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The intersection between surface volcanic rocks and their feeder systems has
a fascinating history. What is the volcanic-plutonic interface telling us about
the spatial, temporal and thermal evolution of sub-volcanic magmatic sys-
tems? Do they preserve information of use in forecasting future volcanic
hazards? What is the link to deeper-level magmatism and the geochemical
evolution of Earth’s continental crust? Are there extra-terrestrial
counterparts?

Mostly these questions are not new. Some of the greatest names in the
development of igneous geology including Bowen, Cloos, Daly, Geikie,
Harker, Holmes, Iddings, Mercalli, Sapper and Tyrrell embraced this topic.
Between them they agreed the defining feature of high-level igneous intru-
sions (injected bodies) is that they are visibly enclosed by surrounding
country rock with the exception of the magma feeding channel. However, the
position regarding plutons and batholiths was far less clear. Were these
subjacent rocks, apparently downwardly enlarging, magma intrusions at all,
given the lack of observational evidence for a floor or base? If not, how did
plutons relate to chemically associated volcanic rocks, often found in con-
junction? And should large mafic intrusions be treated the same way?

Looking back through geological literature on the forms and structures of
igneous rocks in the first 50 years of the 20th century makes fascinating
reading. The conclusion by many of his contemporaries that batholiths were
indeed injected bodies is rejected by R. A. Daly in the 1933 edition Igneous
Rocks and the Depths of the Earth as “premature”. This comes despite the
relaxed acceptance that in places including Dartmoor, England, “extensive
granites, formally called batholiths, have been shown to be of sheet-like,
laccolithic, phacolithic or lopolithic nature”. To those familiar with con-
temporary views of batholith formation, the freshness of this statement is
striking—confirmation that there really is nothing new under the sun. Yet the
ease by which two opposing points of view on the origin of batholiths can be
accommodated seems odd—surely there should be one consistent truth? It
seems these great minds could slip easily between rival interpretations of
how intrusive rocks came to be.

One reason could be that early debate on high level intrusions revolved
mostly around definitions to describe and classify their shape and geometry
as opposed seeking a coherent view on underlying processes. Descriptive
terms abound. Some of them, including Bysmaliths, Entmoliths, Sphenoliths,
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Akmoliths and Harpoliths, sound like monsters from a Harry Potter novel!
The overriding sense is that of a community deliberately seeking out small
differences which become amplified into conflicting theories about origins
and meaning. From small beginnings these debates unchecked proliferate
into so-called controversies, which, as happened