancelot, 1989) and sedimentation of epicontinental ter­
rigenous deposits (Albani et al., 1985; Martini et al., 1991; Minzoni, 1988;
1992) showing different thickness in adjoining areas (c, in Fig. 4 A).
This indicates that sedimentation was governed by normal growth faults

forming, throughout the SCM, a horst-graben structure.
This paleogeographic setting conflicts with the occurrence of an oceanic
area along the APOS before early-middle Ordovician times.

1.3. MIDDLE - LATE ORDOVICIAN
The middle Ordovician is characterized by a sudden, strong tectonic acti­
vity, intense magmatism, and sedimentation (Fig. 4). Compression and
extension tectonics developed contemporaneously throughout SCM. The
compression tectonics are mainly expressed by the "Sardinian Phase"
folding in southern Sardinia (Fig 4B). According to Baudelot et al.,
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(1977), similar defonnation occurs in northern Corsica (Fig. 3 and 4B).
The extension tectonics are documented by the effusion in central Sardinia
(Memmi et al., 1982) of abundant acidic, intermediate and basic volcanics
(Fig.7), showing calc-alkaline characteristics, and especially by the
deposition (Minzoni, 1988; 1992) of a thick turbidite trough-filling
succession in central- northern areas of the island (Fig. 4B). On the
contrary, central-southern Sardinia and northern Corsica (Fig. 4B) was
characterized by deposition of epicontinental terrigenous-carbonate
sediments (Carmignani et ai., 1992).
The late Ordovician is characterized by sedimentation of epicontinental
deposits in central-southern Sardinia and northern Corsica, while central­
northern Sardinia was still receiving turbidite sedimentation (Fig. 4B).
The magmatism is represented by alkali basalt (Fig.7) in several areas of
central-northern Sardinia (Memmi et al., 1982).
These data indicate that extension tectonics are the most important aspect
of middle-late Ordovician geodynamics and that they developed with in­
creasing intensity from central Sardinia northward. This suggests that the
APOS represents maximum extension of the geodynamic system and the
oceanic area opened from middle Ordovician times (Fig. 4B).

1.4. SILURIAN-EARLY DEVONIAN
During this time, the SCM was characterized, (Cannignani et al., 1981), by
deposition of Graptolith-bearing black-shale and Tentaculite-bearing
carbonate sequences (Fig. 4C).

1.5. MIDDLE DEVONIAN-EARLY CARBONIFEROUS
This time period is characterized by convergence and collision of the pas­
sive margins formed from middle Ordovician onwards (Fig. 4C, D).
These processes are documented by two tectonic-metamorphic events.

An early event, related to subduction, is indicated by the occurrence of
eclogitic relicts in the amphibolites scattered along the APOS (Carmigani et
al., 1992). In Sardinia, this metamorphism has not been dated; however, it
occurs in several European Variscan oceanic sutures, where radiometric
dating yields ages between 430 and 380 Ma (Peucat and Cogne, 1977;
Peucat et al., 1982; Ducrot et at., 1983; Peucat, 1986; Paquette et at.,
1985; Quadt and Gebauer, 1988); the eclogitic metamorphism has been
interpreted as related to subduction stage ( Matte, 1986; Bodinier et at.,
1986; Bouchardon et ai., 1989; Pin, 1990; Pin and Marini, 1993).
A subsequent event, connected to collision, is documented by the

Barrovian metamorphism dated at about 350 Ma in central Sardinia (Del
Moro et at., 1991).This metamorphism, of low to medium grade, increases
downward and especially northward (from NZ to APOS) from greenschist
to amphibolite facies. It was sincronous with defonnation that is characteri­
zed by formation of isoclinal south-facing recumbent folds, affected by
pervasive schistosity and strong stretching lineations, and by emplacement
of nappes. During the thrusting of the northern margin over the southern
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one, relics of eclogitic oceanic crust were trapped along the APOS. The
collision caused crust-mantle detachments, crustal stacking, migration of
deformation, metamorphism from northern Sardinia southward and
emplacement of allocthon units in the NZ (Fig. 40).

-Soulhern Serdlnfe-t---Cenlrel Serdlnle--~-NorlhornSerdlnll --r---cors/ce--

Early Cambrian - E.rly Otdovklln

@ ................~~ ~~------ ~~~~~ --
La" OnoNu - Eaf'ly C.,,".nlh,,,. ~ ... It~

Figure 4. Proposed geodynamic cycle in Sardinian-Corsican Massif. APOS: Asinara­
Posada Oceanic Suture. Compression tectonics, indicated by folding of the"Sardinian
phase", developed contemporaneously with extension tectonics, documented by effusion
of volcanics in central Sardinia and by sedimentation of turbidite succession in central­
northern Sardinia. See text for further explanation.



162 THE VARISCAN GEODYNAMIC CYCLE

On the basis of their litho-stratigraphic characteristics, the nappes may be
divided into internal and external, both indicating different paleogeographic
domains developed along the southern paleomargin. The internal nappes
mainly consist of middle-late Ordovician turbidite sequences deposited in
the internal basinal area, formed south of the APOS. On the contrary, the
external nappes are composed of middle Cambrian-early Ordovician terri­
genous succession grading upward into middle-late Ordovician
epicontinental sequences deposited in external domains. Therefore, the
nappe emplacement is the result of inversion tectonics, which was realized
by exploiting of middle Cambrian-early Ordovician (external nappes) or
middle-late Ordovician normal faults (internal nappes).
The external area, in southern Sardinia, is a fold-thrust belt characterized

(Carmignani et aI., 1981; Minzoni, 1992) by medium to steeply-dipping
axial plane cleavage. The Variscan metamorphism is of low grade and
increases downward. The lowermost structural levels are characterized by
sub-horizontal schistosity, greenschist facies metamorphism, tight isoclinal
recumbent folds and detachment of the Paleozoic successions from the pre­
Cambrian crystalline basement.

1.6. MIDDLE-LATE CARBONIFEROUS
During the middle-late Carboniferous, the sediments eroding from the front
of the developing mountain chain and accumulaing in the foreland, were
strongly deformed and overthrust by the southward advancing nappes
(Culm-type flysch). The latest stage of the Variscan cycle is represented by
the emplacement of abundant granitoids. The plutonism ended about 275
Ma ago; it probably took place during post-orogenic crust extension at least
partially concomitant with the development of the late Carboniferous-early
Permian molasse basins (Carmignani et aI., 1992).

2. Discussion and conclusions

The data presented here indicate that the oceanic area along the present
APOS began to form from middle Ordovician times. In fact, only from the
middle Ordovician did a basin area form in northern Sardinia. In this
framework, the radiometric age of the APOS amphibolite protolith (960 ±
93 Ma) is probably due (as suggested by Pin and Marini, 1993, for other
areas of the European Variscan chain) to crustal contamination.
The formation of the basinal area in northern Sardinia (and therefore the

opening of the ocean along the APOS) was quasi-contemporaneous with
the "Sardinian Phase" compression structure in southern Sardinia. This is
consistent with deformation along a mega-shear zone. The oceanic area of
the APOS may be considered as a pull-apart basin formed by transtension
while the "Sardinian Phase" folding is probably the result of transpression.
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Figure 5. Central-Southern Europe Variscan Chain (modified and simplified from Matte
1986, Franke 1989,Pin and Marini, 1993 ).1 : nappe and external zone. 2: innermost
nappe zone, with ophiolitic remnants. 3: outher foredeep basin. 4: crystalline basement.
5: strike-slip faults. 6: main overthrust. 7: nappe tectonic transport. 8: Alpine chain. 9:
early-middle Ordovician "bimodal" magmatics. 10: ophiolitic suites.

In this framework, the middle Ordovician magmatic rocks outcropping in
central Sardinia (Fig. 7) cannot represent, in spite of their calc-alkaline
characteristics, an arc related (as proposed by Carmignani et aI., 1992), to
subduction processes; in fact, they are closely connected to the transtension
tectonics leading to opening of the oceanic area. In this way. the middle
Ordovician magmatic rocks of cental-northem Sardinia can be related, as
the "bimodal" magmatics of the European Variscan Chain (Pin and
Lancelot, 1982; Pin and Marini (1993), to extension tectonics marking the
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break-up of continental crust and the subsequent opening of oceanic areas
(Fig. 5).
The production of alkali basalt during the late Ordovician in central­
northern Sardinia (Fig. 7) can be connected to crustal thinning and
initiating rifting in an ensialic extension setting.
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Figure 6. Area affected by Caledonian orogenesis and "Sardinian Phase" (after Zwart and
Dornsiepen 1980).

Like the European Variscan sutures, the APOS is characterized by a
scarcity of oceanic remnants. This may be due to dynamics that led to the
opening of several transtension pull-apart oceanic areas, along a mega­
shear zone (Vai, 1991), formed in connection with the Caledonian orogeny
(Fig. 6). This may also explain the extraordinary geometrical complexity of
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the European Variscan belt, its unusual width and its space-time develop­
ment; indeed, the oceanic areas in the Variscan Europe were opened during
early Ordovician times (pin and Marini, 1993, with references), while the
present APOS was opened starting from the middle Ordovician.
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Figure 7. Si02-NbfY diagram for middle-late Ordovician magmatics of central-northern
Sardinia. The middle Ordovician is characterized by effusion in central Sardinia of
volcanics ranging from rhyolite to sub-alkaline basalt. The late Ordovician is
characterized by effusion in central-northern Sardinia of alkali basalt. Symbols indicate
samples from different areas of central-northern Sardinia
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Abstract

Ground geologic, structural, radiometric, magnetic, and horizontal-loop
electromagnetic data (surface and mining) have been applied to follow the surface and
downward extension of the uranium mineralization showings ofEI-Erediya prospect
area, located in the Central Eastern Desert, Egypt.
EI-Erediya uranium mineralization is associated withjasperoid silica veins hosted

in the EI-Erediya granite which is one of the later phase plutons of the Egyptian
granitoids (550-590 Ma). The silica veins fill tensional fractures related to ENE
normal faulting and to its feather fractures. Geologic and structural investigation of the
area indicate a supergene origin for silica veins and uranium mineralization. Firstly, a
silica rich solution altered the granite and leached its uranium later and precipitated it
in open ENE fractures along with iron sulfides. A second phase of uranium
mobilization and concentration was accompanied by tectonic rejuvenation ofENE
fractures. During this phase uranium becomes more concentrated in a second jasperoid
silica solution which cements the brecciated early silica veins and the host granite at
contacts. A third remobilization process is indicated by surface leaching and alteration
of the early formed pitchblende and iron sulfides and redistribution of secondary
uranium mineralization and hematitization along different fractures and alteration
zones.
Integration of magnetic data with bedrock geology led to the construction of a

basement tectonic map which aided in identifying mineralization for the area under
consideration. The interpretation of the horizontal-loop electromagnetic data of the
surface profile (00 NS) and the mining profiles indicate the presence of conductive
zones. These zones are mainly associated with the jasperoid veins, shear zones, and
fault zones. The conductive parameters such as location, width, dip, depth, and
conductivity thickness were estimated for each conductive zone, as averaged from the
utilized four frequencies.
The present study suggests a supergene origin for EI-Erediya V-mineralization

which should be considered in future development of this occurrence.
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1. Introduction

S. RABIE, A. ABDEL-MEGUID & A. ASRAN

EI-Erediya prospect area (Fig. 1) is located at about 30 Km south ofQena-Safaga road
at El-Faroukiya station (Km 85 from Qena), and forms the southwestern part of Gabal
(G) EI-Erediya granitic mass along Wadi (W) EI-Erediya.
Radioactive anomalies and uranium mineralization have been discovered in the

area by airborne radiometric survey (Ammar, 1973) and by ground survey (EI-Kassas,
1974). These studies revealed that the recorded radioactive anomalies in the prospect
area are caused by secondary uranium mineralization associated with jasperoid veins.
They also demonstrated that important radioactive showings are associated with a set
of parallel NE-SW trending fractures which cut across the southwestern part of the
granitic mass.
An exploratory mine was excavated at the Wadi level to follow the mineralization

(Fig.2). Detailed geologic mapping of the mine (EI-Tahir, 1985) revealed a relative
increase in U- mineralization represented mainly by secondary uranium minerals and
by some sulfide minerals in higWy fractured granitic and/or jasperoid veins. He
suggested that a significant mineral deposits may be reached in the reduction zone.
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Figure 1. Location map ofG. El-Erediya prospect
area, Central Eastern Desert ,Egypt.

Figure 2. Plan of the executed exploratory mining
works in El-Erediya prospect area (After El­
Tahlr.J985).

Subsequent ground geophysical investigations are currently being executed in the
area,(Rabie et al., 1992) where early results recommended further surface and mining
geophysical activities. The present work reports detailed geological and structural
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mapping of the prospect area, ground radiometric, magnetic and horizontal-loop
electromagnetic surveys. These investigations were conducted to explore any
radioactive anomalies and any subsurface extensions of the mineralization below the
mine level and to closely investigate the relations between the discovered
mineralization, and the geological and structural features of the area. All these studies
have been carried out on a base topographic (Fig.3) and tachometric maps with a fixed
ground grid 20 X 50 ms prepared for this study.
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Figure 3. Topographic map ofEl-Erediya prospect area, Egypt: contours in
meters above wadi level, contour interval =10m.
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2. Geological Investigations

2.1. GEOLOGY OF THE AREA

EI-Erediya granite mountain is part of a large younger granitic batholith extending
northwards and belongs to the Egyptian younger granitoids which intruded between
550-590 Ma (EI-Shazly et aI., 1980). These granites, especially their late-more
siliceous- phases, are characterized by high radioactivity (Hussein and EI-Kassas,
1979; Abdel Meguid, 1986). EI-Erediya granitic mass has an oval shape extending
NW with length of about 6.5 km and width of about 2.5 km. It intruded metavolcanics
which have been thermally metamorphosed to hornfelsic amphibolites at the contacts
and in the remnant roof pendant. The pluton was subsequently altered mainly by
kaolinitization, silicification, and ferrugination, especially along fractures and shear
zones. Structurally the granitic mass is bounded by two parallel NW trending regional
faults. The granite mass is also cut by minor faults trending NE, NNE, N-S, and NNW
in addition to local fractures, joints, and shear zones with the same trends. Topography
and uranium mineralization in the prospect area are mainly governed by the NW
fractures and its feathers (Figs. 3 & 4).
Several pegmatite and aplite dikes which are related to the granitic magma cut

through the pluton and through the country rocks. The granite is also cut by basic and
lamprophyric dikes. Several jasperoid silica veins fill fractures in the shear zones.
Uranium mineralization is associated with these veins. The following is a brief
description of these rocks beginning with the oldest.

2.1.1. Horn/elsic Amphibolite
These rocks occupy the southwestern and central parts of the area (Fig.4). They are
essentially comprised of hornblende and plagioclase feldspar with subordinate chlorite
and orthoclase. Minor constituents include actinolitic hornblende and tremolite shreds,
bent biotite flakes altered to chlorite, iron oxides, and epidote. Accessory minerals
include sphene, ilmenite, and magnetite.

2.1.2. Pink Granite
They are composed of (in decreasing order) potash feldspar (orthoclase, orthoclase
microperthite, microcline, and microcline microperthite), quartz (subhedral, sieved by
zircon, and exhibite bohemae laminae of fluid and solid inclusions), plagioclase (sodic
oligoclase and albite and secondary albite), and minor biotite. The accessory minerals
are zircon, magnetite, sphene, and ilmenite.

2.1.3. Pegmatite
They are of minor abundance and composed of intergrowth of orthoclase with quartz
and microcline. Some pegmatite bodies are traced on the geologic map (Fig. 4), while
others are so small to be traced at the present map scale.
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Figure 4. Detailed geological and structural map ofEI-Erediya prospect area. Egypt:
Symbols are: J. Wadi deposits. 2. Alluvial terraces. 3. Aplite veins, 4. Pigmatite body.
5. Basic dike. 6. Jasperoid vein, 7. Pink granite, 8. Amphibolite. 9. Geologic
boundary, JO. Gradational contact. JJ. Shear zone, J2. Alteration zone. J3. Fault. 14.
Fracture. and J5. Exploratory mine.

2.1.4. Aplite dikes and veins
They are more abundant than pegmatites. They can be up to 2 m thick and more than
300 m. long, and trend in both NE and NW directions. Compositionally they are
microgranites composed of anhedral quartz, orthoclase, with minor plagioclase and
green biotite. Zircon and iron oxides are common accessories in these dikes.
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2.1.5. Basic dikes
They are rare in the prospect area and composed ofbasalts and lamprophyres. They are
similar to the basic dikes associated with the Mid-Tertiary volcanic activity (El Rarnly,
1972). The rocks are composed of equal amounts of plagioclase and amphibole with
some biotite, iron oxides and subordinate to rare alkali feldspare and quartz.

2.1.6. Jasperoid silica veins
They are the most important rock in the prospect area where the uranium
mineralization and mineralized alteration zones are typically related to them. They
have a general NE trend (Fig. 5) and branched in other minor trends. Their thickness
varies from few centimeters to more than five meters (at the branching zones). Their
length can vary from a few meters to more than 500 meters. They are hard, white to
deep red -colored silica. At some parts of their contacts, the granite suffered intensive
alteration. The jasper and the altered granite are brecciated, fragmented, and cemented
with later jasperoid silica solutions that contain iron oxides, black shreds, and
sometimes uranium mineralization. Some of the black shreds are formed of carbons
(Mohamed, 1989). Generally, these jasperoid silica veins are composed of
cryptocrystalline quartz with some scattered relics of anhedral corroded quartz and
illite . Anhedral relics of orthoclase and microcline were also described by Mohamed
(1989).

2.2. STRUCTURE

Structural analysis of the area was conducted through detailed field mapping of the
nature and distribution of faults, fractures, and different types of fracture fillings such
as veins and dikes. Special emphasis was placed on their chronological relations and
on their relation to the U-mineralization. Figure (5) shows the directional frequency
distribution of the measured structures. The most pronounced major structures in the
area are the NW faults. These faults control the emplacement of the whole granitic
body (Fig. 4). Two movements are traced on this trend. The oldest one, which possibly
took place before the emplacement ofthe granite, is right-lateral and can be correlated
to the Najd shear zone in the sense described by Stem (1985) as a single transform
shear. After emplacement of the granite, these faults were rejuvenated as normal faults
with tension fractures in which the post granitic aplite dikes intruded. The first
movement suggest a NNW-SSE compression while the second movement suggest a
N30oE-S30oW tension and vertical compression. The presence of the same dikes in the
N300E indicate that the release of the tension 03 after fracturing caused another
perpendicular tension in the N600W where permutation exist between 02 and 03 while
°1 still vertical.
The second episode is related to the jasperoid veins and to the Tertiary basic dikes

which trend in a NNW direction. Presumably this is related to the earliest start of the
Red Sea tectonics. The NNW to NS normal faults and open fractures, where the basic
dikes and the later jasperoid silica veins were emplaced, represent an ENE extnsional
event. The release of the tension 03 due to rock yielding, caused permutation between
02 and 03 which changed the driving tension from the ENE to the NNW. This caused
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the ENE normal faults and tensional fractures where another jasperoid veins were
emplaced. These normal faults are rejuvenated several times and uranium
mineralization were remobilized and concentrated along them.

Figure 5. Rose diagrams showing the directions andfrequency distribution oflengths and numbers of
aplite veins (a), jasperiod veins (b), fractures (c), andfaults(d).

2.3. ALTERATION AND V-MINERALIZATION

El-Erediya granitic mass is typically bleached and altered to varying degrees, but most
intensive along major fracture zones and contacts with jasperoid veins (Fig.4).
Silicification, kaolinitization, and hematitization are the most cornmon alterations
along major and minor fractures. Silicification is the earliest and most important. It
started with fracture fillings as white silica veins with few pyrite crystals. The granite
is bleached along these fractures. The second phase of alteration is indicated by
rejuvenation of these fractures as normal faults and by brecciation of the early silica
veins and the contact granite. A new uranium-rich red silica solution subsequently
cemented the breccia and degraded the early formed pyrites to iron oxides. The contact
granites were intensively altered by kaolinitization, sericitization, and hematitization
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along parts of early silica veins and fractures. In some zones, the altered granite was
intensively silicified and highly radioactive.
Alteration of pitchblende and iron oxides indicates a third alteration event and

redistribution process which leached uranium from some of the altered zones,
especially the friable unsilicified ones, while the original mineralization is preserved in
silicified zones. Most of the high uranium concentrations are associated with the
second alteration phase in the cementing red silica of the brecciated contacts, and with
the third phase in the alteration zones at the jasperoid veins intersections with the
secondary fractures. The U-mineralization in these zones are essentially primary
pitchblende associated with pyrite and/or secondary uranophane with some hematitized
iron oxides.
The origin of silica veins and uranium mineralization in the EI- Erediya area, and

in the other similar areas in the Eastern Desert, can be depicted from the previous
geological features. The presence of carbon shreds in the second silica phase may
indicate organic materials which suggests a supergene origin for the silica veins and
associated U-mineralization. Cryptocrystallization of both silica phases, the presence of
primary uranium as pitchblende, and the nature of fillings in open fractures, support
the supergene origin for the whole process. In the second phase, the supergene
circulating meteoric water gained sulfuric acid from oxidizing pyrite, and then leached
uranium and precipitated it with some silica in reduction zones along the reactivated
fractures. As a result, uranium concentrated during the second phase in the cementing
silica. and later on ,through a similar process, became more concentrated during the
third alteration phase

3. Geophysical Survey

3.1. GROUND RADIOMETRIC SURVEY

Total radiometric measurements were carried out systematically on each intersection
point of the topographic grid (50x20 m). Special emphasis and detailed work was
given to the jasperoid veins (3m or less). The instrument used in the present survey is
the Gad-6 spectrometer, Scientrex Ltd., Canada, in conjunction with gamma ray sensor
(Model GSP-4). The measurements were reduced by subtracting the background from
the measured readings, and the data are presented in the form of a ground total-eount
radiometric map (Fig.6).

3.1.1. Qualitative Interpretation
The total-eount radiometric map (Fig.6) is characterized by a relatively higher
radiometric level in its eastern part than its western one. It is easy to locate the western
border of El-Erediya granitic pluton on the radiometric map where it is indicated by a
northwest trending belt of high radiometric contours. The surveyed area possesses a
wide range of radioactivity varying from about 9.2 to more than 1450 Ur. Some of the
high radiometric anOmalies are circular in shape reflecting uranium mineralization at
the intersection of the NW tectonic trend with the NE and with the ENE trends while
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others are elongated and oriented in the NE to ENE trend parallel to the jasperoid
veins. The lowest radiometric levels are located in the southwestern part of the area
and are associated with the amphibolite rocks.
The radiometric contour lines have shown some interesting structural features and

some of the steep radiometric gradients take the NE and ENE directions. The
structural elements, as interpreted from the radiometric map, have been correlated with
the fault system visible on the detailed geological and structural map of the area
(Fig.4).

Figure 6. Ground total-count radiometric contour map in Ur units. El-Erediya prospect
area Egypt; contour interval = 4 Ur.
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3.1.2. Quantitative Interpretation
From the study of the total-count radiometric map (Fig.6), three main levels of
radioactivity are generally distinguished: 1) less than 20 Ur, 2) 20-30 Ur, and 3) more
than 30 Ur. These levels, when compared with the detailed geological and structural
map, reflect their association with amphibolite rocks, wadi deposits, and pink granites,
respectively. The prepared total-count radioactivity unit map (Fig.7) was the subject of
quantitative interpretation, in order to give more accurate definition and identification
to the outlined interpreted units though the statistical analysis of the recorded total­
count radiometric measurements.
The various rock units in the area under study, have been analyzed statistically and

interpreted from the exploration point of view, to assist and enhance the geological
interpretation of the different rock units, as well as the radiometric anomalies which
might exist in the studied area. Accordingly, the statistical analysis parameters as the
minimum value, maximum value, mean (X), standard deviation (S) and coefficient of
variation (CV%) were calculated, also the theoretical chi-square test value was
calculated and frequency histogram was plotted for each radio-litho unit (Fig.8). Also,
to check the normality of each rock unit, the coefficient of variation (CV%) is
determined. The coefficient of variability is expressed as (SIX), where S2 is the
population variance and X is the population mean. IfCV% of a certain unit is less than
100%, the unit exhibits normal distribution. The computations are, thus, proceeded on
the raw data with no need of any type of transformation (Sarma and Koch, 1980). Such
analysis has been conducted for the units that have been proved to possess normal
distribution of their radioactivity measurements through the application of the Chi­
square test. The results of statistical analysis has shown that these interpretative units
are normal at the 95% level of significance. Although jasperoid veins display
anomalous radioactivity, they do not show normal distribution.
Pink granite shows a wide variation in the total-count radioactivity readings. It

ranges between 13.1 Ur to 60.4 Ur. The calculated X value of all registered readings is
32 Ur, with S value about 7.8 Ur and CV% value of 24.38 (less than 100%). Also, the
calculated chi-square value is 17.69 while the critical chi-square is 19.68. Therefore,
this unit exhibits normal distribution.
Amphibolite shows the least radioactivity among the rock units explored in El­

Erediya prospect area. The total-count radioactivity ranges between 9.2 Ur and 31.7Ur.
The calculated X value is 16.46 Ur, with S value of about 4.26 Ur and CV% value of
about 25.88. The calculated chi-square value is 8.34, while the critical chi-square value
is 14.07. Therefore, this unit exhibits normal distribution.
Wadi deposits are represented mainly by the alluvial sediments and gravel terraces,

derived mainly from granites and metavolcanics. Accordingly, they show different
intensities of radioactivity, reflecting their main constituents of various rock fragments.
Their radioactivity ranges from 9.3 Ur to 38.7 Ur, and the calculated X is 21.8 Ur, Sis
5.2 Ur and CV% is 23.25. The calculated Chi-square value is 7.17, while the critical
Chi-square is 18.31. reflecting normal distribution.
Jasperoid veins show a very wide range of the total-count radioactivity ranging

between 25.3 Ur and 1450.5 Ur. Therefore, these jasperoid veins were measured and
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Figure 7. Interpreted radio-litho units map with highest radioactivity anomalies.
El-Erediya prospect area Egypt; Symbols are: 1. Wadi deposits. 2. Pink granite.
and 3. Amphibolite.

studied separately, in some detail (measuring every 3 meters or less), to delineate the
size of the anomalies associated with them. Some of these anomalies are spot
anomalies of very limited extent, with few centimeters dimensions, while others
comprise several high radioactive spots scattered in zones of up to few meters length
and half meter width. Some of the anomalous spots contain visible uranium
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mineralization. The intensity of total-count radioactivity increases along the feather
joints and at point of the intersection of the main jasperoid veins or their branches. The
statistical analysis for the jasperoid veins measurements shows a wide variation in the
total-count radioactivity readings. It ranges between 25.3 Ur and 1450.5 Ur, X value of
all registered readings is 93.3 Ur, S value about 133.1 Ur. The CV% value is 142.7%
which is more than 100%, therefore, this unit does not exhibit normal distribution. The
Ur units can be considered as direct uranium concentration in this unit due to the
scarcity of both Th and K in the jasperoid veins and the associated anomalies.
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Figure 8. Frequency histograms with fitted normal theoretical
curves of total-count radioactivity, El-Erediya prospect area,
Egypt.

3.2. GROUND MAGNETIC SURVEY

The main objectives of the ground magnetic interpretation are to assist in solving the
problems of regional geologic mapping and structure (Domzalski, 1966). A total
magnetic field intensity survey carried out on the previous grid. Two tie lines were
used (coded 00 and 500) normal to the profiles to control for the consistency and
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reliability of the data. Two digital proton precision magnetometers (model 856) of
Geometric Inc. Canada were used: one to collect the survey measurements along the
profiles, and the other was established at a selected site as a base instrument. The drift
correction of the readings for each station was carried out. Finally, the magnetic
observations along each profile were adjusted according to the reference observations
at the intersections with the tie lines, the corrected station values, reduced to an
arbitrary datum (41000 nT) were plotted and contoured to yield the total magnetic field
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Figure. 9. Ground total magnetic intensity map of El Erediya prospect area,
Egypt; contour interval = 20 nT.
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intensity map. In the present study. the reduced to the pole magnetic map (Fig.9) was
produced using FFf GRID software program, available at Nuclear Materials Authority
(NMA).
In (Fig.9) it is possible to group the anomalies into three major zones. The first

zone (I), which occupies the central part of the area, is characterized by broad
magnetic anomalies striking NW parallel to the oldest fault trend in the area and
coincides essentially with the main trend of EL-Erediya granitic pluton. It is also
characterized by a group of positive high frequency anomalies probably referring to
shallow (near-surface) magnetic bodies. The second zone (II) is characterized by steep
negative magnetic gradient, extending in a NW direction and occupies the eastern part
of the area parallel to zone (I). This zone is interpreted as a major fracture zone
trending in the same direction. The third zone (III) is located at the western part of the
area, it has a relatively wide aerial extent with alternative groups ofpositive and
negative anomalies striking NW to WNW direction. This zone is mainly associated
with the amphibolites constituting the roof pendants within the granites. The observed
relative difference in amplitude of the magnetic anomalies recorded over zone(III) may
be related to either lateral variation in lithology (intrabasement effect), or in
topographic relief (suprabasement effect), or the combined effects ofboth lithology and
topography.

3.1.1. Basement Tectonic Map
The integration of the results obtained from the application of interpretation techniques
to the magnetic survey data, aided by geological information, led to the construction of
a basement tectonic map for the study area (Fig. to), which shows the gross structural
framework of the area and displays the following features:
a. A set offaults trending in following directions: NE to ENE, NW and WNW. These
faults were defined through the displacement and abrupt termination ofmagnetic
features.
b. Thirteen fracturing and lor vein filling zones cut across the study area in different
directions. The fracturing zones (from I to VII) trend in a NE to ENE directions, the
fracturing zones (Nos. VIII and IX) trend in approximately WNW to EW directions,
and the fracturing zones (Nos. X, XI, XII, and XIII) trend in NW direction. The
associated magnetic anomalies may be inferred as signs of the presence of sulfide
minerals. The delineated sets of fracturing zones are considered as the most mineral
potential controller in the area under investigation. Most of them correlate well with
the mapped jasperoid veins in the area.

3.2. HORIZONTAL-LOOP ELECTROMAGNETIC SURVEY

The horizontal-loop method has established its extensive application and utility in
mining geophysics, especially in the search for massive sulfides. These are relatively
good conductors, in marked contrast to their host rocks, and can thus be detected
despite their localization nature and irregular shape (Griffiths and King, 1981).
The horizontal-loop electromagnetic (HLEM) system is manufactured by Scintrex

Limited of Canada. The system employs a coplanar TM-2 transmitter and IGS-2/EM-4



EXPLORATION FORU IN EL-EREDIYA, EGYPT 183

receiver coils, which are separated by a fixed distance and connected by a cable. For
measurements in rough terrain (such as the zero line in the present study), the IGS­
2/EM-4 is equipped with tilt meter feature.
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•

Figure 10. Basement tectonic map of El- Erediya prospect area, Egypt;
Symbols are: 1. Fault. 2.Shear zone, and 3. Major fault zone.

The phase reference for each transmitter frequency is then sent over the cable, so
that the signals picked up by the receiver coil may be resolved into the in-phase and
quadrature (out-of-phase) components of the secondary field, in which such a
measurement mode is called "Horizontal-loop". Two frequencies are measured
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simultaneously by using this system. In all measurements, four frequencies were used;
112, 337, 1012, and 3037 Hz. The distance a (coil separation) between the transmitting
coil and the receiving coil was 100, 70, or 30 m; according to the length ofline.
During the measurement operation, the combination of transmitting coil and receiving
coil was moved by small steps in a horizontal plane, each step was either 20 or 10 m.
The measurement of the in-phase and out-of-phase components of the secondary field
are reported as percentages of the primary field. By ajudicious application of multi­
frequency techniques, it is possible to detect weaker conductors (small width) and to
derive detailed information about the parameters of the conductors evidenced by
anomalies obtained with the HLEM method. The midpoint of the line joining the
transmitting and receiving coils is used as the measuring point. The values of the in­
phase and out-of-phase (real and imaginary) anomalies measured by the HLEM
method are primarily affected by the conductivity and dimensions of the conductor
being investigated, its position and the frequency used in the measurements.
Besides just the detection of electromagnetic (EM) anomalies, it is the aim of an

EM survey to estimate the parameters of the causative conductor from details of the
detected anomalies. The two components measured, in-phase and out-of-phase are
plotted, and simple interpretation schemes are used to calculate width, dip, depth and
conductance (crt). The first step in interpreting the HLEM data is to establish the
background in-phase and out-of-phase values away from the anomaly to be interpreted.
It is nearly equal to the instrument zero level (in the present work). The peak
amplitudes CI, C2, Q, and R (Fig. I I) are measured with respect to this background (or
zero level).

,+---a.--~

I Q

~ -~_...
I

I
I
'-------

To Rc
c::::;;a----<=;)~

b

Figure JJ. Typical profile over a tilted conducting half-plane showing horizontal loop
electromagnetic parameters.

The main targets of the HLEM interpretation are, location, dip, width, depth of
burial and conductance these parameters can be estimated by using a family of
response diagrams and curves, which designed by Nair et al. (1974). Five HLEM
profiles were carried out, one profile on the surface coded 00 NS (Fig.3) and four
profiles inside the mine coded Main adit, (D II & D 1II), (D IV & D V), and (D VIII &
D XIII) in figure (2). An examination of these profiles led to the following
observations.
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3.2.1. Line 00 NS
This profile (Fig.4) is situated over the main adit of the mine and it is approximately
normal to the jasperoid veins and shear zones. It was selected to pick up any
conductive zone over the two hundreds meters from the portal and also any conductive
zone along this line. The measurements were performed with coil separation 100 m
and station interval 20 m.
The HLEM data shown on this profile (Fig. 12) indicate the presence of one major

conductive zone. The negative peaks of in-phase and out-of-phase extend from about
station 70 to about station 260 and can be easily identified. This zone is associated with
a set of jasperoid veins, as well as shear and fault zones, as shown from the surface
geologic map (Fig.4).
The results of the quantitative interpretation, as calculated from all frequencies are;

the average width is 86 m, depth to the upper edge is 31 m, dip angle is 580 toward the
south, and conductivity thickness reaches about 2.03 Mho/m. The other HLEM
responses along the profile "00 NS" are corresponding to the interpreted faults, as
well as some minor veins.

-In-phose
- - - Out-of-phose

112 Hz
-- •• N

o 400 800m

.iIJ /\ A

4°bo~"tlp,c:)~37~Z

-2or-~b- """
4~ 1012Hz

SO ~~=.~L).. N
~ - ..

40 3037Hz

o 200 400 600

Figure 12. Interpretation of horizontal loop electromagnetic profile
(OONS) with the corresponding geologic section, Symbols as in Fig.4.



186 S. RABIE, A. ABDEL-MEGUID & A. ASRAN
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Figure 13. Interpretation of horizontal loop
electromagnetic profile (Main Adit) with the
corresponding subsurface geology. Symbols as in
Fig.4.

Figure 14. Interpretation of horizontal loop
electromagnetic profile(DlI&D1Jl) with the
corresponding subsurface geology. Symbols as in
Fig.4.
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Figure 15. Interpretation ofloop electromagnetic
profile (DJV&DV) with the corresponding
subsurface geology. Symbols as in Fig. 4.

Figure 16. Interpretation of horizontal loop
electromagnetic profile (DVIJJ&DX1Jl) with the
corresponding subsurface geology. Symbols as in
Fig.4.
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3.2.2. Main Adit
The measurements started at station coded 200 from the portal of the mine and carried
out with coil separation 70 m and station interval 10 m. Only a broad conductor is
indicated by a negative peak extends from about station 296 to about station 394. This
zone corresponds with the geologically mapped jasperoid veins and the intersecting
fractures. The quantitative interpretation of the HELM data shows that; the average
width from all frequencies is 29.5 m, the average depth is 29 m, the average dip angle

o
is 56.5 toward the south, and the conductivity thickness is 1.23 Mho/m (Fig. 13 ). The
shape of negative and positive peaks reveals that, the major conductive zone is
composed ofa series of parallel thin conductors over a width greater than 29.5m of the
coil spacing.

3.2.3. DJI & DIll
This profile was conducted with coil separation 30 m and station interval 10 m. The
HLEM data shown on this line (Fig.14) indicates the existence of two EM anomalies.
The first is close station 40W, but the width of this anomaly is less than the coil
separation. It is due to a thin conductor. The second anomaly has low value of negative
peak for in-phase and out-of-phase and extends from about the station coded 20W to
about the station coded 18E. The characteristic parameters of this anomaly, as
interpreted from the HLEM data, show that the average width is 7.88 m, the depth to

o
the upper edge attains 15.7 m, the approximate dip angle reaches 50.5 to the west and
the conductivity thickness is of about 2.2 Mho/m. Moreover, both the two EM
anomalies coincide with a set of parallel fractures and faults, as shown in the
subsurface geology (Fig. 14).

3.2.4. DIV & DV
The HLEM profile was conducted with coil separation 30m and station interval 10m. It
is characterized by one negative peak and positive shoulders for each in-phase and out­
of-phase (Fig. 15). The negative peak extends from station 21W to about station 14E
and coincides with a set of parallel faults and fractures as shown in the subsurface
geology (Fig. 15). The quantitative interpretation of the HLEM data shows that the
average width reaches 4.93 m, the average depth attains 14.9m, the average dip angle

o
approximates 66 toward the west, and the conductivity thickness reaches 46.38
Mho/m.

It is seen that, there is a slight rotation and attenuation of the anomaly vector with
increasing the frequency from 112 to 3037 Hz. This is probably due to the effect ofthe
overburden. A similar result has been obtained for models in a non-conducting host
rock under a conducting overburden (Lajoie and West, 1976). In each case, the
anomalies are at the low frequency and are relatively unaffected by the conductive
weathered layer.

3.2.5. DVIll & DXIll
This profile was carried out with coil separation 70m and station interval 10m. The
HLEM data indicate the existence of two EM zones. The first has a negative peak for
the in-phase and out-of-phase and extends from about the station coded 120 W to about
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the station coded 40 W. The other has a negative peak from about the station coded 5
to the eastern end of the line. Both of them coincide with the shear zones and faults as
shown in the corresponding subsurface geology (Fig.l6).
The characteristic parameters of the first anomaly shows that the average width is

about 10.75 mo the average depth to the upper edge attains 31.5m, the dip
approximates 39 toward the west, and the average conductivity thickness is about 2.74
Mho/m. The second anomaly is incomplete where one positive peak occurs at the end
of the mine (Fig. 16). Therefore, its parameters cannot be determined because, the
determination requires a negative peak between two positive ones (shoulders). It is
recommended to carry out drilling at the eastern end of this line.
The shape of the negative and positive peaks for both anomalies on this line

indicates that either two or more thin conductors have come closer or the source body
have irregular shape.

4. Conclusion

The interpretation of the geological, structural, and radiometric data proved the
association of the radioactive anomalies and uranium mineralization with
cryptocrystalline silica veins within NE-SW to N-S tensional fractures which were
rejuvenated several times. The nature of mineralization and its association with the
jasperoid silica veins points out to its supergene origin in low temperature oxidizing­
reducing conditions. In the second stage of the fractures reactivation, uranium was
leached out from the granite at fractures walls and it precipitated with a second phase
jasperoid silica along the reactivated fractures where they cemented the brecciated
early silica veins and granite at the contacts. This proposed supergene origin is
supported by the existence of the U-mineralization nearly free of any thorium
association, the cryptocrystallization of the associated silica veins, and the presence of
black shreds of possible organic origin (Mohamed, 1989). Moreover, their association
with tensional fractures of much younger age than the granite (Abdel-Meguid,
unpublished work) exclude any granite -related hydrothermal origin for the uranium
mineralization in the area. This is also supported by the U-mineralization radiometric
ages (160, 120, and 52 Ma) given by Abu Deif (1992) while the granite is about 550 ­
590 Ma. The magnetic interpretation demonstrates the gross structural framework of
the prospect area and proved that the two main perpendicular fractures (NE to ENE
and NW to WNW) may have some considerable depths that permit a reducing
conditions for precipitating uranium.
The investigation of the horizontal-loop electromagnetic profiles revealed the

occurrence of many conductive zones. These zones are mainly associated with a set of
jasperoid veins, fracture zones, and fault zones. The conductive parameters, as
averaged from the four frequencies (for surface and mining profiles), revealed widths
ranging between 4.93 and 86 m, shallow average depths ranging between 14.9 and

o 0

31.5m, dip angles ranging between 40 -70 , and conductivity thickness ranging
between 1.23 and 46.38 Mho/m for the mineralized zones.
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These shallow depths fluctuations of the expected mineralization reflect the
oscillation of meteoric solution level ofpenetration in the fracture and the fluctuation
in the ore precipitating reduction zone. This proposed concept for the origin and
depths of the uranium mineralization in El-Eredyia area should be considered in
reevaluating the area before any further development.
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SEISMIC IMAGING BENEATH THRUST BLOCKS

Z.M. LIU and R.A. YOUNG
School o/Geology and Geophysics
University 0/Oklahoma
Norman, OK 73019, US.A

Abstract

In a proof of concept study, conditions under which turning ray fault plane reflections
can be applied to imaging sediments beneath an overthrust block are investigated
through modeling. In a simplified overthrust model, conventional primary reflections
and fault plane reflections are compared as ways of imaging sediments beneath the
block. Velocities chosen for basement and sediments in the model correspond broadly to
those for igneous rocks, clastics, and carbonates of the Anadarko Basin, Oklahoma. The
acquisition geometry required in order to utilize fault plane reflections is considered, and
amplitude behaviors associated with vertical velocity gradients of .2, .5, and .7 ftlsec per
ft are investigated through ray tracing. In the case of a vertical velocity gradient of .7
ftlsec per ft, the simplified model is modified to include a syncline beneath an overthrust.
When the vertical velocity gradient is .7 ftlsec per ft, amplitudes for the fault plane
reflection become substantially larger than those for the primary reflection, which
suggests that recording the fault plane reflection may be useful in imaging subthrust
sediments in some situations. Challenges in the acquisition and processing of actual fault
plane reflections are discussed.

1. Difficulties in Conventional Imaging Across an Overthrust

Reliable seismic images of structures beneath basement overthrust blocks are difficult to
obtain. Common midpoint (CMP) profiling uses ray paths that are transmitted across the
large velocity contrasts at boundaries between crystalline basement and sediments. These
contrasts shield subthrust features from illumination by reducing the amplitude of the
transmitted wavefield. Severe ray path bending at such a boundary produces
non-hyperbolic travel-times so that stacked images are weak. Conventional survey
apertures may be too small to record events from more steeply dipping subthrust
boundaries. In addition, the extreme lateral velocity variation at such boundaries may
render CMP stacking ineffective.

191
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An alternative to stacking primary reflections is to migrate unstacked gathers
containing a different reflection ray type. This ray type is a fault plane reflection. This
study investigates, by ray trace modeling, what constraints on a thrust model are required
in order that a fault plane reflection might be used to image sediments beneath an
overlying basement block.

2. Observation of Fault Plane Reflections

Reflections from fault planes have been reported widely in the past for cases of
crustal-scale seismic data (e.g., Cook, et aI., 1979; Smithson, et aI., 1979) and oil
industry reflection profiling (Middleton, 1990). A particularly strong reflection from a
fault boundary has been observed in Western Australia (young, et aI., 1990) at the edge
of the onshore Perth Basin where the Darling Fault separates a Mesozoic sedimentary
section in the Perth Basin from the Precambrian basement of the Yilgam block. The
present-day Darling Fault is a normal fault with a 60 deg dip. Structural features of the
Perth Basin have been correlated with geophysical data to deduce a long history of
normal and reverse movement along this boundary (Iasky and Young, 1990). Despite
this reworking of the fault zone, the reflection is sharp, of large amplitude, and
continuous on shot records. Ray trace modeling of this reflection on shot records
confmns that it is generated by the Darling Fault (Young et aI., 1990).
The reflection reported by Young et al. (1990) is recorded on the sediments in the

hanging wall of a normal fault. Because the magnitude of the reflection coefficient is
independent of illumination direction, a turning ray reflection of equal amplitude might
be recorded by a survey in the foot-wall. The same reasoning can be applied to a thrust
fault. This leads to the consideration of turning rays in an overthrust situation.

3. Ray Paths in an Overthrust Model

An important geologic situation for hydrocarbon exploration is an overthrust in which
basement is placed over sediments bearing hydrocarbons. In this case, there may be a
situation in which the fault plane could be used to redirect the energy downwards in
order to undershoot the overthrust block and to illuminate a sedimentary target. A
generalized overthrust model showing ray paths is shown schematically in Figure I. The
target reflector is the boundary between sediments I and sediments II. The source
(labelled S) is located in the footwall. An important issue is where to place the receiver
(labelled R) in order to obtain reflection coverage as close as possible to the fault. Figure
1a shows a ray path representing the largest source-receiver separation possible for a
conventional primary reflection if the fault is not crossed by the ray. The dark black line
along the reflector represents coverage for smaller separations. The reflection coverage is
not ideal because it ends a long way from the fault. Raypaths crossing the fault, on the
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other hand, will image the reflector much closer to the fault (Figure 1b). The amplitude
of these rays, however, will be diminished severely by the small transmission coefficient
due to the large velocity contrast between sediments and basement at the fault.
By moving the source away from the fault, it may be possible to obtain a fault plane

reflection that directs energy down to the reflector in the vicinity of the fault and is
received on the footwall side of the fault. Figure lc suggests that this unconventional ray
might have large amplitude because of oblique incidence at the fault and might also
image close to the fault. Figure lc also suggests that the price paid is that a source might
have to be located a very long distance from the fault in order to produce such a ray.
Loss of reflection amplitude due to spherical divergence over such a long ray path might
overwhelm the positive effect of a large reflection coefficient at the fault.
Introducing a vertical velocity gradient in the footwall allows the source to be

brought closer to the fault (Fig. Id). It also permits a smaller fault dip because turning of
the rays toward normal incidence at the fault expands the angular aperture of possible
fault plane reflections. Raypaths will be shorter and spherical divergence less than in Fig.
1c, but the reflection coefficients at the fault and at the reflector will differ from the case
of constant layer velocity. In order to investigate the effect of a vertical velocity gradient
on amplitudes, a more quantitative description of travel times and amplitude behavior is
needed. This can be obtained by ray tracing.

4. Ray Tracing in a Simplified Overthrust Model

The present paper considers the vertical velocity gradient and the acquisition geometry
required in order to utilize fault plane reflections. It is a proof of concept study and is not
intended to predict the seismic response of a particular overthrust example. We have
chosen a simplified overthrust model that varies only in choice of velocity gradient.
Thrusts dip at 45 deg or less (Twiss and Moores, 1992), and we have chosen a
representative dip of 30 deg. Our model consists of high velocity sediments and
basement in the hanging wall and low and high velocity sediments in the footwall.
Velocities of 22,000 ft/s for the basement and 21,000 ft/s for the high velocity sediments
are taken in broad correspondence, respectively, to the Cambrian igneous rocks
underlying the upper Cambrian carbonates of the Anadarko Basin, Oklahoma. Three
different vertical velocity gradients, as measured from the surface to a depth of20,000 ft,
are considered: .2, .5, and.7 ft/s per ft , respectively. The steepest gradient results in a
velocity of 18,000 ft/s at a depth of 20,000 ft. This is similar to the velocity of the
Silurian-Mississippian carbonates in the deep Anadarko Basin (R.E. Schneider, personal
communication, 1995). The smaller velocity gradients may be appropriate elsewhere and
are considered in this study in order to span the range of ray tracing results for the
simplified model. A fmal example considers the ray focusing due to a synclinal fold
beneath an overthrust.
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The software used in the study is GX-II (GX Technology, Inc.), a package of seismic
ray tracing software for X-windows on workstations. Common shot gather ray tracing is
applied to the simplified overthrust model. Amplitude calculation takes into account
spherical spreading and the full Zoeppritz equations are used at boundaries. No frictional
absorption is introduced and the free-surface effect is disregarded. Vertical component,
single receivers are chosen.

5 . Ray Tracing Comparisons

The effect of a vertical velocity gradient on a fault plane reflection in the simplified
thrust model is investigated by ray tracing using GX-II. In each case the proximity of
the reflection points to the fault, the shape of the event traveltime curve, and the
reflection amplitude are considered. Each ray tracing figure shows a very large aperture
in order to capture the entire range of behavior of the events. The gain for each synthetic
example is constant for all traces, but each example has a different value.
A vertical velocity gradient of .2 ftls per ft generates a fault plane reflection that

images closer to the fault (Fig. 2, coverage D) than a conventional primary reflection
(Fig. 2, coverage A and B). The impulse response for the primary reflection produces
small amplitudes at receivers in the hanging wall (Fig. 3, event B), but much larger
amplitudes are recorded for raypaths entirely within the footwall (Fig. 3, event A). The
fault plane reflection loses amplitude because of reflection from the fault, and it has a
longer path length than the primary reflection. In comparison to the primary reflection,
the fault plane reflection amplitude is so small that it is not even visible on the impulse
response (Fig. 3).
An increase in the velocity gradient to .5 ftls per ft (Fig. 4) results in a large shadow

zone for the fault plane reflection producing a gap between coverage D and coverage C
along the reflector: only a few rays are recorded in the hanging wall (Fig. 4, coverage
D). A number of raypaths are entirely within the footwall (Fig. 4, coverage C) and have
oblique reflection at the fault. This suggests that, in comparison to the fault plane
reflection for the .2 ftls per ft case, their amplitudes should be somewhat larger. Indeed,
this is the result (Fig. 5, event C), although fault plane reflections are considerably
fainter than primary reflections (Fig. 5, event A). This is due, in part, to longer ray paths
for the fault plane reflection. A large primary reflection amplitude and 90 deg phase
change occur at the P-wave critical angle of approximately 40 deg (distance 87,000 ft in
Figure 5).
When the velocity gradient is increased to .7 ftls per ft, the fault plane reflection

becomes a better choice for imaging than the primary reflection for three reasons. The
fault plane reflection coverage (Fig. 6) is closer to the fault (coverage C) than that of the
primary reflection (coverage A). The reflection coverage also spans more reflector. Fig.
7 shows that amplitudes for the fault plane reflection (event C) become substantially
larger than those for the primary reflection (event A). This is because the critical
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reflection for the fault plane reflection occurs around 79,000 ft, while it occurs at
distances greater than 95,000 ft for the primary reflection. This behavior of the fault
plane reflection suggests that in the range 73,000-91,000 ft (Fig.7) amplitudes are
optimal for this model, and that the fault plane reflection may be useful in imaging
subthrust sediments. An extension of the simple overthrust model to include a syncline
beneath an overthrust presents a new dimension to the comparison of fault plane
reflections and primary reflections (Fig. 8). Focusing by the syncline produces two
arrivals for the fault plane reflection; the later and weaker arrival (Fig. 9, event C)
reflects very near the fault in the center of the syncline (Fig. 8, coverage C), and the
earlier and stronger arrival (Fig. 9, event C') reflects further from the fault on the
shoulder of the syncline (Fig. 8, coverage C'). Despite the much longer travel path for
the fault plane reflection, its amplitude between 79,000 and 89,000 ft is twice to three
times as large as the primary reflection.

6. Discussion

The ray tracing analysis has borne out the intuitive idea that a fault plane reflection in an
overthrust model can image closer to the fault in the footwall and have larger amplitudes
than the corresponding primary reflection. A steeper velocity gradient moves reflection
coverage closer to the fault and increases amplitude at the receiver. A steeper fault dip
would produce the same result as increasing the velocity gradient.
The sOOrce location for the present modeling was chosen to give optimal coverage

and large amplitudes. The resultant receiver aperture for large amplitude reflections is
approximately 20,000 ft and is entirely on one side of the source. Not all source
locations, however, generate large amplitudes and coverage near the fault. It is our
experience that many combinations of fault dip, source location, and velocity gradient
produce poorer results for the fault plane reflection than for the primary reflection. The
use of fault plane reflections, consequently, is not a panacea and is unlikely to give
improved imaging in many overthrust situations. Nevertheless, a fault plane reflection
could be a useful event in some situations. Modeling is necessary to determine these
situations and to find an optimal location for receivers.
Useful fault plane reflections require a moderate vertical velocity gradient. This has

been distributed across a single, thick layer that is not subdivided into thinner layers in
the present modeling. Older, more consolidated sediments are likely to have very small
vertical velocity gradients, and the present method may be inapplicable in such geologic
circumstances. If layer velocities alternate, large impedance contrasts will decrease the
amplitude of a turning ray along its path. This will result in weaker amplitudes for both
primary reflections and turning rays; thus, in comparison to the primary reflections, the
fault plane reflections might still be useful.
Processing the fault plane reflection will be a challenge. An immediate assistance is

that moveout is opposite in sense to traveltimes for some segments of the primary.
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reflection (Fig. 7: primary reflection A, 53,000-67,000 ft; fault plane reflection C, same
interval). Separation of the events by velocity filtering may be possible, but CMP
stacking will attenuate the fault plane reflection. Prestack migration of fault plane
reflections will require a detailed velocity model, and this requirement is a challenge to
present-day processing.
Headwaves along the fault boundary would serve the same purpose as fault plane

reflections in imaging closer to the fault. Converted wave primary reflections would also
image closer to the fault than a compressional wave primary reflection. Each of these ray
types also may hold potential for subthrust imaging.

6. Conclusions

Imaging beneath an overthrust is possible using fault plane reflections in the footwall. A
recording geometry different from a conventional split spread is required in order to
capture the fault plane reflection. The location of shot point and receivers in this
geometry is dependent upon the actual depth model. Model based ray tracing is
necessary for designing acquisition geometry to exploit fault plane reflections. It appears
that a moderate vertical velocity gradient of .7 ftls per ft can produce relatively large
amplitudes and will be helpful in obtaining reflector coverage near the fault.
Conventional stacking of fault plane reflections on CMP gathers will attenuate them.
Reverse moveout of fault plane reflections offers encouragement that separating the fault
plane reflection from other events by velocity filtering may be possible. Prestack
migration of fault plane reflections will require an accurate velocity model.
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PETROLOGY AND TECTONIC SIGNIFICANCE OF THE POLLY WRIGHT
COVE PLUTON, BLUE RIDGE PROVINCE, VIRGINIA: AN EXTENSION·
RELATED, MULTIPLY-INTRUSIVE MAGMATIC SYSTEM OF
ANOROGENIC ORIGIN

W.J. ABBEY, and R.P. TOLLO, Department of Geology, George
Washington University, Washington, DC 20052, e-mail:
tollo@acad.ccgs.gwu.edu
J.N. ALEINIKOFF, u.s. Geological Survey, Denver, CO 80225, e-mail:
jaleinikojJ@greenwood.cr.usgs.gov

The Late Proterozoic Polly Wright Cove Pluton (PWCP) intrudes Grenville-age (1.0­
1.1 Ga) basement rocks in the core of the Blue Ridge anticlinorium in central Virginia.
The PWCP is part of a regional Late Proterozoic (760-700 Ma) anorogenic supersuite
which consists of numerous A-type granite bodies exposed throughout Lauretian terrain
in Virginia and North Carolina. The pluton includes four major lithologic phases (from
oldest to youngest): (I) fme-grained, biotite granite (present only as xenoliths), (2)
medium-grained biotite granite (the most areally extensive lithologic unit), (3) medium­
grained biotite leucogranite, and (4) fine- to medium-grained biotite granite (occurs
only as dikes). These units are distinguishable in both hand sample and thin section, as
well as by their geochemical characteristics. The PWCP granites are metaluminous in
composition and have geochemical signatures characteristic of an anorogenic origin
including: (I) high GaiAI and FeOlMgO, (2) marked enrichment ofY, Nb, Zr, Ce and
Ga, and (3) low Ba and Sr. The broad range in Si02 values (67.1 - 76.5 wt. %),
FeOlMgO (12.6 - 41.6), and Ba/Rb (0.34 - 3.50) indicate that fractionation of major
minerals was responsible for developing significant compositional variation within the
pluton. The late-stage granites (leucogranites and dikes) of the PWCP show a marked
depletion in Ba and Sr, as well as an increase in GalAl, relative to the older units
suggesting that fractionation of alkali feldspar and plagioclase was a major factor
controlling differentiation of the PWCP magmatic system. Removal of ferromagnesium
silicate minerals is suggested by the range in FeOlMgO and by development of late­
stage leucogranite. Additionally, a marked decrease in CelNb relative to YINb in the
late stage granites suggests fractionation of allanite. V-Pb isotopic data for zircons
from the medium-grained biotite granite yield an upper intercept age of 706 ± 4 Ma,
indicating that most of the PWCP was emplaced near the end of the period of regional
anorogenic magmatism. The pluton is similar in age to metaluminous granitoids that
constitute the southern part of the Robertson River batholith, located 40 km to the
north, and it appears to have intruded at the same time as rift-related peralkaline rocks
of the Robertson River. A 207Pb/206Pb age of 972 Ma from a single xenocrystic zircon
preserves isotopic evidence of an inherited component of possible Middle Proterozoic,
post-Grenville age. Whereas the supersuite has been indirectly associated with
extensional faulting in this region, other studies have linked the PWCP directly to rift­
related faulting in the central Virginia Blue Ridge. For this reason, the age of the
PWCP has important implications for the timing of extensional tectonics in the region.
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BASEMENT-INVOLVED AND DETACHED PHASES OF DEFORMATION IN
THE EVOLUTION OF FOLD-THRUST BELTS: EXAMPLES FROM THE
SOUTHERN CORDILHEIRA DO ESPINHAc;O AND THE PARAMIRIM
DEFORMATION CORRIDOR, BRAZIL

F.F. ALKMIM, and A. DANDERFER P, Departamento do Geologia,
Escola de Minas, Universidade Federal de Ouro Preto, 35.400 Ouro
Preto, MG., Brazil; Fax: (55)-31-551-2334

The southern Cordilheira do Espinha~o in southeastern Brazil, is a Late Proterozoic
(Brasiliano/Pan-African) fold-thrust belt that developed along the eastern margin of the
N-S trending portion of the Sao Francisco craton. This N-S-trending and west-verging
belt involves both a basement complex, composed of >1.8 Ga crystalline rocks, and
Middle to Late Proterozoic metasedimentary units. The Espinha~o fold-thrust belt
displays an antiaxial curve in map view, such that the central portion of the belt has
propagated further west into the foreland than the northern and southern ends. At its
north end, the Espinha~o fold-thrust belt connects to the Paramirim corridor, a
deformation belt which trends NNW-SSE and defines the boundary between the E-W
trending segment of the Sao Francisco craton and the N-S trending segment of the
craton. The Paramirim corridor, which is doubly vergent, also involves a basement
complex and Middle to Late Proterozoic strata. It is composed of two oblique-slip to
frontal embryonic fold-thrust belts, which root in a central strike-slip system. The
Espinha~o fold-thrust belt and the Paramirim corridor represent inverted segments of a
Middle to Late Proterozoic-age passive margin and failed rift, respectively.

Due to at least two Phanerozoic uplift pulses, the whole central to southeastern
area of Brazil underwent significant erosion. Exposures at the ground surface today in
the Espinha~o fold-thrust belt and the Paramirim corridor. Our results, which defme the
geometry and kinematics of regional basement-involved structures, show that in both
regions, fold-thrust belt deformation developed in two main phases.

In the first phase, deformation was accommodated by movement on
detachment faults above the basement-cover contact. This movement resulted in
development of duplexes, imbricate fans, and associated flexural to buckle fold trains.
All structures formed during this phase have a uniform forelandward vergence. The
detachments, at all scales, preferentially developed at interfaces where there was a
pronounced rheological contrast, and are found in the foreland and central domains of
the fold-thrust belts. Regional detachments occur in metapelitic layers of the Middle
Proterozoic Espinhaco Supergroup, and in carbonate beds of the Late Proterozoic Sao
Francisco Supergroup. As shown by previous authors, stress-field geometry during the
initial contractional deformation of a sedimentary wedge leads to the generation of a
bedding-parallel shear couple, which could have induced formation of the detachments.
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In the second phase, basement slices moved along thrust faults and strike-slip
faults in the central to foreland segments of the Espinha~o fold-thrust belt and the
Paramirim corridor. The faults bounding basement thrust slices commonly represent
inverted normal faults. Two distinct styles of basement/cover interaction formed during
this phase. (I) Inverted Domino Structure: The first style resulted in formation of
domino-like arrays of spaced thrust faults. Faults in these arrays separate unstrained
basement slices. The faults either propagate upwards into the overlying cover as out-of­
sequence thrusts, or die out in the core of drape folds. As a result, they are overlain by
kink folds or monoclines in the cover. (2) Basement-Cored Shear Folding: The second
style resulted in formation of zones of pervasive basement shearing, which
accommodate development of regional basement-cored antiformal culminations. The
contacts between basement and cover around these culminations is a shear zone, and the
cover itself deforms by a combination of shear folding and thrusting. Shearing planes
in the cover are represented by zones of very intense cleavage. Thrusts within the cover
do not cross the basement/cover contact.

Both inverted domino structures and regional basement-cored shear folding
generated a very distinctive cover architecture, namely a general synthetic, foreland­
directed passive rotation of the involved cover strata. As a consequence of the shear
folding process, smaller-order folds in foreland-facing limbs of regional structures have
a systematic forelandward vergence. Inverted domino structures are common in the
intracratonic Paramirim corridor, whereas basement-cored shear folds and related faults
dominate the architecture of the Cordilheira do Espinha~o. During the basement­
involved phase of deformation, detachments and associated structures formed during
the first phase were faulted and folded, but remnants of first-phase structures can be
found in foreland domains, with their original geometries, intact, as documented in the
foreland of the Cordilheira do Espinha~o fold-thrust belt.
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EVOLUTION OF THE LATE PROTEROZOIC BASEMENT IN THE
NORTHERN APPALACHIAN OROGENIC SYSTEM AND IMPLICATIONS
FOR THE OUACHITA SYSTEM

P.l. BAROSH, P. J Barosh, and Associates, 35 Potter Street, Concord,
MA 01742, USA, Tel: 508/369-1906

The evolution of a Post-Grenville, Late Proterozoic basement is clearly revealed in rock
well exposed across southern New England. Most of the rock in the southern half of
New England is shown to be Precambrian in age on Lyell's 1845 geologic map of
North America. A 100 years later these rocks were interpreted to be Paleozoic in age
from isolated fossil finds and extrapolation of ages of strata to the north. Today they
again are known as Precambrian from detailed stratigraphic studies that show the
fossiliferous strata to be in isolated fault slivers or unconformably over a deformed and
moderately to highly metamorphosed basement that developed southeast of the cratonic
rocks of Grenville age. A regional northward tilt and uplift have brought the basement
to the surface in southern New England, whereas in the northern part the rock is largely
early and middle Paleozoic in age and in the southern Maritimes late Paleozoic.

This young basement is formed of three tectonic-stratigraphic divisions: a
foreland basin that formed as a shelf deposit offshore of the craton, an apparent
volcanic arc sequence sliced up in a northwest-dipping suture zone, and a batholithic
complex that is considered to have been an extension of what is now northwest Africa.
The basinal strata were deposited as thin-bedded limy muds, that commonly contain
iron sulfides, and graded-bedded graywacke sands and silts. The arc deposits were a
wide variety of thin-bedded commonly laminated, volcaniclastic sands, muds, ash and
minor lava. Measured thicknesses of these sequences are 21.7 km and 18.8 km
respectively. Both these sequences now contain scattered elongate flow-foliated
granitic bodies that invaded thrust faults and numerous pegmatitic lenses. The
granodioritic batholith invaded over 2.8 km of strata that were laminated clean sands,
volcaniclastic sands and muds, ash, and lava. The batholith is foliated and in folds near
the suture, but not to the east of it.

The intrusion of the batholith, 620-630 m.y. marks the main period of
collision, underthrusting and metamorphism. This was followed by great uplift and
unroofing prior to the initial volcanic deposits in the graben forming the Boston Basin
at 595 m. y. Reactivation of the suture zone and other thrust faults combined with
uplift deformed the cover rocks at various times during the Paleozoic.

All, but the northwestern part of the northern Appalachian orogen involves this
Late Proterozoic basement whose formation and subsequent deformation are the
essential features of the orogen's development. This basement largely strikes
southwestward beneath coastal plain deposits and is covered along the central and
southern Appalachian system. If the northwestern part of the Appalachian belt
continues as the Ouachita system of the southern U.S., as is commonly thought, then
such a basement should lie buried beneath the coastal plain deposits of southeastern
Texas.
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THE NORTH-TRENDING SWARM OF MESOZOIC DIKES IN THE
SOUTHERN APPALACHIANS: ITS MAP PATTERN AND SIGNIFICANCE
FOR MESOZOIC EXTENSION

MJ. BARTHOLOMEW, Earth Sciences & Resources Institute,
University ofSouth Carolina, Columbia, SC 29208, Tel: 803/777-7693,
email: jbarth@esri.esri.scarolina.edu

The N-trending swarm of Mesozoic mafic dikes extends northward from near
Charleston, South Carolina, across central North Carolina into SW Virginia. Over most
of its extent in the Carolinas, major dikes of this swarm have been traced primarily by
magnetic anomalies, whereas in SW Virginia, individual dikes have been mapped on
1:24,000-scale geologic maps by numerous investigators. Within SW Virginia, mapped
patterns of this dike swarm include numerous en echelon sequences of smaller dikes.
These en echelon dike sequences consistently defmed left-lateral, NE-SW-trending
shears and right-lateral, NW-SE-trending shears indicating that the N-trending dike
swarm was emplaced with an E-W-oriented a3 and a vertical a z. The N-trending dike
swarm crosses two major Triassic rift basins: the Dan River Basin of southwestern
Virginia and adjacent North Carolina, and the Deep River Basin ofNorth Carolina.

The basin-bounding, E-dipping Chatham fault flanks the NW side of the Dan
River Basin. Overall, the Chatham Fault trends NE-SW subparallel to the en echelon
NW-limit of the N-trending dike swarm and is favorably oriented for reactivation as a
left lateral strike-slip fault during emplacement of the dike swarm. The Chatham fault
has a highly irregular surface trace, thus many short segments trend NW-SE and are
favorably oriented for reactivation as right lateral strike-slip faults. The ENE-trending
Stony Ridge fault zone serves as the en echelon link between the basin-bounding
Chatham fault and the Brevard zone which approximately marks the NW-limits of both
extensive Mesozoic faulting, documented by Garihan and Ranson (1992), and NW­
trending mafic dikes. Fullagar and Butler (1980) reported a mid-Jurassic (180 Ma) Rb­
Sr age for the Stony Ridge fault zone.

The basin-bounding, W-dipping Jonesboro fault flanks the SE side of the Deep
River basin and is segmented into N-, NE-, and ENE-trending segments. The northern
portion of this fault was characterized by normal-oblique movement with an E-W­
oriented a3 during Triassic extensional development of the basin (Bartholomew and
others, 1994). Triassic development of the Deep River Basin, which is the basin closest
to the convergent center of the N-trending swarm, and emplacement of the N-trending
dike swarm are both characterized by an E-W-oriented a3 suggesting sequential
emplacement of the N-trending swarm as the basin-forming stress field evolved
(inversion of at and az) followed by Jurassic emplacement of NW-trending dike
swarms characterized by a NE-SW-oriented a3•
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The N-trending swann ends in central Virginia, but north of these dike patterns
also suggest a similar sequential development. NE-trending mafic dikes are subparallel
to the basin-bounding fault flanking the NW side of the Culpepper basin of Virginia
and Maryland. These NE-trending dikes reflect emplacement within the basin-forming
stress field characterized by an ESE-oriented (J3 and a vertical (J, and likely preceded
emplacement ofNW-trending dikes characterized by a NE-SW-oriented (J3.



CRUSTAL TECTONIC CONTROLLING METALLOGENIES FROM
PALEOZOIC TO TERTIARY IN THE NORTH PATAGONIAN REGION,
ARGENTINA

H.G.L. BASSI, Centro de Investigaciones en Recursos Geol6gicos,
Ramirez de Velasco 847,1414, Buenos Aires, Argentina

When comparing alignments of mining districts of the Rio Negro province and the
elongation of outcropping granite and metamorphic bodies of precambrian-paleozoic
ages strongly similar strikes are found (Figs. 1 and 2).

RIO NEGRO
PROVINCE

100 km

IB

nO

160

Figure I. PROVINCE OF RIO NEGRO. INTERPRETATION OF THE METALLOGENIC BELTS. I,
basement outcropping bodies (metamorphites-granitoids). II, Mining Districts: I, Catriel (oil); 2, Lago
Pellegrini (bentonite); 3, Valcheta (W, Pb, Cu, F); 4, Gualicho (W); 5, Gonzalito (Pb, W); 6, Sierra Gmnde
(Pb, F); 7, Espemnza (Pb, Mn, F); 8, Choique Mahuida (Pb, Cu, Ba, Mn, Kaolin); 9, Marla (Pb, Au); 10,
Angela (Au, Pb, Zn). III, Metalogenic Belts: A, Marla; B, Angela; C. Espemnza-Choique; D. Catriel-Sierra
Gmnde; E, Marla-Gualicho; F, Angela-Gonzalito.
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This display is associated to the frequency of strikes shown by megafractures
and alignments of more than 150 km length throughout the whole patagonian region
(Fig. 3) which extends more than 106 km2•

Such strikes are NNW and ENE, which constitute the main sides of the
Patagonian Regmagenic Net, considered as representatives of the crustal fractures
(Bassi, 1998).

Such fracturing (proterozoic) modeled the precambrian crust a settled a pattern
of periodical tectonic reactivations up to present, which in tum controls the ways of
access for differents metallogenies as well as most of the post-precambrian magmatic
cycles, mainly the one related to paleozoic granitoids.

Two metallogenic cycles were identified. The first one of high temperature,
tungsten bearing and probably of caledonian age. The other, Pb, Ag, Zn, Cu, Barite,
Mn, F and Kaolin bearing, ranging from meso to epithermal with ages from Post
Jurassic to Tertiary.
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Figure 2. Rio Negro Province. Frequency
Diagram. I, elongation of the basement
outcropping bodies; 2, faults (1994, State
Geological map 1:750,000); 3, trend of
metallogenic belts (without scale).

Figure 3. Patagonian Region. Frequency of
megafmctures and lineaments. (after Bassi,
1988).

Not depending on the age of the genetic cycles, the whole of the know districts arrange
themselves following a systematic net, and forming metallogenic belts striking ENE
and NNW (Fig. I).

The know mining districts are always located at the points of intersection of
the net lines and may constitute a future prospection tool in the intersections with no
mining occurrences as well as along the belts.
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EARLY PROTEROZOIC DUCTILE REWORKING OF ARCHEAN
BASEMENT IN THE CENTRAL LARAMIE RANGE: A COMPLEX
RESPONSE TO THE CHEYENNE BELT, TRANS-HUDSON AND CENTRAL
PLAINS OROGENS

R.L BAUER, D.A. GRESHAM, and J.D. EDSON, Department of
Geological Sciences University ofMissouri, Columbia, MO 652J J, U.S.A.

The central Laramie Range ofsoutheastern Wyoming lies along the southeastern margin
of the Wyoming Archean province. The southern margin of the province in this area is
defmed by the Cheyenne Belt, a suture zone that marks the interface between Archean
rocks to the north and early Proterozoic juvenile crust « 1.8 Ga) to the south. The
eastern margin of the Wyoming craton, just east of the central Laramie Range, is buried
beneath Phanerozoic cover. However, dri11 core and geophysical data indicate that this
boundary is marked by the southern projection of the early Proterozoic Trans-Hudson
orogen (THO), which is generally interpreted as a collisional orogen that formed
between the Wyoming and Superior Archean cratons. The THO extends to the south
from exposures in Canada, through the Black Hi11s, to a buried intersection with the
Central Plains orogen (CPO). Like the Cheyenne Belt, this northern boundary of the
CPO marks the northern limit ofjuvenile crust younger than 1.8 Ga.

Recent UJPb apatite dates and thermobarometry by Chamberlain et a\. (1993)
suggest that the central Laramie Range underwent a near vertical block uplift of ca. 10
km during collision along the Cheyenne Belt. The uplift was accommodated by
displacement along the Laramie Peak shear zone that marks the northern boundary
between deformed amphibolite facies gneiss of the central Laramie Range and relatively
undeformed greenschist facies rocks of the Laramie batholith to the north. The age of
uplift is ca. 1.76 Ga (Resor et a\., 1994) based on UJPb sphene ages in a deformed mafic
dike within the shear zone.

Our analysis of deformation features in late Archean and Early Proterozoic
rocks of the central Laramie Range indicates that intense ductile reworking of this
southeastern margin of the Wyoming Archean craton occurred during two events that
may be correlated with the Trans-Hudson orogen and the collision that produced the
Cheyenne Belt. The dominant Archean rocks include granitic gneiss and infolded
supracrustal rocks of the EImers Rock greenstone belt (Snyder, 1984, 1986). Early
Proterozoic mafic and ultramafic dikes and a small granodiorite pluton that intruded the
Archean rocks have UJPb ages of ca. 1.8 Ga (Cox et aI, 1993; Snyder et a\., 1995). The
Proterozoic units cut an early gneissic banding in the Archean rocks, but both the
Archean and Early Proterozoic rocks contain at least two generations of folds and
deformation fabrics that post-date the prominent banding in the gneiss.

The regional trend of the earliest Proterozoic deformation (02) varies from E­
W in the southern margin of the central Laramie Range, in the vicinity of the EImers
Rock greenstone belt, to nearly N-S along the eastern margin of the range to the north.
The change in trend defines a broad oroclinal bend that closes to the southeast. Rock
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fabrics generated during the O2 event are dominantly L-tectonites in both the E-Wand
N-S-trending segments. Lineations and fold hinges in the southern area range from
westerly plunges in the western part of the area to more northerly plunges and
associated reclined fold forms toward the east, approaching the oroclinal hinge of the
regional structural trend. The Proterozoic mafic and ultramafic dikes in this area are
locally folded on a regional scale about northerly dipping E-W-striking axial planes. A
strong L2 linear fabric, parallel to that in the Archean host rocks, is common within the
deformed mafic dikes, but it is quite variably developed even within the same dike.
Lineations and fold hinges along the eastern margin of the range, north of the oroclinal
bend, plunge moderately to the south. The F2 folds have upright N-S-striking axial
planes and a dominant Z symmetry. Both Proterozoic mafic dikes and a Proterozoic
granodiorite pluton, intrusive into the granitic gneiss of this area, contain a strong L2
linear fabric parallel to that in the Archean host rocks.

Along both the southern and the northeastern study areas, O2 fabrics are folded
by broad open F3 folds with NW-striking upright axial planes. These folds deform the
Proterozoic mafic dikes on a regional scale and have deformed the outline of the
granodiorite pluton into an open arc with a NW-striking axial plane. F3 folding ofthe L2
linear fabric produced a complex redistribution of the L2 lineations within both the
Archean and Proterozoic units (Gresham and Bauer, 1994).

Although the Early Proterozoic age of these deformation events is well
established, the attribution of these events to Trans-Hudson or Cheyenne Belt/Central
Plains orogens is more equivocal. If only the northeastern area is considered, the N-S­
trending O2 features can be readily attributed to E-W shortening during the Trans­
Hudson orogen. The F3 folds could be attributed to later shortening from the south or
southwest along the Cheyenne Belt. This scenario is consistent with the relative timing
of the Trans-Hudson and the Cheyenne Belt that has been inferred. However, if only the
southern area is considered, the E-W-trending O2 features can be explained as a result of
N-S shortening along the Cheyenne Belt followed by younger shortening from the
northeast during the Trans-Hudson orogen. This is not consistent with the generally
inferred timing of these orogens. It is possible that the oroclinal bend of the O2 structural
trends is due to complex interactions along this southeast comer of the Wyoming craton
between convergent island arc sequences accreted from the south along the Cheyenne
Belt and concomitant E-W convergence during the Trans-Hudson orogen.
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PROPAGATION OF HIGH ANGLE, DIP-SLIP BASEMENT FAULT ZONES
INTO OVERLYING SEDIMENTARY ROCKS

L.A. BOLDT, School of Geology and Geophysics, The University of
Oklahoma, Norman, OK 73019, tel: 405/325-3253, e-mail:
lboldt@fault.scif.our.edu

Some mechanisms by which high angle, dip-slip fault zones in crystalline basement
propagate into overlying sedimentary rocks are presented. The study was conducted on
a segment of the Uncompahgre Uplift in western Colorado where uplift occurred along
faults in the Precambrian basement during Laramide deformation. The basement in this
area is composed predominately of granite and gneiss. The structure was mapped at a
1: 1000 scale covering an area of about two km2• This study focuses on the deformation
of the Chinle Formation (Triassic), composed of siltstones and shales, which lays
directly on the basement, and the overlying, massive aeolian Wingate Sandstone
(Triassic).

The basement-sedimentary rock interface in the study area is cut by two nearly
E-W striking fault zones (faults A & B, Fig. 1). The northern fault bifurcates along
strike from a single fault in the east to two fault segments and an intervening rotated
block in the west (compare Figs. 1 & 2). The displacement along fault A occurred
across a distinct narrow zone, and is classified as a high angle reverse fault (-700-800S).
While the sense of displacement on fault B is identical to that of fault A (South block
up), the displacement of fault B occurred across a significantly wider zone of unclear
inclination. Total throw across both faults A and B and their associated segments is
constant at -150m.

There is a stark contrast in the response of the sedimentary units to uplift along
these two fault zones. Above the reverse fault A and its segments, the Chinle
Formation is faulted without any apparent loss of throw (faults AJ and A2, Fig. 2). The
Wingate Sandstone, however, responds in a more complicated manner. Above the
single reverse fault A, east of the bifurcation point, the entire Wingate Sandstone is
displaced by a single through-going fault that is accompanied by a small amount of
folding (fault A, Fig. 1). While the behavior of the Wingate Sandstone above the two
individual reverse fault segments, west of the bifurcation, is different (Fig. 2). The
discrete displacement at the Chinle-Wingate contact is distributed across a zone that
widens up-section producing two distinct monoclines at the top of the Wingate (i.e.,
these are blind faults).

The sedimentary units over the wide fault zone of fault B (fault B, Figs. I & 2)
behave in still a different manner. Here the Basement-Chinle contact is again offset,
but the Chinle-Wingate contact has little or no fault offset (fault B, Figs. 1& 2). While
the magnitude of throw on this fault is comparable to that of fault A2, fault B has
already gone blind in the Chinle Formation.
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This study suggests several factors that control the faulting behavior of
sedimentary rocks above basement faults. First, sedimentary units above widely spaced
faults tend to accommodate more throw by distributed deformation than the same units
above single or closely spaced faults. Secondly, the width of the basement fault zone
appears to control the distance the fault propagates into the sedimentary rocks. A
narrow fault zone propagates further into the sedimentary sequence as a fault, whereas,
a wide fault zone accommodates part of the throw by distribution deformation. Finally,
the mechanical properties of the sedimentary rocks will dictate the mechanisms by
which the fault throw is accommodated.

Figure I:Schematic cross section of the east side ofthe study area
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GEOLOGIC PROVINCES OF OKLAHOMA

J.A. CAMPBELL, Oklahoma Geological Survey, Norman, OK
R.A. NORTHCUTT, Independent Geologist, Oklahoma City, OK

The geologic provinces of Oklahoma are mainly the product of tectonics and attendant
sedimentation of Pennsylvanian age. Most boundaries are structural; thus, the provinces
map is a generalized tectonic map. Permain and post-Paleozoic strata tend to mask
those structures, but most of those strata have been removed by erosion, except in the
Anadarko Basin and the Wichita Uplift provinces. The location of most of Oklahoma's
oil and gas resources are either influenced by, or are the direct result of Pennsylvanian
tectonics and sedimentation patterns. Therefore, the present study also defines
provinces in the subsurface on the basis of geological criteria. The authors have
attempted to use the originally published names for the recognized provinces. However,
we have also used the most geologically correct names, i.e., Nemaha Uplift, Nemaha
Fault Zone, and Central Oklahoma Fault, in lieu ofNemaha "Ridge."

Oklahoma is separated into five major uplifts and five major basins. Most of
these have subprovinces, which sum to 20 additional identified geologic units. The Gulf
Coastal Plain is not included in this study because it is a veneer of Cretaceous over that
masks significant structures. Faults are the most common boundary element. Although
their precise age commonly is known only approximately, their geographic location is
less controversial, except in detail. Stratigraphic/structural boundaries are based on less
precise geological information. Such boundaries interpreted at the surface are
influenced by both geology and geomorphology, and are therefore strongly influenced
by the present level of erosion. The major example of a surface stratigraphic/structural
boundary is the southwestern limit of the Ozark Uplift in eastern Oklahoma.
Stratigraphic/structural boundaries in the subsurface are commonly based on structural
or isopachous contours from well or geophysical data, or on a structural trend, as well
as the boundary that separates the Marietta Basin from adjacent geologic elements.

Important subsurface boundaries in the Anadarko and Arkoma Basins have
been neglected in previous studies: The Anadarko Basin/Shelf boundary is placed at
the 700-ft isochore of the Atokan and Desmoinesian Series (Rascoe, 1962), at which
there is a marked rate of change of thickening southward into the basin. The northern
limit of the Arkoma Basin seems to merge imperceptibly into the southern part of the
Cherokee Platform, and has been variously drawn by a number of authors. For the
purpose of this study the boundary is modified from the "hinge line" of the Atokan
Series (Weirich, 1953). This boundary approximates the striking rate of change of
thickness ofAtokan strata southward into the Arkoma Basin.

The existing tectonic map ofOklahoma (Arbenz, 1956) is forty years old, and
a new one is wanting. This provinces map must suffice until that is accomplished.
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Significantly, however, the tectonic map of Texas (Ewing and others, 1990) includes
the structurally complex provinces of southern Oklahoma.

The authors are indebted to the numerous earlier studies on which the present
mapped boundaries are dependent. They are too numerous to list here.

GEOLOGICAL PROVINCES AND SUBPROVINCES OF OKLAHOMA

Arbuckle Uplift

Arbuckle Mountains
Tishomingo-Belton Horst
Pauls Valley-Hunton Horst
Clarita Horst
Ada High
Lawrence Horst

Nemaha Uplift

ABM
TBH
PHH
CLH
ADH
LAH

Nemaha Fault Zone NFZ
Central Oklahoma Fault Zone COF

Ouachita Mountains Uplift

Broken Bow Uplift
Ouachita Central Region
Ouachita Frontal belt

Ozark Uplift

Wichita Uplift

Wichita Frontal Fault Belt
Criner Uplift
Waurika-Muenster Uplift
Marietta Basin

Anadarko Basin

Anadarko Shelf
Cimarron Arch
Cyril Basin

Ardmore Basin

Arkoma Basin

Franks Graben
Wapanucka Graben

Cherokee Platform

Hollis Basin
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WFB
CRU
WRU
MRB

CMA
CYB

FRG
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EVIDENCE FROM THE STRATIGRAPHIC RECORD FOR BASEMENT
DEFORMATION IN SOUTHEASTERN NEBRASKA, MIDCONTINENT U.S.A.

M.P. CARLSON, Nebraska
Nebraska, Lincoln NE
mpc@unlinjo.unl.edu

Geological Survey, 113 N.H., University of
68588-0517. tel. 402-472-7549, email:

Superimposed on the continental-scale sequence patterns of the Phanerozoic described
by Sloss (1963) are stratigraphic features that record local tectonics. For the most part,
these tectonic features are the result of regional stress on pre-existing basement
fractures causing activity that interrupts the regional stratigraphic record. Facies and
local absence of sedimentary units provide evidence for delineating the time and extent
of these basement rejuvenations.

The broad facies patterns of the Sauk Sequence were not significantly affected
by either local tectonics or the paleotopography present at the surface of the
Precambrian. However prior to the deposition of the Tippecanoe Sequence, local uplift
in southeastern Nebraska and adjacent areas (Southeast Nebraska Arch) allowed
removal of all sediments of the Sauk Sequence. The carbonate, sand, and shale facies
of the Tippecanoe Sequence again indicate a broad platform of sedimentation. The
unconformities within the sequence are regional with little variation that would indicate
the development of local tectonics. Late in the Tippecanoe Sequence, the North Kansas
Basin formed allowing greater thicknesses of Silurian-age carbonates to accumulate.
Major regional erosion preceded the deposition of the Kaskaskia Sequence; earlier
sedimentary units were preserved in the North Kansas Basin.

Several depositional cycles, separated by unconformities, make up the
Kaskaskia Sequence. However, the only indication of significant local tectonics is the
broad pattern of greater accumulation in the North Kansas Basin. The pre-Absaroka
unconformity records significant tectonic activity in midcontinent U.S.A. Many of the
local structures represent reactivation of the basement fractures of the Late
Keweenawan Midcontinent Rift System. In the southeastern Nebraska area, the
Nemaha Uplift emerged separating the older North Kansas Basin into the Forest City
Basin to the east and Salina Basin to the west. Both thickness and facies of the initial
sediments of the Absaroka Sequence delineate this basin-uplift complex. All earlier
sequence sediments were removed from the Nemaha Uplift so Middle Pennsylvanian
sediments rest on Precambrian rocks. The later Pennsylvanian and Permain sediments
record cyclic eustatic fluctuations of sea level with no significant local tectonics.

No deposits of the Zuni Sequence are present in extreme southeastern
Nebraska. However, the anticlines and faults present in the area indicate that some
post-Absaroka tectonic activity occurred. More complete stratigraphic sections in
adjacent regions suggest that this tectonic activity could equate to that recorded in the
late Zuni Sequence. Seismic measurements demonstrate that portions of southeast
Nebraska still have tectonic activity.
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PETROLOGIC CONSTRAINTS ON THE TECTONIC EVOLUTION OF THE
LLANO UPLIFT

W. CARLSON, Department ofGeological Sciences, University of
Texas at Austin, Austin, Texas 78712 email:
wcarlson@Ccwjcc.utexas.edu

Tectonic models for the Proterozoic evolution of the Llano Uplift must account for a
two-stage metamorphic history characterized by early dynamothermal metamorphism at
high pressures that decreases in intensity from southwest to northeast across the uplift,
followed by later, largely static, metamorphism at lower pressures resulting from
regionally widespread emplacement of granitic intrusions at relatively shallow levels in
the crust.

The dynamothermal nature of early metamorphism is evident over much of the
uplift in strongly transposed layering and multiple generations of structures and fabrics,
but metamorphic conditions during this early event have been largely obscured by later
static overprinting that has greatly modified textures, mineral assemblages, and mineral
compositions. The most conclusive evidence for high pressures during the early event
comes from remnants of eclogitic rocks in the northwestern uplift (Mason County),
which preserve the assemblage pyropic garnet + omphacitic clinopyroxene +
orthopyroxene + pargasitic amphibole + rutile and yield estimates for equilibration
conditions of750°C at 8-11 kbar. At this locality, partially retrogressed samples display
textural features indicative of their high-pressure origin, in particular the partial to
complete replacement of omphacitic clinopyroxene by a symplectite of sodic augite +
oligoclase. Similar rocks are found in the northern uplift (Whitt Ranch) and the south­
central uplift (Oxford), in which later retrogression is more nearly complete; these
contain identical symplectitic replacement textures and relict minerals with similar
chemistry. Inclusion thermometry at Whitt Ranch yields a lower peak temperature of
585°C, however, and the mineralogy of inclusions in garnet from both Whitt Ranch and
Oxford suggests lower peak pressures, in the range 6-8 kbar.

An analysis of growth-zoning patterns in garnet has recently resolved the
question of whether these eclogitic remnants are allochthonous bodies that record a
pressure-temperature history different from that of their surrounding rocks, or whether
the entire uplift experienced early syndeformational metamorphism at high pressures
and temperatures. The degree of homogenization of growth zoning during early
prograde metamorphism varies systematically across the uplift, both in the eclogitic
remnants and in the rocks immediately surrounding them. Garnets of all sizes in the
Mason County eclogites and in the surrounding semi-pelitic gneisses were completely
homogenized at the peak of early metamorphism; garnets of all sizes in the Whitt Ranch
eclogitic remnant and nearby garnet amphibolites are unhomogenized; and garnets in
eclogitic rocks at the Oxford locality and in nearby semi-pelitic schists show partial
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homogenization that varies systematically with crystal size. These local similarities in
degree of homogenization, when combined with regional geographic variations in
degree of homogenization, require that the rocks in which the eclogite remnants reside
experienced the same thermal history during early metamorphism as the eclogitic rocks
themselves, documenting that the Llano Uplift as a whole underwent early
metamorphism at moderate to high pressures. This conclusion is corroborated by phase
equilibria for high-H-staurolite occurrences in pelitic units and enstatite occurrences in a
serpentinized ultramafic body in the southeastern uplift, which together require
temperatures near 700°C at pressures in the vicinity of 7 kbar.

Mineral assemblages that preserve a record of early metamorphic conditions
are rare. Because of thorough and ubiquitous overprinting, the dominant assemblages
throughout the uplift are characteristic of low-pressure (Buchan-series) metamorphism
in the middle-amphibolite facies. Deformational fabrics in many rocks are modified by
static recrystallization textures, and decussate porphyroblasts of minerals stable at low
pressure commonly overgrow metamorphic foliations. These effects are ascribed to
widespread recrystallization, accompanied by hydration, during thermal events
associated with the emplacement of granitic plutons. Phase equilibria in calc-silicates
document static recrystallization driven by the influx of hydrous fluids with oxygen
isotopic signatures identical to those of adjacent granitic bodies. Phase equilibria and
thermobarometry also document the presence of subtle thermal aureoles surrounding
plutons in the southeastern uplift, and indicate equilibration conditions in the range of
475-625°C at 2-3 kbar for localities distributed widely across the uplift. At present, no
evidence exists for systematic geographic variations in metamorphic conditions during
this episode. This "static event" was neither a single event nor was it entirely post­
deformational: crystallization ages for plutons in the uplift span several tens of millions
of years, and field evidence suggests that some plutons were intruded in the waning
stages of deformation. Nevertheless, late recrystallization throughout the uplift is
without doubt thermobarometrically and kinematically distinct from early
recrystallization.

Tectonic models for the evolution of the Llano Uplift are therefore constrained
by petrologic observations to account for burial to maximum depths of 30-35 km during
orogeny, with a decrease in metamorphic intensity from southwest to northeast; and for
subsequent uplift to depths of 5-10 km as deformation waned prior to the main pulses of
granitic intrusion, with exhumation that was more pronounced in the southwest than the
northeast.



PROTEROZOIC EVOLUTION OF THE LLANO UPLIFT, CENTRAL TEXAS:
EVIDENCE FOR HIGH-PRESSURE METAMORPHISM FROM THE OXFORD
MAFIC BODY

J. DAVIDOW and W. CARLSON University of Texas at Austin
Department ofGe%gica/ Sciences Austin, Texas 78712 USA

A unique garnetiferous occurrence of Proterozoic mafic rocks in the south-central Llano
Uplift near Oxford in central Texas provides evidence supporting the hypothesis that
rocks in the southeast uplift shared the high-pressure metamorphism recorded in
remnants of mafic eclogites in the northwest uplift (Mason County eclogite: Wilkerson
et aI., 1988) and northern uplift (Whitt Ranch metagabbro: Schwarze, 1990). Petrologic
features that formed during early high-pressure metamorphism have been partly
obscured, however, by late amphibolite-facies retrogression at low pressure, which
overprinted many rocks throughout the uplift. Prior to this study of the Oxford body,
involvement of the rocks in the southeast portion of the uplift in an early high-pressure
metamorphic event had been inferred only on the basis of staurolite textures and
chemistry from two localities in the Precambrian Rough Ridge Formation and from
regional trends in homogenization of prograde garnet zoning (Carlson and Nelis, 1986;
Carlson and Schwarze, 1993; Carlson and Reese, 1994).

Discontinuous outcrops of porphyroblastic garnet amphibolite, mapped by
Collins (1978), are exposed in the channel and bank ofLost Hollow Creek near Oxford.
The common mineralogy is magnesian hastingsite + oligoclase + quartz + biotite ±
almandine-rich garnet (typically strongly resorbed) + ilmenite (typically partly replaced
by titanite). Matrix textures are generally foliations defined by aligned amphibole +
biotite, layers defined by lack of amphibole + biotite, and fine-grained symplectitic
intergrowths of amphibole + plagioclase + augite. Relict garnet porphyroblasts range in
diameter from 5 to 2 mm. They are encased by reaction zones (coronas), 5 to 0.5 mm in
radial thickness, composed of amphibole + oligoclase to andesine + quartz + ilmenite ±
biotite ± magnetite, which lack organization into distinct mineralogical bands.
Plagioclase compositions adjacent to garnet are andesine and become steadily more
sodic toward the matrix. Inclusions in garnet occur as polymineralic assemblages of
ilmenite ± apatite ± titanite ± quartz ± andesine ± epidote ± amphibole and as
monomineralic inclusions of andesine, quartz, epidote, apatite, ilmenite, magnetite, and
titanite. Garnet-hornblende thermometry (Graham and Powell, 1984) on one
polymineralic inclusion of quartz + ferro-tschermakite near the rim of a highly resorbed
garnet crystal records a minimum prograde temperature of 620°C.

Although these rocks lack appropriate assemblages for thermobarometry to
characterize their early history, they exhibit a striking textural and chemical affinity
with the eclogitic remnants at Whitt Ranch in the northern portion of the uplift, which
present more definitive evidence of having undergone an early, high-pressure
metamorphism. Matrix symplectites, garnet compositions, and inclusion suites in garnet
are similar in both occurrences. Garnet resorption mineralogy is similar in both
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occurrences, although the coronas in the Whitt Ranch rocks are highly organized into
mineralogical bands. Carlson and Johnson (1991) have shown that the Whitt Ranch
coronas formed by a diffusion-controlled reaction. It is possible that the unorganized
coronas in the Oxford rocks formed by a different mechanism, or formed initially by a
similar mechanism but were later modified.

Preliminary results from an investigation of garnet zoning profiles in a suite of
centrally sectioned crystals, following the method described by Carlson and Schwarze
(1993), indicate that the degree of homogenization of growth zoning experienced by
garnets in the Oxford body is intermediate between the completely homogenized
garnets in the northwest Mason County and the unhomogenized Whitt Ranch rocks.
Thermometry on mineral assemblages in these occurrences indicates peak temperatures
in the early high-pressure event of -750°C for the Mason County and -585 °c for the
Whitt Ranch rocks. The peak temperature experienced by the Oxford body is likely
bounded by these values.

These three mafic occurrences document a regional gradient in early peak
metamorphic conditions across the uplift that is consistent with Schwarze's (1990)
suggestion that peak conditions during Proterozoic continental collision were greatest in
the southwest and decreased toward the northeast, along a northeast-trending line
parallel to the bulk tectonic transport direction.
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DIKES IN THE PRECAMBRIAN OF THE EASTERN ARBUCKLE
MOUNTAINS

R.E. DENISON. The University of Texas at Dallas,
Richardson, TX 75083

There are four main types of dikes found in the massive Precambrian rocks of the
eastern Arbuckle Mountains (I) diabase, (2) rhyolite porphyry, (3) microgranite
porphyry and (4) granite. Three of these dike types give crucial information in the
understanding the Cambrian opening of the southern Oklahoma aulacogen and later
Paleozoic geologic history. Some of the older dikes define an earlier zone of weakness
that may have controlled the location and N600W direction of the rift.

Four massive granitic units are the framework rocks for the Cambrian opening.
Numerous diabase dikes cut the host granitic units as well as fewer but conspicuous
rhyolite and microgranite porphyry dikes. One suite of diabases is near the age of the
host granites and another was emplaced during and are the manifestation of the
Cambrian opening. The dikes suites cannot be separated in the field or by petrography
(they are simple plagioclase + pyroxene + iron oxide ± olivine rocks). Both diabase
suites have a very strong N600W strike direction. There are a few «10) dikes of a
distinctive microgranite porphyry that form prominent dikes that can be traced for
several miles along strike. These dikes are 1,350-1,400 Ma old, cutting the oldest
granites but not the youngest. A few dikes of brick red rhyolite are Cambrian in age
and probably represent feeders for the widespread rhyolite flows in the aulacogen to the
south. Both the microgranite porphyry and rhyolite dikes have a preferred N600W
strike. There are also some granite dikes near the age of the host granites that do not
show any systematic strike or dip.

The diabase dikes are most numerous adjacent to the rift margin and are
common for a distance of about 8 km from the margin. The microgranite porphyry
dikes are rather evenly spaced through the older granitic host rocks in the west. The
rhyolite dikes are found within about 10 Ian of the rift margin. It is believed that the
rhyolite and an undetermined portion of the diabase dike swarm reflect the Cambrian
rifting that occurred during the opening of the Ouachita depositional basin to the
southeast. The strike direction of the Precambrian dikes is one of the few
demonstrations of preferential weakness in any basement rocks of the southern interior.
By the Late Cambrian transgression any volcanics fed by the dikes had been eroded.
The aulacogen received an exceptionally thick section of lower and middle Paleozoic
rock. During intense Pennsylvanian deformation the N600W dike direction was
reactivated as the regional structural grain.
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NEOPROTEROZOIC CONTINENTAL-SCALE
MEGAZONE IN EASTERN BRAZIL

TRANSPRESSION

I. ENDO, Federal University of Ouro Preto, Department of
Geology, Campus Mo"o do Cruzeiro, 35400-000. Ouro
Preto, MG, Brazil; e-mail: issamu@degeo.ufop.br
R. MACHADO, sao Paulo University, Institute of
Geosciences. Cidade Universitaria, 0/498-970. sao Paulo,
SP, Brazil

The Transatlantic megashear system (TATLmss) is a northeast-trending continental­
scale transpression megazone which exhibits coeval Neoproterozoic structural and
tectonic evolution. On the Brazilian platfonn it is 900 Ian wide and 3600 Ian long and
extends northeastward into the African continent and southwestward into Argentina,
Uruguay and Paraguay.

We propose a new interpretation for the Brazilian Neoproterozoic structural
and tectonic framework. This tectonic model eliminates the major geometric and
kinematic problems of the Brazilian structural provinces, providing an evolutionary
model that explains in an integrated way the coexistence of the circumscribed fold­
thrust belts around the Sao Francisco Craton as well as transcurrent shear belts in outer
zone (Fig. I). We hope that this model will serve as a working hypothesis for future
field and geodynamic studies of the region.

The internal geometry and kinematic of the transpression megazone ­
TATLmss - display consistent manifestation of regional right-handed transpressional
tectonic regime in which the defonnation is accommodated by several shear belts of
different orders. Where exposed the TATLmss comprises low to high grade
metamorphic and mylonitic belts with aggregated reworked Archean to
Paleoproterozoic rocks. We briefly describe these shear belts that are represented, in
map view, by the axes of internal zones which corresponds to the loci of intense
defonnation, rooting into large positive flower-like structure of complex anatomy (Figs.
I & 2). The bold numbers corresponds to descriptions of the map.

The first-order shear belts of the TATLmss are: (1) Atlantic (ASB): The ASB
is composed by two sets of right-handed transpressional shear systems which extends
over 3000 Ian. Its sinusoidal trace follows parallel the eastern Brazilian Atlantic margin
with NE-SW direction [1,2]. These systems are: (la) Paraiba do Sui Shear System
(PSSS) and (1b) Dom Feliciano Shear System (DFSS); (2) Transbrazilien (TBSB) [2]:
The TBSB is a NE-trending dextral shear belt that extends up to 3150 km. Most of
TBSB is covered by Phanerozoic sediments of Parana and Parnaiba basin. The second­
order shear belts are: (3) Campo do Meio (CMSB) [2]: The CMSB is a NW-trending
sinistral transpressional shear belt; (4) Pararnirim (PMSB) [2]: The PMSB is a sinistral
transpressional shear belt with NW-SE trend; (5) Senador Pomeu (SPOSB) [2]: The
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SPOSB is sub-parallel to TBSB with dextral shear sense; (6) Pernambuco (PESB): The
PESB is oriented in E-W direction with dextral shear sense; (7) Patos (PASB): The
geometry and kinematic of PASB is similar to PESB.; (8) Tocantins (TOSB) [2]: The
TOSB is a N-trending structure with dextral shear sense; (9) Tentugal (TESB) [2]: The
TESB is a NW-trending belt with sinistral shear sense; (10) Sarandi del Yi (SDYSB)
[2]: The SDYSB is a dextral NW-trending connective belt between PSSS and DFSS.

One of the illustrative geologic transects across the ASB was described by
Machado & Endo [8] (Fig. 2). They found three important structural settings
corresponding to kinematic partitioning of the displacement field: (i) internal, (ii)
intermediate and (iii) external zone. The internal zone comprise a domain of intense
deformation with dominant strike-slip transpressional component and vertical planar
rock fabric of high metamorphic grade. Geophysical anomalies are associated with
these zones and significant volumes of synkinematic granitic bodies are intruded in the
later phase. In the intermediate zone the basement blocks are generally involved in the
deformation which is partitioned between strike-slip and thrust-fault components
mechanically coupled and in the external zone the deformation is typically due to
contractional component.

Important subsurface magnetic gravimetric anomalies [3,4,5] are usually
related to axis of that systems or belts. They also show regional divergent metamorphic
polarity [6] and double structural vergency [7,8] which are features compatible with
large positive flower-like structure. Moreover, reactivation processes in several
Phanerozoic cycles are a pervasive phenomena whose manifestation is indicated by
transtensional sedimentary basins and alkaline intrustions.

According to these model the Sao Francisco Craton represents a suggestive
brittle "megaporfrroclast" surrounded by, and probably three-dimensionally braided,
Neoproterozoic mobile belts in the interior of the TATLmss.

Finally, our proposition states that TATLmss represents, in the transpression
model, a mobile zone situated between two rigid blocks. This zone is called Atlantic
Tectonic Province (ATP) [I] and adjacent rigid blocks are represented by the Amazon
and Congo cratons. The former, on the Brazilian platform, is called Amazon Tectonic
Province (AmTP) [9,1).
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Figure I: Selected structural and tectonic elements showing a suggestive coeval evolution
across the Transatlantic Megashear System. A- Basement, B· Neoproterozoic cover,
C- Phanerozoic Cover, D- Foliation trend, E- Axial zone: site of intense
deformation, F- Limit between Amazon (AmTP) and Atlantic (ATP) Tectonic
Province (Mod, from [3,4,10,11]).
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Figure 2: Transect across the Atlantic Shear Belt - ASWB - between Born Sucesso and Cabo
Frio Localities. A- Basement, B- Meso to Neoproterozoic cover, C- Granulites and
Charnockites [I] and mylonitic rocks [2], D- Granitic batolith E- Dextral strike-slip shear
zone, F- Reverse shear zone with dextral strike-slip component. SFC- Slio Francisco craton
(after [8]).



MULTIPLE REACTIVATIONS OF MAJOR FAULT ZONES IN THE
NORTHERN READING PRONG, USA

A.E. GATES, and R. COSTA, Dept. of Geology, Rutgers University,
Newark, NJ07J02

Fundamental zones of crustal weakness that were established in the northern Reading
Prong during Grenville orogenesis were reactivated during every subsequent tectonic
event. The rocks in these fault zones contain complexly overprinted mylonites,
cataclasites, and breccias with distinct kinematics and mineralizations. By studying the
similarities and differences of rocks from three separate fault zones across the eastern
Pennsylvania, New Jersey, and the southeastern New York part of the Reading Prong,
the tectonic succession and a relative chronology can be determined. In addition, new
indicators ofmultiple reactivations can be identified.

The NE-striking composite Morgan Hill and related shear zones in Easton, PA
is the westernmost of the three zones. A period of major reverse movement at peak
Grenville metamorphic conditions is represented by a 2 to 3 km-wide mylonite zone in
all lithologies. Locally crossing the reverse zone are thin 10 to 100 m wide NW-striking
sinistral strike-slip shear zones. These faults appear to have been active late in the
Grenville event and are best represented by quartz-magnetite mylonites that formed at
the brittle-ductile transition. These two shear zones are fragmented, overprinted and
obliterated by major normal movement on NE-striking zones. Well developed S-C
mylonites in granitic and serpentinite (calc-silicate) rocks show consistent normal
offset. These zones are bounded by mineralized pockets of fault breccia for which shear
sense and age cannot be determined. All previous zones were fragmented and offset by
Taconian thrust faults and possible Alleghanian thrust faults.

The NE-striking Reservoir fault zone extends from central New Jersey through
southern New York. It has peak to late Grenville S-C mylonites that show reverse
movement in New York but these rocks were fragmented and removed during late to
post Grenville dextral strike-slip shearing. Cataclasites and marginal mylonites of this
event are well mineralized with halogen-bearing amphiboles. These rocks were
dominantly fragmented and removed during Taconian(?) reverse faulting and
Alleghanian dextralreverse faulting. The Reservoir fault is seismically active.

The NE-striking Ramapo fault is the easternmost of the three zones. The
Ramapo fault has been shown to have undergone Grenville reverse movement, late-post
Grenville dextral strike-slip movement, Taconian reverse movement, Acadian­
Alleghanian reverse movement, Mesozoic normal faulting, and it is currently
seismically active. The Taconian reverse movement formed the most pervasive
mylonites. However, these mylonites show many brittle pull-apart amphiboles and
feldspars with equivocal shear sense as well as folds in the flow fabric. There are "V"
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fractures in the pull apart grains with two distinct sets of mineral overgrowths. These
textures can be used to identify remylonitization ofmylonites.

Among the three faults as many as 7 phases of reactivation can be identified.
The weak zones between relatively rigid crustal blocks exhibit multiple and intense
deformational episodes because they absorb the majority of strain in a tectonic event.
The crystalline rocks between the faults show relatively little post peak Grenville
deformation. The rigid blocks simply adjusted to the renewed stresses along their
boundaries. Depending upon stress and metamorphic conditions, the previously formed
mylonites and cataclasites were either fragmented or resheared during reactivation.



STRUCTURAL EVOLUTION OF CIMA TERMINE AREA, VAL VENOSTA
(NORTHERN ITALY)

G.O. GAITO, Dipartimento di Geologia, Paleontologia e Geofisica,
Universita'di Padova, Corso Garibaldi 37, 1-35137, Italy, tel. 39-49­
664828.
N. MINZONI, Dipartimento di Scienze Geologiche e Paleontologiche,
Universita'di Ferrara, Corso Ercole I dEste 32, 1-44100, Italy, tel. 39­
532-210341.

In the Alpine chain, the Austroalpine domain represents the Mesozoic African margin
which, during Alpine orogenesis, overrode the European domain. In both margins the
collision caused the emplacement of several Europe-verging nappes.

In the Cima Termine area, the nappe consists of pre-Mesozoic (Precambrian
and Variscan) crystalline rocks and Mesozoic terrigenous and carbonate sequences.

During the main Alpine tectonics, the Mesozoic sequences were overthrust by
the crystalline rocks. The sedimentary succession was also detached from the crystalline
basement and stacked in several small tectonic units characterized by metric to
hectometric isoclinal recumbent folds.

The deformation developed by flat-ramp-flat geometry, with the formation of
hinterland-dipping duplexes evolving in a wide stacked imbricate antiform.

Structural analysis indicates that tectonic transport was towards north-westerly
areas. Slaty cleavage and very low-grade Alpine synkinematic metamorphism may be
observed along the overthrusting surfaces. Some field data suggest that the main
overthrusting surfaces were formed by the re-use ofMesozoic growth faults.
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ON FRACTURE DEVELOPMENT IN ROCK SUBJECTED TO COMPRESSION

L.N. GERMANOVICH, K.K. LEE, J-C ROEGIERS, School of
Petroleum and Geological Engineering, The University of Oklahoma,
Energy Center, T301, 100 East Boyd, Norman, OK 73019-0628, 405­
325-2907. leonid@rmg.uoknor.edu
A.V. DYSKIN, The University of Western Australia, Nedlands, Western
Australia. 6009,61-9-380-3987

This paper describes an experimental study involving laser-induced cracking of
transparent blocks made of PMMA and polyester casting resin. Disc-shaped cracks
were introduced into the cylindrical and rectangular specimens by focusing a Nd-YAG
laser beam. The PMMA samples were frozen in a dry ice-bath at a temperature of -72
°c or in liquid nitrogen (-198.5 0c) to make them brittle. Similarly, the resin samples
were cooled in the freezer, at -20°C, prior to testing. Besides being transparent, such a
material also exhibits elastic and strength properties similar to rocks. The samples were
subsequently loaded uniaxially to observe internal 3-D crack propagation in
compression. The whole process took no more than 2 minutes in order to maintain the
frozen condition of the samples, which did not exhibit any noticeable residual strain.
This technique was then expanded to induce several cracks of given sizes and at given
locations, allowing the study of 3-D crack interaction in compression.

This study demonstrated that 3-D crack growth in compression qualitatively
differs from the 2-D case. Unlike 2-D cracking, where extensive growth of branches
leads to sample splitting, there are intrinsic limits on 3-D growth of wing cracks
produced by a single pre-existing crack. Although wings branched from the initial
crack, they, at most, grew to a size comparable to the initial crack dimensions (Fig. la)
which is insufficient to cause overall failure. The whole process then ended up in an
explosion-like failure not related to the laser-induced cracks; when the applied load
reached the compressive strength of the material (Fig. Ib). Moreover, cracks did not
propagate further even when they were located near a free surface.

However, when two cracks were suitably located with respect to each other,
new large cracks were produced as a result of the combined action of wing cracks
originating from the initial flaws. This is probably the result of remote tensile stresses
induced by the interaction of the propagating wing cracks. A macro fracture can indeed
be produced if these wings grow in approximately the same plane, but not otherwise.

In multicrack situations with high crack densities, either new cracks are
initiated or wings of some existing cracks are made to grow further. In this case, the
crack density is a key factor in the mechanism of fault nucleation. In dense crack
populations, the combined action of crack-induced tensile stresses can produce large
fractures (Fig. 2a) or make some of the wing cracks grow further, creating fault-like
structures (Fig. 2b). On the other hand, in low density crack populations, the cracks
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practically grow independently (Fig. 2c). Indeed, in dense crack populations, such as in
rock samples, the probability of having at least two closely located and properly
arranged cracks is rather high.

In rock, even though the 3-D flaw splitting the sample eventually becomes 2­
D-like, the initial stage of its development is qualitatively different from the 2-D case.
A mechanism of fault nucleation, i.e., the transition between the (micro) scale of the
initial 3-D cracks (Fig. la) and the resulting large-scale 2-D-like structure (Fig. 2a)
could be based on the tensile stresses generated by micro-scale wing cracks in the
direction perpendicular to the loading.

(a)

Figure I
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(b)
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THE CHARACTERISTICS AND TECTONIC EVOLUTION OF THE
BASEMENT OF THE COLLISION OROGENIC BELT ON THE
SOUTHEASTERN MARGIN OF THE YANGTZE PLATE

X. GUIZHONG and W. YIFEN, Institute of Geology. Chinese Academy
of Sciences, Beijing 100029, China, tel. 86-01-2027766. fax. 86-01-491
9140

The collision orogenic belt on the Southeastern margin ofYangtze plate is a narrow but
long region northeast-trending, passing through North Jiangxi, South Anhui and West
Zhejiang Provinces and extending about 700km long and 150-200km wide. This region
is bounded by the Pingxiang-Jiangshan-Shaoxing deep-seated fault zone on the south,
and the Jiangnan deep-seated fault zone on the north. Its southeast boundary is adjacent
to the Huaxia craton.

The basement of the collision orogenic belt is composed ofMiddle Proterozoic
low-grade metamorphic rocks. The formation of the basement was closely related to
Precambrian paleoplate activity. The available data suggested that there are three sets of
NE-striking ophiolitic melanges distributed along deep-seated fault zones of the
basement from north to south. They are Tunxi-Shexian, Zhangshudun-Zhongcun and
Jiangshan-Shaoxing ophiolitic melange zones. The outcrop of ophiolite represents the
location of interaction between paleo-marine and paleo-continental crusts, and thus is a
most important geological evidence in the discussion of tectonic evolution of the
basement. The formation of the basement of the orogenic belt is composed of the
products of a Middle Proterozoic trench-are-basin system which developed in the
southeastern margin of the Yangtze plate. The Tonggu-Jingdezhen-Ningguo deep­
seated fault and Yingtan-Dexing-Anji deep-seated fault divided the system into
Yongxiu-Qimen paleoshelf area, Wanzhai-Tunxi paleo-back-arc basin, the Henfeng­
Jiande paleo-island arc and Jiangshan-Shaoxing trench areas from north to south.

The basement has different names in different areas: the Shuangqiaoshan
group in northern Jiangxi, the Shangxi group in southern Anhui and the Shuangxiwu
group in western Zhejiang. They formed at the same time but in different tectonic
environments, and many kinds of deformation made them a complex structural­
lithological association. The facies, lithology, rock association and metamorphic grade
of Shuangqiaoshan Group vary from area to area. In the paleoshelf area north of
Tonggu-JingdezhenNingguo deep-seated fault, it is mainly composed of a series of low­
grade metamorphic rocks, including phyllites, slates and tuffaceous slates. In the paleo­
back-arc basin area south of the fault, with a relatively high-grade metamorphism, it
mainly consists of chlorite-sericite-schists, gamet-sericite-schists, quartzschists, tuff and
tuffaceous phyllites, but includes considerable metamorphosed basic lavas, minor acid
lavas and ultrabasic rock blocks. They belong to the products of back-arc basin. The
Shangxi Group, mainly distributed in the southern Anhui area north of Tonggu-
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Jingdezhen-Ningguo deep-seated fault is a series of low-grade metamorphic rocks,
including feldspar-quartz sandstones, carboneous slates, siliceous slates and minor
tuffaceous slates. To the south of the fault, the Shangxi Group consists of sedimentary
flysh and contains a large amount of metamorphic basic lavas, a minor amount of acid
lavas and volcanic clastics. The provenances of these rocks belong to back-arc basin.
The Shuangxiwu group, distributed with a narrow outcrop in the western Zhejiang area,
is a series of low-grade metamorphic rocks. Near the north side of Pingxiang­
Jiangshan-Shaoxing deep-seated fault, it is a suite of marine metamorphic volcanic­
sedimentary rocks, in which volcanic rocks are mainly spilites but include minor
keratophyres and quartz-keratophyres. In the Fuyang and Zhangcun areas, it is
composed of continental metamorphic andesites, rhyolites, volcanic clastics,
sandstones, conglomerates and mudstones. These rocks are the products ofvolcanic arc.

Tunxi-Shexian ophiolitic melange zone is well developed, 50 km long and 5
km wide. It is mainly composed of serpentized dunites, scapolite-peridotites, pegmatic
gabbros, gabbros, diorites, quartzdiorites, pilites, quartz-keratophres, tuffaceous
phyllites and slates. It can be considered that the melange would occur north of the
Wanzhai-Tunxi paleo-back-arc basin in last Middle Proterozoic. Zhangshudun-­
Zhongcun ophiolitic melange zone distributed along the west side of Yingtan-Dexing­
Anji deep-seated fault, this zone strikes NE, and is Il0km long and 8-15 km wide.
There are 250 little rootless basic and ultrabasic rock blocks to be mapped. The
peridotites, including orthopyroxene-pedotites and minor dunite, represent the hard­
melted or unmelted materials in primitive mantle, and then were mixed into
Shuangqiaoshan group by high-pressure ductile deformation. The cumulatic rocks are
mainly composed of pyroxene-peridotites, pyroxenites and gabbros, and have layered
or banded structures due to the fractional crystallization. The metamorphic volcanic
rocks are marine tholeiites. Jiangshan-Shaoxing ophiolitic melange zone is distributed
along Jiangshan-Shaoxing deep-seated fault with 45 km long and 0.5-7 km wide. The
peridotites, pyroxenites, amphibolites and gabbros are isolated and enclosed by schist
and quartz-diorites, appearing as a mylonitic belt with several hundred kilometers long.
The provenance of muscovite-schists and muscovite-quartz-schists accompanied with
these blocks should belong to trench flysh sediments. We consider that Tunxi-Shexian
and Zhangshudun-Zhongcun ophiolitic melange should be the products of the back-arc
basin. And Jiangshan-Shaoxing ophielitic melange could be the product of the
subduction zone.

The collision orogenic belt of the southeastern margin of Yangtze plate
underwent the following tectonic evolution process. Before Middle Proterozoic,
Yangtze paleocraton was isolated from Huaxia paleocraton by a wide ocean. From
Middle Proterozoic, as a marine plate north of Huaxia paleocraton subducted to the
south side of Yangtze paleocraton, the continental margin disintegrated gradually so
that a trench-are-basin system formed. This system continued to the last Middle
Proterozoic. These two plates collided to form Jinning orogenic belt before 900 Ma.
Since the crust became thick and the partial melting took place in the deep crust,
collisonal granodiorites formed. At the same time, the high-pressure metamorphic rocks
related to collision formed in northeastern Jiangxi ophiolitic melange zone. In Sinian, a
series of rift basins formed on the orogenic belt due to postorogenic stress relaxation.



REVISED GRANITE-GABBRO AGE RELATIONSHIPS, SOUTHERN
OKLAHOMA AULACOGEN U.S.A.

W.E. HAMES, Department oj Geology, Auburn University. Auburn, AL
36849 tel: (205) 844-4282; email: hameswe@mail.auburn.edu;
J.P. HOGAN, and M.C. GILBERT, School oj Geology and Geophysics.
University ojOklahoma. Norman, OK 73069-0628. tel: (405) 325-3253;
email: jhogan@ou.edu. mcgilbert@ou.edu

Igneous activity associated with fonnation of the Cambrian Southern Oklahoma
Aulacogen is compositionally bimodal consisting of mafic and felsic volcanic and
plutonic rocks. The aulacogen is floored by an extensive substrate of layered
anorthositic gabbro, the Glen Mountains Layered Complex. The layered complex was
intruded by a suite ofhydrous gabbros, characterized by primary amphibole and biotite,
that fonn small plutons of the Roosevelt Gabbro Group of which the Mount Sheridan
Gabbro is typical. Overlying this mafic substrate is a voluminous pile of felsic
volcanics, comprised predominantly of rhyolite flows with minor tuffs and
agglomerates, of the Carlton Rhyolite Group. Intrusive into the base of this volcanic
pile are a series of laterally extensive but thin, amphibole-biotite alkali feldspar granite
sheets of the Wichita Granite Group, of which the A-type Mount Scott Granite sheet is
typical. Cross-cutting these units are a suite of basaltic dikes and rare "rhyolite" dikes
that represent the fmal stages of igneous activity.
Contacts between the older Glen Mountains Layered Complex and the younger

Roosevelt Gabbros are well exposed in several locations and pennit straightforward
detennination of relative age relationships. Similarly contact relationships between
Carlton Rhyolite and Wichita Granite repeatedly demonstrate the intrusive nature of the
granites. However, rare "rhyolite" dikes cross-cutting granite also pennit the presence
of younger rhyolite flows. In contrast, the nature of some contacts between mafic and
felsic igneous rocks have long been the source of considerable debate in the Wichita
Mountains.
The contact between the two underlying gabbro units and overlying Mount Scott

Granite is regionally sharp but locally complex. This contact is well marked by the trace
of the tree line along the lower slopes of the eastern Wichita Mountains and can be
followed for several 10's of kilometers demonstrating the relatively shallow dipping to
sub-horizontal nature of this contact on a regional scale. Details of the contact are
typically obscured by talus from the overlying granite cliffs. Where exposed the
granite-gabbro contact is comprised of hybrid granitoid rocks commonly containing
abundant amphibole and a texturally and compositionally diverse suite of enclaves.
Where the granite is in contact with the Glen Mountains Layered Complex, a well
developed igneous breccia, composed of angular enclaves with sharp contacts, fonned
in the basal portion of the younger Mount Scott Granite sheet. Within this breccia are

247



248

readily identifiable xenoliths and plagioclase xenocrysts derived from underlying
anorthositic gabbro of the Glen Mountains Layered Complex. In addition, the
underlying anorthositic gabbro displays evidence of high temperature alteration and
partial melting (?) that may be related to contact metamorphism during intrusion of the
granite. The intrusive nature of other members of the Wichita Granite Group into the
Glen Mountains Layered Complex can also be shown elsewhere (e.g., Quanah Granite).
Contact relationships between Mount Scott Granite and members of the Roosevelt

Grabbro Group are more enigmatic. Hybrid igneous rocks are spatially associated with
these contacts as well but also may locally be surrounded entirely by granite. These
hybrid rocks contain a diverse suite of enclaves some of which have more irregular
shapes. Both the Sandy Creek and Mount Sheridan Gabbros exhibit regular and
systematic compositional and mineralogic variation towards more felsic rock types as
the contact with the overlying Mount Scott Granite is approached. Evidence of
hydrothermal alteration or contact metamorphism of the underlying Mount Sheridan
Gabbro by the overlying Mount Scott Granite, where suggested, is unclear.
The complexity of this contact coupled with poor exposure has contributed greatly

to sustaining ambiguity in the relative age relationships of these two units. Mount
Sheridan Gabbro has previously been interpreted as being considerably older than the
Mount Scott Granite by most workers, based on a presumed consanguineous
relationship to the Glen Mountains Layered Complex, although some have suggested a
coeval relationship with Mount Scott Granite, based on the inference that the hybrid
rocks formed as a result of magma mingling, and a few have postulated a younger age.
A single crystal laser 4oArj39Ar study of igneous amphibole and biotite from Mount
Sheridan Gabbro and amphibole from Mount Scott Granite was undertaken to explore
this ambiguity. Amphibole (SQ-I-266.5) was separated from drill core of Mount Scott
Granite taken below the depth of alteration of magnetite to hematite (see Price et aI.,
this volume) and yielded an age of 539+2 Ma which is currently interpreted to represent
the crystallization age for this granite sheet. Amphibole and/or biotite were separated
from three samples of Mount Sheridan Gabbro: (1) Amphibole from a late stage
pegmatitic dike related to Mount Sheridan Gabbro (JH-8-94) yielded an age of 535+8
Ma; (2) amphibole separated from a sample of gabbro just below the contact with the
overly Mount Scott Granite (JH-38-93) yielded an age of 533+2 Ma; and (3) primary
magmatic biotite from gabbro sampled in a quarry 10's ofmeters below the contact with
the overlying granite (JH-36-93) yielded an age of 533+4 Ma. Amphibole from the
pegmatite has a small component of excess argon; the other samples do not exhibit
evidence for additional argon components or disturbance of their 40Arj39Ar systematics.
The close agreement of age determinations from both amphibole and biotite are
consistent with quick cooling of this shallow level intrusion and are interpreted as the
crystallization age of the Mount Sheridan Gabbro.
New crystallization ages for Mount Sheridan Gabbro and Mount Scott Granite

indicate a close temporal relationship, as well as spatial relationship, for mafic and
felsic magmatism during formation of the Southern Oklahoma Aulacogen. These results
suggest that compositional variation in Mount Sheridan Gabbro towards more felsic
rock types, as contacts with overlying Mount Scott Granite are approached, result from
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assimilation of Mount Scott Granite and fractional crystallization rather than simple
fractional crystallization of a pristine basaltic liquid. Finally, this study demonstrates
that advection of thermal energy and new material from the mantle into the continental
crust was a significant component of lithospheric extension throughout the development
of the Southern Oklahoma Aulacogen.



LATE PRECAMBRIAN STRIKE-SLIP FAULT SYSTEM OF THE WICHITA­
AMARILLO MOUNTAINS AS DELINEATED BY DETAILED
AEROMAGNETIC DATA

B.W. HAWLEY, and S.P. GAY, JR, Applied Geophysics, Inc., Salt Lake
City, UT 84111, tel.801-328-8541

Detailed aeromagnetic data, extending from the eastern tenninus of the Wichita
structural system westward across southern Oklahoma and the Amarillo uplift to the
Texas-New Mexico line, reveal a series of long linear faults that evidently fonned by
regional strike-slip movement in the Proterozoic era. The faulting may represent offset
within the existing North American craton, but could also represent the suturing of
another continental segment to the craton. Later Paleozoic southwest-northeast
compression of these pre-existing wrench faults produced thrusting that is obvious in
present-day surface and subsurface geology.

The eastern tenninus of this great strike-slip fault system may never be
deciphered, as it plunges tens of thousands of feet beneath stacked Ouachita thrusts.
What happened at the western end, in New Mexico, may be deciphered in the future,
but cannot be mapped from the very sparse geological and geophysical data that exists
there at the present time. This represents a very interesting and challenging problem in
understanding the structural makeup ofNorth America.

251



CRUSTAL GROWTH DURING CONTINENTAL RIFTING: AN EXAMPLE
FROM THE SOUTHERN OKLAHOMA AULACOGEN

J.P. HOGAN and M.C. GILBERT, School of Geology and Geophysics,
University ofOklahoma, Norman, OK 73019, tel. (405) 325-3253; email:
jhogan@ou.edu. mcgilbert@ou.edu
J.E. WRIGHT and M. DEGGELLER, Department of Geology and
Geophysics, Rice University, Houston, TX 77005, tel. (713) 285-5130;
email: jwright@owlnet.rice.edu

The Southern Oklahoma Aulacogen (SOA) is one of several aulacogens that formed
within the North American craton during breakup of the Laurentian Supercontinent in
Late Proterozoic to Cambrian time. Lithospheric extension that formed the SOA was
accompanied by voluminous bimodal igneous activity. Following cessation of rift­
related igneous activity, isostatic adjustment of the crust resulted in accumulation of4-5
km of Paleozoic sediments within an intracratonic basin that developed over the
subsiding aulacogen. Uplift by block faulting, accompanied by erosion, during the late
Paleozoic Ouachita Orogeny, and again in the Cretaceous and late Cenozoic, exposed
the Cambrian igneous basement. The absence of significant Mesozoic and Cenozoic
deformation within the mid-continent ensure preservation of the rift assemblage.
Subsequent erosion has exposed the volcanic and plutonic rocks that floored this
aulacogen such that the present erosional surface is not far below the erosional surface
in Cambrian time. Integrated petrologic and geophysical investigations of these igneous
rocks and the underlying crust suggest a significant amount of new material can be
added to the crust during periods of lithospheric extension.

Igneous activity associated with rifting appears to have occurred in two distinct
events separated by a period of uplift and erosion. The earlier episode of magmatism
was dominantly mafic. This activity is represented by the Late Precambrian to
Cambrian Raggedy Mountains Gabbro Group which consists of extensive (>1000 km2;
-3-4 km thick) layered anorthositic gabbro intruded by small (-10 km2) gabbro plutons
characterized by primary biotite and amphibole. The later episode of magmatism was
dominantly felsic. The A-type Carlton Rhyolite, a thick (-1 .4 km) areally extensive
(-44,000 km2) sequence of subaerial rhyolite flows and minor tuffs and minor
agglomerates, rest unconformably on the older extensive substrate of layered gabbro.
Intrusive into the base of this volcanic pile are a series of penecontemporaneous thin
(-0.5 km) but laterally extensive (-20-55 km in length) A-type sheet granites of which
the Mount Scott Granite sheet is typical. Numerous basaltic dikes and rare porphyritic
microgranite or "rhyolite" dikes crosscut members of the Wichita Granite Group and
represent the final stages of igneous activity. Evidence for coeval mafic and felsic
magmatism within the rift is scarce and spatially restricted in occurrence.
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Geochemical and isotopic characteristics of A-type felsic magmatism
accompanying formation of the SOA are in marked contrast to those expected for
typical crustal melts and require derivation from more primitive mantle-like sources.
The granites have low Ybrra, Y1Nb, and CelNb ratios that are more typical of Ocean
Island Basalts (am) than of average Continental Crust or Island Arc Basalt (e.g., Eby,
1990). In addition, the absence of a Ta-Nb anomaly in the primordial mantle
normalized trace element plot for Mount Scott Granite is also consistent with derivation
from a source with Om-like characteristics. Calculated initial 815rj865r for Mount Scott
Granite at 525 Ma range from 0.7030-0.7043 (n=6) and for Carlton Rhyolite 0.7018­
0.7054 (n=3). Epsilon Nd (525 Ma) values for Mount Scott range from +3.4 to +3.7 and for
Carlton Rhyolite +2.9 to +3.5 and are indicative ofa primitive source for these magmas
with minor crustal assimilation.

Mount Scott Granite and Canton Rhyolite exhibit geochemical and isotopic
compositions that are similar in many respects with mafic magmatism associated with
the rifting event as represented by basaltic dikes of the Late Diabase Dike suite.
Incompatible trace element ratios (e.g. RblNb, LaINb, ZrlNb, etc.) for Late Diabase and
Mount Scott Granite are comparable. In particular calculated initial 87Srj86Sr for samples
of Late Diabase at 525 Ma range from 0.7033-0.7041 and epsilon Nd (52S Ma) values
range from +2.8 to +4.3 (n=4) both of which are nearly indistinguishable from those of
the granites and rhyolites. These similarities suggest a closely related origin for mafic
and felsic magmas associated with formation of the Aulacogen. The extreme scarcity of
igneous rocks corresponding to intermediate magma compositions makes direct
derivation of large volumes of felsic liquids (e.g., Carlton Rhyolite, Mount Scott
Granite) by extended fractional crystallization of a basaltic magma (e.g., Late Diabase
Dikes) unlikely as the dominant process by which these melts formed. We suggest A­
type felsic melts are likely to have formed as the result of partial melting at depth of
mafic rocks that were intruded during the initial stages of rifting.

Incompatible trace element ratios (e.g., RblNb, LaINb, ZrlNb, etc.) for Late
Diabase are intermediate between depleted upper mantle and an enriched plume source
suggesting these mafic melts may have been derived by interaction between a hot-spot
and asthenospheric and/or lithospheric mantle components (Weaver et al., 1991).
Impingement of a mantle plume at the base of an already extending lithosphere could
provide the additional heat required to partially melt previously intruded mafic rocks.
Uplift and doming of the crust during rifting, as recorded by the unconformity
separating the earlier and later magmatic episodes, the subaerial nature of Carlton
Rhyolite, and the lack of rift-related sedimentation, is consistent with a high-heat flow
regime for this crustal column. Thus rather than being sourced by remelting of older
continental crust, A-type felsic magmas associated with continental rifting, such as
Carlton Rhyolite and Wichita Granites, may be derived later in the rifting cycle by
partial melting ofmantle-derived magmas intruded into the middle to lower crust earlier
in the rifting cycle. Large volume ofmafic and felsic igneous rocks, both with primitive
sources, are associated with formation of the SOA. Thus the amount of new material
added to the crust during lithospheric extension is substantial and should have important
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consequences for modeling the time-intergrated geochemical evolution of crust and
mantle reservoirs.
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INTEGRATED PETROLOGIC AND SEDIMENTOLOGIC STUDIES OF A
LATE NEOPROTEROZOIC RIFT BASIN WITHIN THE GRENVILLIAN
BASEMENT OF VIRGINIA

F.E. HUTSON, Department of Geological Sciences, The University of
Texas at Austin, Austin, TX 78712, tel.512-47J-JJ77; e-mail:
hutson@maestro.geo.utexas.edu
R.P. TOLLO, Department of Geology, George Washington University,
Washington, DC 20056, tel. 202-994-6960, e-mail:
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Integrated studies of late Neoproterozoic clastic sediments and anorogenic granitoids
exposed within 1.0 Ga basement rocks of the Blue Ridge anticlinorium of central
Virginia enabled us to: 1.) determine the spatial relationship of rift-related plutonism,
volcanism, and sedimentation; 2.) place relatively tight age constraints on the temporal
relationship between magmatic and depositional processes in this extensional setting;
and 3.) use both the sedimentary and igneous rocks as a probe of the basement.

Late Neoproterozoic metasedimentary rocks of the Mechum River Formation
(MRF) nonconformably overlie -1.0 Ga basement rocks and -0.73 Ga anorogenic
granitoids of the Robertson River Igneous Suite (RRIS) in the Blue Ridge anticlinorium
of central Virginia. The MRF and RRlS are spatially and temporally correlative to rift
sequences exposed throughout the southern Appalachians and, on a much larger scale,
to sequences exposed on all margins of Laurentia. These sedimentary and igneous rocks
are interpreted as part of a -0.7 Ga extensional event that preceded a -0.6 Ga rift event
that led to the opening of the Iapetus Ocean.

The MRF is composed of conglomerates, sandstones, and mudstones that are
variably deformed and have been metamorphosed under upper greenschist facies
conditions. The metasediments are exposed in a 100 km long by 0.5-3 km wide belt that
has been down-faulted into the core of the Blue Ridge anticlinorium. The MRF
experienced the effects of multiple Paleozoic tectonic events; nevertheless, it retains
identifiable features associated with many modern rift basins. These include areal
dimensions, grain size trends, facies patterns, sedimentary petrology, and structural
geology. For example, the present length and structurally restored width of the MRF
outcrop belt is broadly equivalent in dimensions to many East African rift basins.
Additional evidence includes increasing grain size towards the margins of the MRF belt
and depositional environments that range from alluvial fan to lacustrine. A major
identifying characteristic of many but not all rift basins is the presence of magmatic
rocks, commonly volcanics, which are associated with the sediments. Prior to our
studies, no volcanic rocks had been found within the MRF and the relationship of the
-0.73 Ga anorogenic granites of the RRlS to the MRF sediments was unclear.
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Field, petrographic, and geochemical studies of rocks from the RRIS, MRF,
and a limited number of samples from the Grenvillian basement enabled us to identify
the source of some clasts within conglomerates of the MRF and demonstrate that rocks
previously mapped as MRF clastic rocks are felsic volcanic rocks. Clast count data
indicate a large proportion of the clasts are composed of relatively undeformed
granitoids, which is in direct contrast to the lithologic character of the presently exposed
Grenvillian basement that is dominated by orthogneisses. Point count data from the
clasts overlap data from the RRIS but these data are not clearly distinguishable from
Grenvillian granitoids. However, elevated concentrations of high field strength
elements (HFSE) and light rare earth elements (LREE) were found for clasts that are
similar in petrography to members of the RRIS. This same pattern of geochemical
enrichment also is typical of the RRIS. In addition, a local nonconformable relationship
was recognized between the RRIS and the MRF. The combination of field,
petrographic, and geochemical evidence strongly supports the derivation ofmany of the
MRF clasts from the RRIS. A detailed study of the MRF sub-basin that contains rocks
previously mapped as sediments revealed the presence of rhyolites and associated
volcaniclastic rocks. The evidence of a volcanic origin for these presumed clastic rocks
includes: I.) the presence of euhedral grains of feldspar and quartz, volcanic rock
fragments, and spherulites contained within a very fme-grained, white matrix and 2.)
whole-rock geochemical data that display highly elevated concentrations in HFSE and
LREE. These rhyolites can be clearly differentiated from sedimentary rocks, including
samples of the MRF. More importantly, there is a strong geochemical correlation
between these rhyolites and subvolcanic rocks of the RRIS, the latter of which are in
close proximity to the MRF sub-basin.

V-Pb isotopic dating of specific units of the RRIS combined with the data
outlined above, make it possible to demonstrate a direct link between anorogenic
magmatism and extensional sedimentation. In addition, we are able to constrain the
maximum depositional age of the MRF to 0.73 Ga and further demonstrate that
sedimentation and volcanism were occurring at 0.7 Ga. We suggest that truly integrated
studies of basement terranes can provide valuable information on both the early and
later history ofa basement terrane.



STRUCTURAL IMPRINT OF THE WICIDTA MOUNTAINS FRONTAL ZONE
ON OVERLYING SEDIMENTS

A.C. LAMBERT, Phillips Petroleum Company, Bartlesville, OK 74004
te.1918661-0423
R.A. YOUNG, School of Geology and Geophysics, University of
Oklahoma, Norman, OK 73019, tel 405 325-5753; email:
ryoung@ou.edu

The Wichita Mountains Frontal Zone (WMFZ) of southwestern Oklahoma is the
boundary between the Wichita Mountains Uplift and the Anadarko Basin. The WMFZ
has been explored by reflection seismic surveys conducted by the oil industry and by
university research consortia studying sedimentary structures and their relationship to
the deep crust, respectively. Direct examination of the rocks comprising the WMFZ is
not possible due to the thick cover of overlying Pennian strata.

The last period of major tectonism affecting the WMFZ was uplift in the
Pennsylvanian. Minor adjustments have occurred since then, however, Holocene
surface faulting at the southern boundary of the WMFZ along the Meers fault being the
most cited. The present study of the northern boundary of the WMFZ deduces the
orientation of axes of five broad folds by correlating dip measurements from the few
existent exposures with mapped outcrop patterns. Near surface seismic data observed
on five lines parallel to local dip show subtle flexures corresponding to the fold axes. A
pattern of rectangular drainage characterizes this area, and axes of synclines are the
location ofmajor streams.

A set of thrust faults divides the WMFZ into basement blocks. Several of these
faults can be followed to the surface where they coincide with mapped features.
Reactivation of the Elk Creek fault after Pennsylvanian tectonism has resulted in
nonnal faulting with basin upward relative movement, as for the Meers fault.
Differential compaction at depth affects outcrop patterns on the surface, and differential
erosion correlates with extrapolation of faults toward the surface.
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PLASTIC DEFORMATION AS A FACTOR OF
TRANSFORMATION OF ROCKS (SOUTHERN TIEN SHAN)

MATERIAL

M.G. LEONOV, Geological Institute, Russian Academy afSciences

1. To make an analysis of factors controlling metamorphic transformation is the
essential task of geology. A most disputable problem is the one concerning the
structural control of metamorphic processes. The solution of the problem concerning
the role of the dynamic factor in the material evolution of rocks remains highly
disputable. New data on Southern Tien Shan make it possible to cast another look into
the relation between structural (plastic deformation) and material (metamorphism)
transformation of rocks.
2. Study of Southern Tien Shan zones of greenschist metamorphism reveals the
following peculiarities of structural and material transformation (Konygin, Leonov,
1987; Leonov, Kozhukharova, 1992; Leonov, 1988; and others).

(a) Irregular intensity. According to the existing notion of metamorphic facies,
the extent of transformation of a substance varies from an initial catogenesis to high­
temperature grades of the greenschist and epidote-amphibolite facies, and from low­
pressure series of the greenschist facies to high-pressure ones of the glaucophane­
greenschist facies. Besides the qualitative irregularity which shows in a spotted-mosaic
distribution ofcorresponding mineral paragenesis, there is also the quantitative criterion
of the irregularity of secondary material transformation: the content of metamorphic
minerals may vary (0 to 100 percent) in a volute of rock. The results of the quantitative
evaluation of deformation obtained by Lukianov (1980) prove an essential
heterogeneity of a plastic deformation. It varies from zero to 500-1000 percent.

(b) Spatial irregularity. The extent of structural and material transformation
varies within a wide range: from a thinsection to a fold belt on the whole. Generally, it
is an intricate spotted-mosaic or a band-loop combination of more or less intensely
transformed (structurally or materially) volute (body) of rocks. As for the
metamorphism, it is not controlled by any lateral or vertical zoning. Equally, the
intensity ofplastic deformation considerably varies vertically or laterally.

(c) Structural and a material transformation are correlated: zones of the most
intense material change coincide with those of the most intense plastic deformation and
v.v. the irregularity of epigenesis-metamorphism reflects the irregular intensity of
plastic deformation.
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Correlation between metamorphic facies, the content of metamorphic minerals
and the quantitative evaluation of plastic deformation (Kurganack's zone of plastic
flow, Southern Tien Shan).
3. According to the present-day notions, the irregularity of metamorphic manifestation
ought to reflect the irregular spatial distribution of thermodynamic parameters, first of
all temperature and lithostatic pressure. Consequently, to explain the existing pattern of
the metamorphic process we should point to either the mechanism of P and T-changes
or some other factor favoring the material transformation of rocks.
4. In the studied regions, areas of more intense metamorphism are at the same time
areas of more intense plastic deformation. There is a paragenetic liaison between these
phenomena which is fixed at different scaile levels. Stemming from this it should be
logical to assume that the plastic deformation is the factor somehow influencing the
course ofmetamorphic reactins.
5. This conclusion is confirmed by data ofmechanochemistry that studies chemical and
physical change of a substance under the influence ofmechanical energy. Experimental
investigation in the field of mechanochemistry (Avvakumov, 1986; Bridgmen, 1955;
Peters, 1966; Scheinike, 1987; and many others) allow us to consider the following
postulates as proved:

(a) the influence of mechanical energy on solid bodies may cause all types of
chemical reactions known in the chemistry of solid bodies;

(b) the increase of chemical activity of a substance with a supply of
mechanical energy promotes a decrease of temperature and: lithostatic pressure as
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compared with those necessary for petrochemical transformation proceeding in static
condition;

(c) the important mechanochemical effects are typical of substances with well­
defmed plastic characteristics; the amount of the substance that took part in a reaction is
proportional to deformation, and the plastic deformation is the most effective mean of
mechanical activity of solid bodies, petrochemical reaction may develop in the plastic
flow regime as self-stimulating.
6. The peculiarities of greenschist metamorphism of S. Tien Shan, and analysis of
mechanochemical data prove that a plastic deformation is a real factor of metamorphic
transformation. This type of metamorphism is "mosaic". Genetically it is dynamo­
relaxational.



EVOLUTION OF PROTEROZOIC GRANITOIDS, EASTERN ARBUCKLE
MOUNTAINS, OKLAHOMA

E.G. LIDIAK, Department ofGeology & Planetary Science, University of
Pittsburgh, Pittsburgh, PA 15260, US.A., tel. 412-624-8871; email:
egl@vms.cis.pitt.edu

The midcontinent region of the United States in early and middle Proterozoic time was
the site of widespread anorogenic igneous activity, which in Missouri, Kansas,
Oklahoma, and adjacent areas occurred about 1,340-1,400 Ma ago. Granitoids in the
Arbuckle Mountains of eastern Oklahoma have been included as part of the anorogenic
suite. However, recent detailed geochemical and mineralogical data reveal that the
granitic plutons within the Arbuckles may have formed in a different tectonic
environment. The data are consistent with plutonism occurring during convergent
tectonism along the southern margin of the midcontinent craton about 1,375-1,400 Ma
ago. The main evidence for convergence comes from the formation of calc-alkalic
magmas by possible interaction between a subducted slab and the overlying crustal
wedge. Following or during the waning stages of active subduction, calc-alkalic
magmatism gave way to potassic "post-orogenic" magmatism.

Major and trace element geochemistry indicate that the main middle
Proterozoic plutons (Burch granodiorite, Troy and Tishomingo granites) evolved
independently from their respective source regions. Linear co-variance of elements
suggests that mafic and felsic members of each pluton are related by separation of early
formed minerals. Modeling of possible source regions of the granitoids is poorly
constrained because the composition of the 1.9 Ga lower and middle crust beneath the
Arbuckles is unknown. However, LILE and REE compositions of the Burch
granodiorite can be closely approximated by assuming equilibrium batch melting
(EBM) of about 20% average graywacke or about 30% EBM of partly hydrated lower
crustal sialic granulite. Troy granite compositions are consistent with their derivation
from about 20% EBM of an equal mixture of sialic amphibolite-grade and granulite­
grade gneisses. The high LILE and REE compositions of the Tishomingo granite
require a source region that is geochemically more evolved than most lower crustal
sources, possibly a mixture of sialic amphibolite-grade gneisses and lower Proterozoic
felsic basement rocks.
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SEISMIC IMAGING BENEATH THRUST BLOCKS

z. LIU, School of Geology and Geophysics, University of Oklahoma,
Norman, OK 73019, tel. 405-325-4424
RA. YOUNG, School of Geology and Geophysics, University of
Oklahoma, Norman, OK 74004, tel. 405-325-5753; email:
ryoung@ou.edu

Seismic images of stroctures beneath basement overthrust blocks are difficult to obtain.
Conventional CMP profiling uses ray paths that are transmitted across the large velocity
contrasts presented by crystalline basement/sediment boundaries. These contrasts shield
sub-thrust features from illumination by scattering the incident wavefield. Conventional
survey apertures may be too short to record events from more steeply dipping sub-thrust
boundaries. In addition, the large velocity decrease and the extreme lateral velocity
variation across such boundaries render CMP stacking ineffective.

The use of turning ray paths that undershoot the basement block is examined
in the present work. Turning rays have been used quite effectively for sub-salt imaging
in the Gulf of Mexico, and the possibility of applying these methods to sub-thrust
imaging is investigated.
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SEISMICITY AND TECTONIC RELATlONSIllPS OF NORTH CENTRAL
OKLAHOMA

K.V. LUZA, Oklahoma Geological Survey, Norman, OK, 73019-0628,
tel.(405) 325-3031

In central Oklahoma, particularly near the axis of the Nemaha uplift, the basement-rock
surface slopes gently southward. It is approximately 1,220 m below the surface near
the Kansas border and is 2,440 m deep near Oklahoma City. Denison (1966, 1981)
classified the central Oklahoma basement rocks into the following four units: (I)
Washington Volcanic Group, (2) Spavinaw Granite Group, (3) Osage Microgranite, and
(4) Central Oklahoma Granite Group. The isotopic ages range from 1,150 to 1,270
million years, and these ages, when considered with analytical variations, indicate a
main period of thermal activity about 1,200 million years ago.

A total-intensity aeromagnetic map for the Enid and Oklahoma City 10° x 20°
Quadrangles was prepared from the U.S. Department of Energy's National Uranium
Resource Evaluation (NURE) data by Noel F. Rasmussen. Five dominant high and low
anomalies feature the Lamont Ring Complex (high), Central Oklahoma metamorphics
(low), Tulsa Mountains (high), and Greenleaf and Osage Island maxima (highs). Six
major fault zones were identified: (I) north-south Nemaha, (2) east-west Garfield­
Noble. (3) southwest-northeast Osage, (4) southwest-northeast Cushing, (5) Hughes
County, and (6) Creek County fault complexes.

In 1977, the Oklahoma Geological Survey began to operate a 10-11 statewide
network of seismograph stations. From 1882 through 1976, Oklahoma had
approximately 130 known earthquakes. Over 880 additional earthquakes were located
in Oklahoma from January I, 1977, to December 31, 1994. The pre-1977 earthquake
data, when combined with the 1977-94 earthquake data, produce at least one seismic
trend in north-central Oklahoma. A 40-km-wide by 145-km-long zone extends
northeastward from near EI Reno toward Perry. The EI Reno-Perry trend cuts
diagonally across the Nemaha-Uplift structures at about a 30° angle. The southern end
of this trend, the EI Reno-Mustang area, appears to be more active than the middle and
northern parts. The recent as well as the historic earthquake data seem to support this
observation. The Canadian County earthquakes appear to coincide with the breakover
from shelf to basin. Lower Paleozoic faults that probably were initiated when the
Anadarko basin began to develop in Middle Cambrian time. However, most of these
structures are not manifested in upper Paleozoic rocks.

It is not clear what the earthquake activity between EI Reno and Perry
represents. The earthquake zone may be the result of a coincidental plot of earthquake
epicenters and/or related to some unknown northeast-trending structure(s). There are
no known major Paleozoic structures in the vicinity of the zone. However, an
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interpretation of the aeromagnetic data suggest northeast-southwest-trending
Precambrian features near of the El Reno-Perry trend.
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DISTRIBUTION OF PHANEROZOIC FAULTING AND FOLDING,
SEISMICITY, AND ORE DEPOSITS IN THE MIDCONTINENT REGION,
UNITED STATES: A REFLECTION WIDESPREAD PROTEROZOIC RIFTING
IN THE NORTH AMERICAN CRATON?

S. MARSHAK and T.S. PAULSEN, Department of Geology, University
ofIllinois, 1301 West Green Street. Urbana. IL 61801; tel.2J7-333-7705.
email: smarshak@uiuc.edu

Most of the Midcontinent region in the United States is a continental interior platfonn,
where Precambrian basement is almost completely covered by a veneer of Phanerozoic
sedimentary strata. To structural geologists accustomed to working in orogens,
continental-interior platfonns appear, at first glance, to have been undefonned during
the Phanerozoic. Yet on closer examination the Midcontinent does contain a fascinating
history of Phanerozoic tectonism; this history is recorded by structural features that
differ markedly in style from the more dramatic features of orogens. Structural features
of the Midcontinent can be divided into two general categories: (1) epeirogenic features
(basins, domes, and arches of regional extent) whose development, though affecting
regional patterns of stratigraphic thickness and facies, has resulted only in regional
bedding dips of less than a few degrees; and, (2) fault and fold zones, which are belts of
relatively localized defonnation in which faulting has displaced stratigraphic contacts
and/or bedding has been significantly bent or tilted. In this paper, we speculate on the
question of fault and fold zones originated.

Many fault and fold zones, such as the Midcontinent rift and the Rough Creek
graben, are known to be multiply reactivated rifts (e.g., Cannon, 1994). Here, we
suggest that many, if not most other Midcontinent fault and fold zones also originated
as rifts in the Proterozoic, but that their rift origin is more obscure simply because of
later inversion and because of lack of data about structure character at depth. Our basis
for this statement is as follows: (1) Rock is much weaker under tension, so initiation of
faults in a strong cratonic region is easier if the structures fonn under tension than if
they fonn under compression. Had differential stresses in the Midcontinent been
sufficient to initiate thrusts in intact craton during the Phanerozoic, strain in the cover
strata probably might be greater than is observed; (2) Fault and fold zones throughout
the Midcontinent parallel known Proterozoic rift faults and dike trends that have been
mapped both in the Midcontinent and along the western margin of the North American
craton. Known rifts and Midcontinent fault and fold zones cluster in three dominant
trends (approximately E-W, NW-SE and NNE-SSW) as has been recognized by
numerous previous authors. (3) The structural style exhibited by Midcontinent fault and
fold zones resembles examples of known rifts that have been inverted in transpression
(cf. Mitra, 1993). Specifically, the zones contain steep, basement-penetrating faults, and
local development of flower structure geometries and en echelon subsidiary fault arrays.
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Folds in these zones, in general, are forced folds draped over the edge of fault blocks. In
this regard, Midcontinent structures resemble Laramide structures of the Colorado
Plateau, or subdued versions of Rocky Mountain basement-cored uplifts. In some
locations, the local map pattern of structures in Midcontinent fault and fold zones
strongly resembles the map pattern of normal faults linked by transfer faults, as is
typical of contemporary rifts. For example, recent remapping of the LaSalle belt in the
interior of the Illinois basin (Nelson, 1993) suggests that it is composed of
approximately N-trending faults that terminate at NW-SE trending zones. Though the
deep structure of this belt is unknown, the pattern strongly suggests that the N-trending
faults originated as normal faults in a rift, and the NW-SE trending zones were transfer
zones. Some of the NW-trending zones, in fact, lie directly along strike of known
transfer faults in the Midcontinent rift; (4) Where deep drilling data or seismic­
reflection data are available (e.g., Rough Creek graben; Missouri fault belt), they
demonstrate that there are abrupt stratigraphic thickness changes across Midcontinent
fault and fold zones, compatible with a normal faulting origin, even if the present offset
of contacts is in a reverse sense. The magnitude of displacement on the
basement/cover contact differs from that of younger units, indicating that the faulting
was active in the Precambrian (e.g. Sims, 1990).

Where data are available, it is clear that Midcontinent fault and fold zones have
been reactivated several times during the Phanerozoic, and that the sense of slip in
successive events is not necessarily the same. A recent study of Devonian reactivation
on structures in the Illinois basin, for example, suggests that movement occurs both
during times ofcontinental-margin collisional orogeny, and during times when collision
was not occurring (Nelson and Marshak, 1995). Fault and fold zones have been able to
survive as long-lived weaknesses, because they have not been annealed by subsequent
metamorphism and transposition. Considering that the proposed rift trends roughly
defme a mutually orthogonal system, we concur with proposals that the Midcontinent
is, effectively, divided into blocks that move slightly relative to one another (Shurr et
al., 1994) in response to changes in the intracratonic stress field. The sense of
movement at a given time depends on the configuration of the stress field. Thus, during
one deformation event, the NNE-trending faults are reactivated as normal or reverse
faults and the NW-trending faults are transform faults, while during other events the
roles of the structures reversed. For example, as pointed out by Thomas (1991), during
early Paleozoic and during Mesozoic rifting along the eastern margin of the continent,
the NNE-trending structures were reactivated as rifts and the NW-trending structures
became transform faults. One of the largest of the NW-trending structures is the
Transamerican continental weak zone (Paulsen and Marshak, 1994; Marshak and
Paulsen, 1994), which, because it has controlled rifting and transform geometry,
influenced the geometry of Phanerozoic structures in marginal orogens, and today can
be traced diagonally from Carolina to Idaho and Washington. In fact, this structure may
serve as a pinning point to define the fit between Australia-Antarctica and North
America in the Late Proterozoic.

The pattern of contemporary seismicity suggests that it is strongly controlled by
the pattern of fault and fold zones in the Midcontinent. Presumably, the faults remain
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today as weak zones, capable of being reactivated even though the continent is not
subjected to collisional stress. Particularly active seismic zones occur at the intersection
of NNE-trending fault zones with E-W or WNW-trending zones. The activity of these
fault intersections may occur because the intersections are particularly weak (due to
cross-cutting faults), because the intersections are weakened by higher heat flow
(related to alkalic intrusion), because intrusive masses in these intersections create local
stress concentrations, or because fluids have greater access to these regions due to
greater fracturing. Localization of ore deposits at fault-zone intersections, further
suggests that these locations are zones of enhanced permeability. Our proposal of a rift
origin for most Midcontinent fault and fold zones can be tested by seismic-reflection
and drilling studies. Our proposal implies that, considering the areal extent of fault and
fold zones, rifting was widespread throughout North America during the Proterozoic. In
this context, the aulacogens of the Cordillera need not be failed arms of three-armed
rifts, but rather are merely earlier rifts truncated by the terminal Proterozoic rifting
event. Further, our proposal suggests that previously unrecognized Proterozoic/early
Paleozoic rift basins may underlie Midcontinent fault and fold zones; the presence of
such rifts may explain widespread subhorizontal reflectors in deep seismic-reflection
profiles.
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THE VARISCAN GEODYNAMIC CYCLE IN THE SARDINIAN-CORSICAN
MASSIF

N. MINZONI, Dipartimento di Scienze Geologiche e Paleontologiche,
Universita'di Ferrara, Corso Ercole I d' Este 32, 1-44100, Italy, tel. 39­
532-210341.
M. MINZONI, Via Zappaterra 48, Ferrara, 1-44100, Italy, tel. 39-532­
94180

The most recent data indicate that the Variscan geodynamic cycle in the Sardinian­
Corsican Massif developed as follows.

From early to middle Cambrian, a terrigenous shelf and carbonate succession
were deposited on a Precambrian metamorphic basement in SW Sardinia. From mid­
Cambrian to early Ordovician, extensional tectonics affected the whole Sardinian­
Corsican area, with the deposition of shallow-water terrigenous sequences and
emplacement of alkaline granitoids.

The geodynamic regime suddenly changed from early-middle Ordovician
times. Compressional and extensional tectonics contemporaneously developed with the
formation of open folds in SW Sardinia ("Sardinia Phase" auct.) and effusion of
"bimodal" volcanics in central Sardinia and deposition of thick flysch-like terrigenous
successions in northern areas of the island.

Several data indicate that the mid-Ordovician extensional tectonics developed
with increasing intensity from central Sardinia northwards and that the middle-late
Ordovician flysch-like sediments of northern Sardinia represent the basinward
equivalent of epicontinental sequences deposited in southern Sardinia and northern
Corsica.

The Silurian-mid-Devonian was characterized by sedimentation of black
shales and carbonate sequences.

Variscan orogenesis developed from late Devonian to early Carboniferous.
Several data indicate that the Variscan chain was formed by subduction processes
followed by continental collision, with migration of Barrovian metamorphism and
deformation from northern Sardinia southwards

These data suggest the following conclusions.
Only from the middle-late Ordovician onwards did a basinal area form in

northern Sardinia. An oceanic suture line has recently been recognized in this area.
Radiometric dating indicates a Precambrian age (950 Ma) for the ultrabasic

protoliths. However, the present data suggest that the ocean opened during the middle­
late Ordovician. Therefore, the mid-Ordovician "bimodal" volcanics of central Sardinia
must be related not to subduction processes (as proposed by several Authors) but to the
extensional tectonics that caused the continental break-up marking the opening of the
oceanic area in northern Sardinia. Moreover, extensional tectonics developed
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contemporaneously with compressional tectonics. Since these phenomena are
characteristic of wrench dynamics, the oceanic basin in northern Sardinia may be
considered a transtensional area, probably related to strike-slip mega-faults. The
geometric complexity of the Variscan chain in Europe and its unusual width may be the
result of space-time opening of several oceanic areas caused by wrench dynamics.



THE INFLUENCE OF STRUCTURAL POSITION AND LITHOLOGY ON THE
FRACTURE DISTRIBUTION IN THE EAST KAIBAB MONOCLINE, SE
UTAH: IMPLICATIONS FOR FLUID FLOW PROPERTIES

P.N. MOLLEMA, A. AYDIN, and D.D. POLLARD, Rock Fracture
Project, Department ofGeological and Environmental Sciences, Stanford
University, Stanford, CA 94305

The fracture distribution in the Paleozoic and Mesozoic sediments exposed in the East
Kaibab monocline, Utah, has been documented for the purpose of developing a
conceptual model for the spatial distribution of the fractures, understanding the
mechanical evolution of the monocline, and evaluating the effects of the fractures on
the fluid flow properties of the rocks.

The trend of the monocline is north with bedding dipping to the east, up to 60°.
The width of the monocline is 4 to 5 kilometers. Using aerial photos and field
mapping, the fractures were characterized on the basis of type (opening, closing, or
shearing modes), geometry and spatial distribution in three cross sections through the
monocline: Hackberry Canyon, Five Mile Spring area and Buckskin Gulch. The
relation between these characteristics and structural position in the monocline, dermed
by curvature of the layers, position and distance with respect to the underlying
basement structure and proximity to possible splays to branches of a basement fault was
studied. The influence of sedimentary features (lithology, bedding, dune boundaries,
and cross bedding) on the localization of fractures was studied by comparing outcrops
of different lithologies in the same structural position. Four structural domains are
defined from west to east across the monocline on the basis of recurrent fracture
assemblages: (l) systematic joints at high angle to the monocline trend and
discontinuous joints at high angle to the systematic set; (2) bedding plane faults and
associated tail cracks; (3) major faults striking parallel to the fold axis and deformation
bands; (4) a systematic joint set parallel to the monocline and joints at high angle to the
systematic set.

The shape of the fold in the Hackberry Canyon and Five Mile Spring area
show a broad concave upward bend of relatively low (negative) curvature on the west
part and a narrow concave upward bend of high (positive) curvature on the east side.
The Buckskin Gulch profile is more symmetric and has an overall lower curvature. The
style of deformation in the Buckskin Gulch is different from the other profiles by the
intense jointing and faulting over a 1.5 km wide area in domain (3), the lack of bedding
plane faults on the west limb and the presence of low angle thrusts and compaction
bands in domain (4). The difference in shape of fold, lower curvature and style of
deformation in the Buckskin gulch with respect to the other two cross sections could be
explained by a more proximate location to the basement fault. The occurrence of
shallow dipping thrusts in the Buckskin Gulch can be indicative for buckling whereas
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the lack of thrusts and high curvature in the other two cross sections suggests that
bending is more important there. Assuming that the Navajo formation in the Hackberry
Canyon initially behaved as a single distribution in a ideally elastic flexed plate. The
location of faults observed in the steeply dipping layers of the Navajo in the Hackberry
Canyon agrees with the location of high shear stresses in a flexed plate with clamped
edges. The widespread occurrence of the bedding plane faults through almost the
whole thickness of the Navajo does not agree with the location of high horizontal
compressive stresses predicated with a plate model.

The style of the monocline parallel faults varies along the strike of the
monocline but localization of deformation bands next to faults can be separated from
fracture localization due to folding by detailed mapping.

The implications of the conceptual model of fracture distribution in the
monocline for fluid flow properties are a strong directional permeability in each
domain, with the direction of maximum and minimum permeability varying from
domain to domain. Domain (3) would be most influenced by the presence of fractures
and typically flow would be inhibited across the fault zones that are perpendicular to the
monoclinal axis and would be enhanced vertically and parallel to the monocline along
joints and slip planes.



EVOLUTION OF GRENVILLE TECTONIC PROVINCES, SOUTHEASTERN
LLANO UPLIFT, CENTRAL TEXAS

S. MOSHER amd R.C. ROBACK, University of Texas at Austin,
Department ofGeological Sciences, Austin TX 78712.
J.F. REESE, Idaho State University, Department of Geology Pocatello,
ID 83209

Grenville-aged orogenesis along the southern margin of Laurentia as recorded in the
Llano uplift of central Texas includes extensive plutonism, regional polydeformation,
and dynamothermal and static metamorphism that occurred from 1.32 to 1.07 Ga.
Multidisciplinary geologic studies in the southeastern Llano uplift have delineated the
following tectonic domains: a polydeformed, highly transposed supracrustal sequence
(Packsaddle domain) that is situated between a lesser deformed tonalitic to dioritic
island arc terrane (Coal Creek domain) and a polydeformed granitic gneiss terrane
(Valley Spring domain).

The Coal Creek domain is a structural and lithologic province that displays, in
contrast to the rest of the uplift, well preserved cross-cutting igneous relationships, and
an older structural and metamorphic history. The domain consists dominantly of a
cogenetic 1275 to 1292 Ma dioritic to tonalitic metamorphosed igneous suite intruded
into 1303 to 1324 Ma mafic to tonalitic gneisses (all ages reported herein are V-Pb
zircon from this study and Walker, 1992). Metamorphism and deformation of tonalitic
gneisses occurred between 1282 and ca 1303 Ma, and a younger metamorphism ofthe
domain is directly dated at 1256 Ma. A large tectonic slice of serpentinized harzburgite
and numerous smaller serpentinites are spatially associated with the domain. The
lithologic association of the Coal Creek domain, as well as common Pb and Nd isotopic
signatures, differ from the dominantly granitic and metasedimentary domains to the
north. The Coal Creek domain also preserves a metamorphic and structural history that
is, in part, unique to that of the rest of the uplift. We consider the Coal Creek domain to
represent part of an island arc that is allochthonous to the ancient Laurentian continental
margin. The boundary between the Coal Creek and Packsaddle domains is a wide
mylonite zone containing proto- to ultramylonitic granitic sills ranging in age from
1251-1238 Ma.

Metasedimentary, metavolcanic, and metaplutonic rocks of the Packsaddle
domain have undergone five phases of outcrop to regional scale folding that resulted in
the formation of five penetrative metamorphic foliations. Complete transposition of the
original layering concurrent with amphibolite facies metamorphism has obscured
original contact relationships and most protoliths. Mylonites that predate most of the
folding have been recognized. Tectonic transport as indicated· by asymmetry of
porphyroclasts and fold vergence is towards the northeast. Late stage to post­
contractional N-S extension is locally observed. Regional deformation is bracketed by
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sills dated at 1238 Ma which are affected by the last four phases of folding, and an
undeformed, regionally extensive rhyolitic dike dated at 1098 Ma that cross cuts all
structures. At the northern boundary of the Packsaddle domain, the youngest identified
deformed metamorphic rock (1216 Ma) is involved in a ductile shear zone that places
Packsaddle domain on granitic gneiss of the Valley Spring domain. Orthogneisses of
the Valley Spring domain range in age from 1232-1288 Ma. Complex V-Pb zircon
systematics from a granitic (ortho?) gneiss as old as 1360 Ma record the presence of yet
older crust. These oldest gneisses may be correlative with the southern Granite-Rhyolite
terrane ofLaurentia.

High to medium pressure regional metamorphism was synchronous with
deformation throughout most of the uplift. The highest pressure and temperature
conditions are recorded by medium T eclogites in the western uplift. Pressures and
temperatures generally decrease to the northeast in the direction of tectonic transport.
Regional metamorphic and structural features were overprinted by a low pressure, mid­
amphibolite facies, static metamorphism associated with late syn- to post-tectonic
granite plutons dated at 1135-1070 Ma. Local penetrative ductile deformation of the
older of these plutons suggests their emplacement during the waning stages of
orogenesis.

Grenville orogenic activity in central Texas spanned at least 250 Ma and
involved collision of a long-lived (60 Ma) island arc terrane (Coal Creek domain) with
a continental block (Valley Spring domain) that may represent the southern margin of
Laurentia. Timing of this collision is bracketed between 1275 and 1133 Ma.
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ANATOMY OF THE GRENVILLE OROGEN IN WEST TEXAS
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Exposures of Precambrian basement rocks near Van Hom, Texas provide an important
transect across the Grenville age deformational front. To the south, metamorphic rocks
of the Carizzo Mountain Group (CMG) are interpreted to be an allocthonous package of
-1350 Ma rift-related rocks. The CMG has been subdivided into three structural
domains. In the northwest portion of the mountains a large east-west trending, reclined
synform characterizes the hanging wall of the Streeruwitz thrust. The southern limb of
this synform has been truncated by the Mineral Creek fault zone (MCfz), a 350 meter
thick imbricate package characterized by mylonitized rhyolite. The central domain is in
the hangingwall of MCfz and contains large (5 km wavelength) tight, inclined folds
with subhorizontal axes. These folds are cut by several northerly directed thrust faults.
In the southeast domain, southerly trending structures suggest a zone of refolding
plunging beneath the Paleozoic cover. The CMG is translated towards the NNW on the
Streeruwitz thrust. In the foreland, sedimentary rocks of the Allamoore Fm. record
shallow marine carbonate deposition associated with (andesitic) volcanism of 1250 Ma.
Initial deformation is documented in the Tumbledown Fm, a volcaniclastic package
containing megabreccias of the Allamoore Fm. This initial deformation is interpreted to
reflect a transtensional setting between 1250-1100 Ma. Deformation within the
Tumbledown Fm. includes penetrative cleavage and complex conical folds. Post-dating
these events is the development of a large alluvial fan comprised of coarse
conglomerate and siltstone, the Hazel Fm. The source of these sediments are the
Allamoore and Tumbledown Fm. and a granitic/rhyolite basement of -1100 Ma, not the
CMG. This observation suggests continued strike slip deformation and basement uplift
in front of the advancing Streeruwitz thrust. The Hazel alluvial fan is deformed into
large kink folds which are subsequently overridden by complex thrust sheets. The thrust
sheets are folded and klippe of CMG are emplaced during this fmal stage of
deformation. Recurrent motion has occurred along many of the basement faults in the
foreland area. Isotopic data suggests two distinct stages of deformation, an early stage
-1250 Ma and a younger stage between 1100-1000 Ma. Between these two events is a
regional igneous event of -1100 Ma, possibly coincident with rifting in the
midcontinent.
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HALOKINETIC ASSOCIATED CRUSTAL STRETCHING IN THE SOUTHERN
RED SEA: NEW OBSERVATIONS OF THE BASEMENT AND SEDIMENTARY
COVER FROM REFRACTION CONSTRAINED REFLECTION SEISMIC
STRATIGRAPHY

J.D. PIGOTT, E.S. GEBRETSADIK, and A. ALAHDAHL, School 0/
Geology and Geophysics, University o/Oklahoma, Norman, OK 73019,
U.S.A.

Much tectonic speculation of Red Sea rifting has been founded upon the assumed
structural styles interpreted from exclusively either solid earth geophysical surveys or
poor resolution single channel reflection seismic profiles. The problem of seismically
imaging the basement and its associated structures has been compounded by significant
wavelet attenuation and multiple generation contributed by the overlying salt.

We report new structural-stratigraphic interpretations based upon an
integration of seismic refraction, reflection, and geological borehole control.
Conventional industry acquired multifold reflection seismic profiles including and
extending from offshore Eritrea (>2000 line lans) across the Red Sea axial trough into
offshore Yemen (>1000 line lans) were depth constrained using published sonobouy
refraction surveys (11 stations). The major sequences were geologically controlled
using forward seismic modeled synthetics from proprietary borehole (4 wells) density
and sonic logs. Attenuation of multiples was conducted using post-stack Fourier
division wavelet processing.

The integrated seismic stratigraphy of the Southern Red Sea reveals the
following structural-stratigraphic highlights: basement controlled horsts, non­
basement controlled salt mobilization accentuated horsts, basement controlled
grabens, non-basement controlled salt withdrawal grabens, salt-swells in phase with
tilted basement block apexes, counter-regional faulting, eustatic controlled sequence
boundaries, and non-eustatic halokinetic controlled sequence boundaries.

Differences in directly observed basement-influenced stretching occurs in four
zones, beginning from the axial trough outward: Zone 1- maximum crustal attenuation
in the axial trough with magmatic extrusion; Zone 2- high crustal stretching with
imbricate en echelon tilted basement blocks with eroded distal corners; Zone 3­
moderate crustal extension with high angle fault bounded horsts and grabens; and Zone
4- minimum crustal extension on the rift flanks. These zones of structural style resulted
from the first phase of rifting (25.2 Ma). A second pulse of rifting (post salt or 5.2 Ma)
is revealed by basement influenced high angle extensional faults which cut post-salt
sediments. A third phase of on-going crustal extension is a product of halokinesis which
only affects post-salt sediments.
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Our observations suggest Southern Red Sea rifting to be described as a multi-phased
crustal attenuation model, halokinetic influenced, with structural features supportive
of a pure shear regional extension model with local transfer zones of simple shear.



PARTIAL MELTING OF MOUNT SCOTT GRANITE AT 8500 C AND 500
BARS

J.D. PRICE, J.P. HOGAN, G.B. MORGAN VI, D. LONDON, and M.C.
GILBERT, School ofGeology and Geophysics, University of Oklahoma.
Norman, Oklahoma 73019, tel. 405-325-3253; emai/:jprice@geophysics.
scifou.edu.

Fluorine and water influenced the emplacement characteristics of the Cambrian, Mount
Scott A-type granite, Wichita Mountains. Feldspar geothermometry temperatures of
640°C are unreasonably low for a dry solidus. Emplacement as a shallow, high aspect
ratio sheet (length/thickness -110) indicates low melt viscosity. Both suggest possible
volatile activity. However, the granite offers little evidence of high H20 content. It
contains few miarolitic cavities, pegmatites, or aplites. Biotite chemistry and fluorite
grains point to F as a significant player in emplacement and crystallization history.

Partial melting experiments were conducted to clarify T-XHP-XFz phase
relationships at possible conditions of emplacement (850°C, 500 bars). The Mount Scott
granite has abundant kspar + quartz, lessor plag + amphibole + biotite + magnetite +
hematite, minor apatite + titanite + zircon + fluorite, and scarce ilmenite + pyrite.
Plagioclase (Ans_.,) is far less abundant than microperthitic alkali feldspar; much of the
kspar occurs as ovoid-shaped phenocrysts. The rock is metaluminous (AINCK = 0.9)
and low in CaO (1.24 wt%). Fresh material was obtained from drill core [see Price et
al., this issue] 25 feet below the weathered zone (depth = 123-125 feet). Sample
powders were dried overnight at 110°C. Run times were 10 days at 850°C and 500 bars,
using Au capsules in cold-seal reaction vessels. Bulk composition of the sample
controlled O2, The sample charges were: (1) powder only; (2) powder with 10 wr'1o
added H20; (3) powder with 5 wr'/o added cryolite, Na3AlF6; and (4) powder with added
H20 and Na)AlF6. Although the addition of Na)AlF6 changes the bulk composition,
Mount Scott granite may have lost F through an alkali-fluoride (e.g., cryolite was
identified as a vapor-deposited phase in similar experiments [Manning, 1981J).

Charge 1 (powder only): yielded 5% melt, indicating the "dry" solidus temperature is
slightly lower than 850°C at 500 bars. Melt forms an intergranular film (-1 J.1 thick)
adjacent to newly crystallized ternary feldspar Na-rich) and alkali feldspar similar to
those seen in the rock. Because of the small size of the melt pools, the glass was not
analyzed. Phases differed slightly from the starting composition. Biotite is notably
absent, supplying water for melting.

Charge 2 (powder with 10 wt% added H20): produced 67% melt. This glass contained
3.0 ± 0.5 wr'1o H20 and was largely comprised of feldspar components. It contained
higher percentages ofCaO and lower percentages ofFeO (total iron), Ti02, F, and Na20
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than the Na3AIF6-added charges. The run gave the assembly of quartz + feldspar +
amphibole + titanite +magnetite + ilmenite. Again, biotite is notably absent. Feldspar is
ternary and strongly resorbed, appearing as if the K-rich perthitic lamellae had been
removed leaving behind the Na-rich component to readjust to the melt. Amphibole EDS
analyses are calcic; these grains are skeletal and tubular.

Charge 3 (powder with added Na3AIF6): resulted in 45% melt. Analysis revealed low
water concentrations. The glass contained higher percentages of the added components
and Ti02, and lower CaO and BaO. Phases included quartz + kspar + biotite + fluorite +
fayalite + magnetite + ilmenite. Fluorite is present as small, round crystals. Amphibole
was absent in the F-added charges, and supplied water to the melt. Spongy textured
magnetite was present and was rimmed by fayalite. Ilmenite appeared stable. The
presence of quartz + ilmenite + magnetite reacting to form fayalite indicates lowering
102during the run.

Charge 4 (powder with lO wt% added H20 and 5 wt% added Na3AIF6): yielded >90%
melt. Glass composition was comparable to charge 3, although containing higher Ti02.
This melt had a higher percentage of water (3.7 ± 0.5 wt%) than charge 2. The charge
contained biotite, fluorite, and rare oxide. As in charge 3, amphibole was absent. EDS
analysis of biotite grains revealed Ca, possibly resulting from unresolvable inclusions of
fluorite. Most fluorite grains occurred near biotite as small (l-51l), rounded blobs.
Crystallization of abundant fluorite depleted CaO from the melt. The AlNCK ratio of
these melts approached those of the whole-rock composition (0.90), as opposed to the
more aluminous melt in charge 2. Charge 3 and charge 4 (recalculated on an anhydrous
basis) contained 2.4 wt% F in the melt.

These experiments provided the following conclusions. Kspar, quartz, and
biotite appear to melt ftrst in a "dry" sample. With excess H20, kspar and biotite
disappear ftrst, and remaining plagioclase feldspar readjusts to a ternary composition.
Addition of F leads to an instability in calcic plagioclase, produces fluorite, and shifts
the minimum melt composition away from quartz in this system. Increasing melt F and
alkalinity stabilize biotite. For uncertain reasons, additional F appears to lower 102'
Magnetite reacts with Na, AI, F enriched melt to form fayalite, a phase not seen in the
Mount Scott granite. Additionally, H20-saturation in charge 2 and charge 4 results in an
HS-bearing(?) vapor with a quench pH = 2, the result of sulftde dissolution. None of the
melts contained detectable amounts ofS.

Based on the results of these experiments, Mount Scott granite contained less
than 3 wt% fluorine during emplacement. Most notably, lower concentrations of F are
necessary to stabilize the magmatic plagioclase. The results also indicate lower H20
concentrations than examined in this study. Further investigation is warranted as to the
phase relationships and melt chemistry with smaller percentages ofH20 and F2, at lower
T, and at different (controlled)j02'
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INVESTIGATION OF THE MOUNT SCOTT GRANITE DRILL CORE,
WICHITA MOUNTAINS, OKLAHOMA

1.D. PRICE, 1.P. HOGAN, 1. PAYNE, and M.e. GILBERT, School of
Geology and Geophysics, University of Oklahoma, Norman, Oklahoma
73019, tel. 405-325-3253; email: jprice@geophysics.scif.ou.edu.

A drilling investigation of the epizonal, Cambrian, Mount Scott A-type granite,
produced 287 feet of continuous drill core. The drilling project aimed to characterize
the contact zone between this unit and one of the underlying host units, the Sandy Creek
gabbro. The drill hole location is 5 meters from the contact with the Sandy Creek
gabbro, and it was anticipated that the hole would intercept the contact at depth. The
drill failed to encounter the Sandy Creek gabbro, nor is there direct evidence of Sandy
Creek gabbro in the core. The core is homogenous with respect to primary silicate
mineralogy, feldspar chemistry, and mineral texture. Two-feldspar geothermometry on
samples from 287, 114, and 17 feet yields temperatures of -640 + 50 0e. Samples from
287 feet contain a sodic amphibole not generally seen in the Mount Scott, but common
to the younger, nearby Quanah granite.

Fib'llre J. Magnetic susceptibility and
fracture density of the SQ core.

The core is comprised of a
fractured zone from the surface to 70 feet,
where it grades over a length of 30 feet into
a more competent zone (fig. I). The
fractured zone is marked by healed and
incompletely healed through-going and
partial fractures, ranging in scale from
microscopic to macroscopic. Fractures
typically lack visible offset. Hematite,
produced by oxidation of primary
titanomagnetite, is more abundant in the
fractured zone. Hematite in the competent
zone is mostly in fractures within magnetite
and along grain margins. The darker rock
color of the fractured zone reflects this
change in oxide mineralogy.
Cathodoluminescence indicates a larger
ferric component in the feldspars of this
upper zone. The magnetic susceptibility
quantifies this change (Fig. I): the
fractured-zone ranges from 2 to 5 SI units
grading into competent zone ranges of 25 ­
30 SI units.
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Both zones preserve evidence of primary and secondary sulfide phases. Many
of the through-going fractures are coated with a hematite stain but contain abundant
green-colored, circular areas (0.5-2 mm diameter) with small pyrite grains The presence
of secondary sulfides and oxides points to a complex history of fluid-rock interaction.



GEOLOGICAL AND GEOPHYSICAL EXPLORATION FOR
MINERALIZATION ON EI-EREDIYA PROSPECT AREA,
EASTERN DESERT, EGYPT.

URANIUM
CENTRAL

S.1. RABIE, A.A.A. MEGUID, and A.S. ASSRAN, Nuclear Materials
Authority, P.o.Box 530 Maadi, Cairo, Egypt

Ground geologic, structural, radiometric, magnetic and horizontal-loop electromagnetic
data ( surface and mining ) have been applied to follow the surface and downward
extension of the uranium mineralizations showings of EI -Erediya prospect area, located
in the Central Eastern Desert, Egypt.

EI-Erediya uranium mineralization are associated with jasperoid silica veins
hosted in EI-Erediya granite which represent one of the later phase plutons of the
Egyptian granitoids (550-590 Ma). The silica veins fills tensional fractures related to
ENE normal faulting and to its feather fractures. Geologic and structural investigation
of the area indicate a supergene origin for silica veins and uranium mineralization.
Firstly a silica rich solution altered the granite and leached its uranium and precipitates
it in open ENE fractures with some iron sulfides. A second phase of uranium
mobilization and concentration was accompanied with tectonic rejuvenation of ENE
fractures where uranium gets more concentrated in a second jasperoid silica solution
which cements the brecciated early silica veins and the contact granite. A third
remobilization process are indicated by surface leaching and alteration of the early
formed pitchblende and iron sulfides and redistribution of secondary uranium
mineralizations and hematitization along different fractures and alteration zones.

The integration of the results obtained from the magnetic data, led to the
construction of a basement tectonic map closely correlative to the geological map for
the area under consideration. The interpretation of the horizontal-loop electromagnetic
data of the surface profile (00 NS) and the mining profiles indicate the deduction of
conductive zones. These zones are mainly associated with the jasperoid veins, shear and
fault zones. The conductive parameters such as location, width, dip, depth and
conductivity thickness were estimated for each conductive zone, as averaged from the
utilized four frequencies.
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NATURE AND AGE OF DUCTILE DEFORMATION ASSOCIATED WITH
THE "ANOROGENIC" TOWN MOUNTAIN GRANITE, LLANO UPLIFT,
CENTRAL TEXAS.

R.M. REED, R.C. ROBACK, and M.A. HELPER, Department of
Geological Sciences University ofTexas, Austin, TX 78712

1.07-1.13 Ga granites comprise almost half of the rocks in the Proterozoic (Grenvillian)
Llano Uplift of central Texas and thus have contributed significantly to the evolution of
basement along the southwestern margin of Laurentia. Intrusions of Town Mountain
Granite in the Llano Uplift have previously been described as "anorogenic", but recent
work has shown that deformation accompanied and/or postdated intrusion of some
granites.

The Wolf Mountain intrusion (WMI) of the northcentral Llano Uplift is a
chevron-shaped (phacolithic) granitic body that occupies the hinge of a southeast­
plunging syncline. A foliation in the WMI is parallel to the axial plane of this syncline.
This foliation has a magmatic component defined by alignment of microcline
megacrysts which has been overprinted by moderate amounts of high-temperature,
solid-state deformation. Folding while the intrusion was not completely crystallized has
resulted in complex internal structures including transtensional dikes, deformed
magmatic enclaves and xenoliths, and convolute boundaries between granitic phases. A
preliminary V-Pb zircon age of ca 1.13 Ga has been obtained for a small body
associated with the WMI Deformation within the Grape Creek Pluton (GCP) of the
southeastern Llano Uplift is more focussed than deformation in the WMI. A >400
meter-wide shear zone has formed an augen gneiss with zones of mylonite from an
isotropic, porphyritic, very coarse-grained granite. The shear zone strikes N50W and
dips moderately to the northeast with a down-dip stretching lineation. Deformation and
grain-size reduction are accomplished by high-temperature recrystallization of feldspars
and quartz. Sigma-type recrystallized tails on feldspar porphyroclasts and an S-C fabric
indicate reverse (top-to-the-southwest) sense of shear. A preliminary V-Pb zircon age of
ca 1.13 Ga has been obtained for the GCP.

The Midway granite sill of the northeastern Llano Uplift has undergone
pervasive recrystallization to form an augen gneiss. Foliation within the granite gneiss
trends WNW and dips to the SW with a shallow SE-plunging stretching lineation.
Kinematic indicators show a combination of right-lateral and thrust motion. Early dikes
that intrude the country rock are folded, boudinaged, or mylonitized. Late dikes are
undeformed, showing deformation was syn-plutonic.

The foliation in the WMI is parallel to the axial plane of the syncline it
occupies and also to the late-stage foliation in the surrounding country rock. While the
foliation within the GCP is similar in orientation to foliation within the WMI, the
northeast dip and southwest transport directions are opposite those in nearby
metamorphic rocks. Foliation in the MSG and that in surrounding country rocks are
parallel.
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Geologic evidence for syn- to post-emplacement defonnation suggests that
early intrusions of Town Mountain Granite were synchronous with the waning stages of
Grenvillian orogenesis. As a whole, the Town Mountain Granite suite appears to be late
syn- to post-orogenic and not anorogenic.

Information on Geochronological Samples: The Grape Creek Pluton sample location is located approximately
5.9 kilometers WSW of the town of Sandy, Texas on the Granite Knob Ranch. The sample was taken from
within the shear zone.

The other date given is for an unnamed dike-like body ofmedium-grained pink granite that occurs
on a northwest trend passing through the town of Llano, Texas. As stated above, this body is thought to be
related to the main Wolf Mountain Intrusion.

V-Pb zircon geochronology was done by Robert C. Roback.



INTERDEPENDENCY OF MECHANICAL AND CHEMICAL PROCESSES
DURING THE EVOLUTION OF CHLORITIC BRECCIA, SACRAMENTO
MOUNTAINS, SE CALIFORNIA

1. SCHWEITZER, Department of Geosciences, University of Tulsa, 600
S. College Ave., Tulsa, OK 74104-3189, tel. 918-631-2090

Complex interaction between brittle deformation and mineralizing fluids resulted in the
formation of the chloritic breccia zone that is found in crystalline footwall rocks of the
Sacramento Mountains detachment fault (SMDF). The Sacramento Mountains, located
in southeastern California, is one of a line of metamorphic core complexes in western
North America that extends from Canada into Mexico. Similar to other core complexes,
the Sacramento Mountains is characterized by upper plate Tertiary sedimentary and
volcanic rocks separated from lower plate intrusive rocks (predominantly granite and
granodiorite) by a low angle extensional fault. Chloritic breccia is found in the
crystalline footwall rocks in most metamorphic core complexes and is characterized by
I) the disruption of preexisting rock textures due to brittle deformation and 2) a green
color due to secondary chlorite and epidote.

In the Sacramento Mountains, the chloritic breccia zone is variably developed
for approximately 100 m below the SMDF. The most deformed zones, such as
immediately adjacent to the SMDF, consist mostly of green to green-blue microbreccia.
Within the microbreccia, preexisting rock fabrics are destroyed and the protolith is
generally unidentifiable. Angular to rounded clasts up to 10 cm across, but most
commonly < 1 cm, are found in an aphanitic matrix. Microstructural examination
reveals that the clasts include fragments of the protolith, monomineralic aggregates, or
pieces of an older microbreccia. Textures range from matrix-supported to clast­
supported, although the former is more common. The matrix is composed of abundant
cryptocrystalline epidote and lesser amounts ofchlorite, hematite and quartz.

In less deformed portions of the chloritic breccia zone, two common fracture
sets are observed on the both the micro- and mesoscale:

The Type A fracture set consists of a subplanar brittle shear zones (BSZ) and
oblique fractures that extend both above and below the BSZ boundary. In outcrop,
BSZs typically have shallow to moderate dips. They contain fine-grained gouge of
variable thickness, consisting of angular to subrounded, fme- to very fme-grained wall
rock fragments in a microcrystalline matrix of cryptocrystalline epidote plus varying
quantities of quartz, feldspar, hematite, chlorite, and sericite. Oblique fractures are
oriented from 40 to 65 degrees to BSZ boundaries and are usually decorated with
cryptocrystalline epidote.

The Type B fracture set is a set of moderately to steeply dipping conjugate
fractures, with an acute angle of intersection ranging from 50 to 65 degrees. These
fractures are typically decorated with cryptocrystalline epidote plus chlorite and
hematite, and are usually found in rocks with previously developed Type A sets. Fine-
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grained gouge is rare, and where it is found, there is typically little apparent offset
across the fracture. Type B fracture sets generally cross-cut and offset BSZs, or may
curve into parallelism and merge with them.

Rocks in the chloritic breccia zone have experienced both replacement
alteration and open-space alteration. Replacement alteration affected most of the
feldspar, amphibole, and biotite in the zone and occurred throughout its history. Three
generations of open-space alteration have been recognized in these rocks: phase I:
precipitation of cryptocrystalline epidote, phase 2: precipitation of cryptocrystalline
epidote and chlorite, and phase 3: precipitation ofcalcite.

Stage I in the evolution of chloritic breccia was the initiation and development
of Type A fracture sets in response to tectonic stresses that locally exceeded the rock
strength. The formation of the fractures allowed the influx of mineralizing fluids that
precipitated cryptocrystalline epidote (alteration phase I) in the fractures and voids
between rock fragments in the BSZs. Cementation of the gouge with epidote resulted in
strain hardening within the BSZ and subsequent fracturing of the gouge zone and wall
rock. This resulted in progressive thickening of the BSZs and reworking of older
cemented cataclasite. In high strain areas, cyclic fracturing, cataclasis, and cementation
produced localized zones ofmicrobreccia.

Stage 2 was the development of Type B fracture sets at high angles to the
BSZs. Disruption ofType A structures by multiple generations of Type B fractures also
resulted in local development of microbreccia. In addition, there is evidence that
cataclasite development continued in some of the BSZs during the development ofType
B fractures. Incursion of fluids into the system resulted in deposition of chlorite and
epidote (phase 2 alteration) along Type B fractures, within voids in some BSZs and in
veins that crosscut Types A and B fracture sets. This alteration phase continued after the
cessation of cataclasis. All of the deformation fabrics found in the lower plate rocks are
locally cross-cut by calcite veins with that have grains that show no evidence of strain,
indicating that the third phase of alteration postdated significant deformation events.

In the Sacramento Mountains within the chloritic breccia zone, the most
intensely deformed rocks were also the most highly altered. The positive correlation
betw~en the intensity of mechanical disruption and chemical alteration reflect that the
two were interdependent during chloritic breccia evolution.



FACTORS AFFECTING LIMITING ANGLES FOR FAULT REACTIVATION
IN BASEMENT ROCKS

T.B. SCOTT, JR. School of Geology and Geophysics, The University of
Oklahoma. Norman, OK, 73019-0628.

The reactivation ofa preexisting weakness in a rock, such as a fault or fracture, depends
upon the relationship between the coefficient of sliding friction of the surface, the
internal coefficient of friction for the country rock and the orientation and magnitudes
of the superimposed stress fields. Handin (1969) demonstrated that a set of 'limiting'
angles for reactivation of a preexisting sawcut rock sample subjected to triaxial stresses
are related the geometry created by superimposing a Mohr stress circle, at the point of
failure, over the sliding friction line for a given rock type. Samples with sawcut angles
outside of the limiting angles cannot be reactivated but will fracture across the
preexisting plane to form a new shear failure surface. Samples with favorably oriented
sawcuts will be reactivated when the shear and normal stresses exceed a given value.
This effect has been documented in laboratory testing for a wide range of rock types.
Laboratory testing of sawcut samples suggests that the angles for the reactivation of
faults in basement blocks may be significantly different than those for rocks in the
shallow crustal regime. High porosity rocks, such as sandstones, generally have a
narrow set of limiting angles due their lower strength (Scott and Nielsen, 1981).
Limiting angles for fault reactivation of low porosity rocks, typical of basement
lithologies, are generally wider - around from 50° to 470° of the principal directed
stress. Two notable exceptions will dramatically affect this pattern of limiting angles.
The presence of abnormally high fluid pressures within the fault gouge zone and the
presence of clays in a gouge will significantly expand the range of limiting angles for
fault reactivation ofbasement rocks.
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LEAD ISOTOPE MAPPING OF CRUSTAL RESERVOIRS WITHIN THE
GRENVILLE SUPERTERRANE: CENTRAL AND SOUTHERN
APPALACHIANS

A.K. SINHA, Department of Geological Sciences, Virginia Polytechnic
Institute and State University, Blacksburg, VA 24061.

Geodynamic models for the crustal evolution of the earth are best constrained by
recognizing terranes associated with both the accretion and separation of continental
plates. In older mountain belts that have experienced multiple episodes of
metamorphism and structural reorganization, terrane boundaries are usually not
recognizable. However, recent advances in interpreting isotope characteristics of crustal
blocks pennits separation of distinct crustal reservoirs that may represent terranes.

The Grenville orogen is a globe-encircling belt that is marked by either clearly
identifiable reactivated older crust or blocks dominated by addition of juvenile magmas.
The timing of linkages of terranes, with implications regarding juxtaposition of
isotopically distinct reservoirs, is still a matter of debate. However, the lead isotopic
characterization of crustal reservoirs show that measurable isotopic differences may be
related to differences in crustal histories, thus leading to delineation of distinct terranes.

New whole rock Pb isotope data are presented from basement rocks of
Grenville age. Samples from nine major basement rocks, extending from Pennsylvania
to Georgia have been utilized to delineate isotopic crustal reservoirs. Utilizing Pb
isotope correlation diagrams, three distinct isotopic reservoirs can be recognized. The
three groups are subdivided on the basis of inferred f.1 e38Up04Pb) of the Grenville age
rocks, as well as evidence of an Archean component in two of the blocks. On the basis
of only 94 analyses, the three groups are: (i) Carvers Gap Gneiss and Stage Road
Layered Gneiss; (ii) Blue Ridge, Baltimore Gneiss, State Farm Gneiss, and Pine
Mountain Gneiss; and (iii) Tallulah Falls, Sauratown Mountain, Corbin and
Honeybrook Uplands. It is suggested that Grenville age tectonic processes juxtaposed
these isotopic reservoirs, leading to the development of the Grenville Superterrane.
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PETROLOGY AND GEOCHEMISTRY OF A LATE PROTEROZOIC
ANOROGENIC SUPERSUITE, LAURENTIAN APPALACHIANS, VIRGINIA
AND NORTH CAROLINA: IMPLICATIONS FOR MAGMA-GENERATION
ASSOCIATED WITH CRATONIC EXTENSION

R.P. TOLLO, Department of Geology, George Washington University,
Washington, DC 20052; e-mail: tollo@acad.ccgs.gwu.edu
F.F. HUTSON, Department of Geological Sciences, The University of
Texas at Austin, Austin, TX 78712; email:
hutson@maestro.geo.utexas.edu

The magmatic record of rift-related processes operative along incipient continental
margins often is obliterated or modified by subsequent compressional tectonic events.
Nevertheless, analysis of such igneous rocks is important in determining the nature of
sources and melt-generating processes involved in large-scale cratonic rifting.
Magmatic activity associated with regional extension produced more than 20 granitoid
plutons within the Laurentian Appalachians of Virginia and North Carolina. The
plutons and associated volcanic rocks constitute a supersuite that spans an age range of
at least 760-700 Ma and defmes a period of magmatism that preceded development of
oceanic crust by about 130 m.y. Plutons constituting the supersuite, which includes
granitoids of the Crossnore Complex and Robertson River Igneous Suite, among others,
are variable in size, typically elongate, and range from monzogranite to alkali feldspar
syenite. Most plutons record a sequence of multiple intrusions that, in the large
Robertson River batholith, spanned at least 35 m.y. The plutonic and associated
volcanic rocks of the supersuite display many petrologic characteristics of A-type
granitoids including (1) metaluminous to (relatively rare) mildly peralkaline bulk
compositions, (2) high (relative to well-documented 1-, S-, and M-types) Zr, Nb, Ga, Y,
REF (not Eu), FelMg, and GalAI, and (3) common occurrence of hypersolvus feldspar
assemblages, Fe-rich ferromagnesian silicates, fluorite, and REF-bearing accessory
phases including allanite. Intrapluton compositional variation is locally significant and
reflects both source- and fractionation- (dominantly feldspar and/or accessory minerals)
related mechanisms, locally modified by Fluid-driven, late- and post-magmatic
processes. Trace element data from the most thoroughly studied plutons indicate that
the peralkaline rocks are not petrologic derivatives of the more abundant metaluminous
types. Moreover, comparison with other well documented suites suggests that the
peralkaline rocks exhibit source-related characteristics similar to ocean-island basalts
whereas metaluminous types display characteristics similar to bulk continental crust.
Results of experimental investigations by other workers in which A-type metaluminous
granite liquids were produced through melting of charnockitic rocks representative of
the Grenville-age basement of the Virginia Blue Ridge support derivation of the
metaluminous magmas from sources of similar composition. Sm-Nd isotopic data for
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the Robertson River Igneous Suite have epsilon-Nd values (calculated for
crystallization ages of 730 Ma as indicated by V-Pb isotopic analyses of zircon) ranging
from -0.1 to +2.1 and model ages from 1.1 to 1.3 Ga. These model ages overlap with
the age range of basement in the Blue Ridge. Epsilon-Nd values increase with
decreasing age within the suite. Older metaluminous units have epsilon-Nd values
indicative of interaction with evolved crust (-0.1 to +1.4) but the younger peralkaline
units show more positive epsilon-Nd values (+ 1.8 to +2.1) that suggest either a change
in source characteristics or degree of crustal contamination with time. Collectively,
these data indicate that abundant metaluminous magmas associated with the earliest
stages of Laurentian rifting were produced dominantly through melting of local
continental crust and that such melts diversified in composition largely through crystal
fractionation. Coeval peralkaline magmas, produced during the waning stages of this
period of regional magmatic activity, were generated through melting of more
geochemically primitive sources; however, the magmas evolved compositionally
through similar mechanisms. The mode of occurrence, type and range of compositions,
and inferred petrogenesis of the supersuite are similar to those of anorogenic, encratonic
granitoids documented worldwide. The Laurentian Appalachian supersuite represents a
significant, long-lived, temporally episodic period of magmatism that ended with
encratonic rifting but not development of oceanic crust. As such, the rocks are
indicative of processes operative during the earliest, pre-drift stages of Laurentian
extension.



THE ROLE OF RECURRENT TECTONICS IN THE FORMATION OF THE
NEMAHA UPLIFT AND CHEROKEE-FOREST CITY BASINS AND
ADJACENT STRUCTURAL FEATURES IN EASTERN KANSAS AND
CONTIGUOUS STATES, USA

F.W. WILSON and P. BERENDSEN, Kansas Geological Survey,
University of Kansas, Lawrence, KS 66074, tel. 913-864-4991. e-mail:
pieter_berendsen@msmail.kgs.ukans.edu

We elaborate on an old hypothesis suggesting that once the early-formed crust of the
Earth attained sufficient buoyancy, thickness, and strength to react in brittle fashion, it
was broken into semi-rectangular blocks by tensional stresses, perhaps associated with
development of its equatorial oblateness. The roughly orthogonal fractures bounding
the crustal blocks are spaced more or less evenly by dissipation of stresses between
adjacent megafractures, depending upon the strength of the local crust. We further
propose that once the primordial crust was broken, the fractures became the loci of
stress relief for whatever combinations of horizontal, vertical, and shear stresses acting
on them throughout geologic time. Because the through-crustal fractures (including the
outlines of meteorite impact craters of whatever age) continue to be active, they
propagate upwards to the present surface through succeeding layers and are manifested
by stream patterns which reflect faults, flexures, and joints; outcrop anomalies; and
even subtle tonal changes on remotely-sensed images. Examples are the Chesapeake,
Bolivar-Mansfield faults, (Wilson and McCauley, 1989) which have been mapped in
Missouri and are traced on trend into the Kansas subsurface by means of major stream
lineaments or divides and other more subtle features. Other northwest- and northeast­
trending structural zones are likewise recognized (Blair and others, 1992). The pattern
or mapped faults and the interpretation of stream patterns suggests that many are
wrench faults, and reversed movement at various times depending on the direction of
applied horizontal compressive stresses and the orientation of the resisting or passive
blocks. We postulate that the stresses originated at the eastern margins of the North
American craton during continent-continent collisions beginning during Grenvillian or
earlier times, and continued during the Taconian, Acadian, Appalachian-Alleghenian.
Major episodes affected the midcontinent during the Ouachitan-Wichitan-Marathon
orogenies, and with somewhat lesser effects during later geologic times to the present.
The stresses are assumed to have been transmitted primarily via Precambrian basement
rocks and the overlying Cambro-Ordovician through Mississippian carbonate rocks.

Our analysis and interpretation of the tectonic history of Eastern Kansas and
surrounding states begins with the period after emplacement of the mafic igneous rocks
of the Midcontinent Rift at about 1,100 Ma. The Ozark Dome to the east in Missouri is
an older, positive structural element. Extending westerly from the Ozark dome the
Chautauqua Arch and Central Kansas Uplift are probably also pre-rift positive structural
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elements. The area northwest of the Ozark dome was a broad peneplaned surface of
low relief which was cut by the newly-formed Midcontinent Rift. North of the Fall
River Tectonic Zone (FRITZ) considerable thicknesses of clastic sediments were
deposited in rift-flanking basins. The Forest City Basin, containing about 4,000 feet of
Cambro-Ordovician through Permian sedimentary rocks, is separated from the younger
Cherokee Basin by a low Pennsylvanian divide known as the Bourbon Arch. The
basins are bounded on the west by the Nemaha Uplift and on the east by the Ozark
Dome.

As the major collisional forces rotated to the SW and closer to the referenced
area, it caused closure of and considerable thrusting toward the W, NW, and fmally N,
during the formation of the Ouachitas-Wichitas. We postulate that these stresses caused
the entire width of the NNE-trending Nemaha Uplift (not just the prominent Humboldt
Fault on its east flank) to be activated as a massive left-stepping, left-lateral wrench
fault zone. The Nemaha Uplift was fmally overtopped by relatively undisturbed early
Permain sediments of about the same age as the last strata cut by a series of en echelon
faults, indicating left-lateral, northerly-directed faulting, in north-central Oklahoma.

The NE-trending Webb City-Osceola lineament parallels the east edge of the
Cherokee-Forest City basins and continues to the SW as the Miami Trough in extreme
SE Kansas and NE Oklahoma (Brockie and others, 1968). Other NE-trending structural
elements include a subtle lineament near the center of the Cherokee-Forest City basins,
which we term the Chanute-Kansas City Trend. This lineament is marked by low
monoclinal folds and short segments of streams and appears to have had an influence
upon the distribution of oil and gas in the area. The Lampe-Mansfield structural zone
in western Missouri and northern Arkansas is marked by a series ofNE-trending faults.

The NW-trending FRITZ is the southernmost important structural zone and
passes through the Tri-State lead-zinc district (Bendelari Trough). Mafic rocks and rift­
related clastic sedimentary rocks occur at the basement surface only north of the
FRITZ. To the north the Neosho River lineament coincides with a prominent NW
trending stream segment by the same name. It is prolonged southeastward from its
intersection with the Chanute-Kansas City lineament as a narrow, linear stream divide
which seems to coincide with the Nashville-Carthage Sag in Missouri. North of this, at
approximately the same spacing, are a discontinuous series of NW trending streams
which seem to trace the trend of the Bolivar-Mansfield Fault in Kansas. Still further
north in Kansas, again at the same spacing, is the prologation of the Kansas City­
Centerview trend in Missouri. On it is the enigmatic McLouth oil and gas field which is
associated with complex geophysical anomalies. A prominent NW-trending lineament
and geophysically defmed gravity anomaly, referred to as the Missouri gravity low
(Arvidson and others, 1982), offsets and separates and Iowa and Kansas segments of
the Mid-continent Rift and is traced to the SE through Missouri and beyond.

We believe we have demonstrated the importance of recurring tectonics along
preexisting basement fracture systems in the formation of the Nemaha Uplift, the Ozark
dome, and the Cherokee-Forest City basins in eastern Kansas and western Missouri.
These tectonic episodes coincided with major continent-continent collisional events at
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the eastern and southeastern margins of the continent and follow closely the outline of
epeirogenic events described by Ham and Wilson (1967).
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COCORP SOUTHWESTERN OKLAHOMA SIESMIC LINES REVISITED

R.A. YOUNG, School of Geology and Geophysics, University of
Oklahoma, Norman. OK 73019. tel 405-325-5753; email:ryoung@ou.edu
A.C. LAMBERT, Phillips Petroleum Company, Bartlesville, OK 74004,
tel. 918-661-0423

The Consortium for Continental Reflection Profiling (COCORP) seismic reflection
lines 2-2A and 5-5A were acquired in 1979 and 1980 in order to probe the deep crustal
structure of the Wichita Mountains and the adjacent portions of the Hardeman basin, to
the south, and the Anadarko basin to the north. The interpretation of these lines by
Brewer et al. (1983) has remained the standard for discussion of crustal structure in this
area. The mid-crustal features at depths of 2-10 km in the Wichita Mountains Frontal
Zone (WMFZ), however, were indistinctly imaged by the COCORP lines because
acquisition and processing focused on deeper features. A subsequent program of oil
industry-sponsored seismic investigation along short lines oriented perpendicular to the
local structural trend greatly improved the image of the WMFZ. Many people familiar
with the COCORP lines have not seen the lines owned by Seismic Exchange, Inc.,
though, as the latter have not been published.

The present study examines three of the SEI lines that fall within 3 miles of
COCORP lines 2-2A and 5-5A. Unpublished COCORP line drawings are remarkable in
identifying many of the mid-crustal features seen much more clearly on the SEI data. A
rapid change in configuration of basement blocks and Pennsylvanian sediments along
strike is evident. The clarity of the seismic data details layering within the igneous
basement, block rotations and indications of overturned folds, major depositional
centers and a half graben developed in the "granite wash", and syntectonic depositional
features.
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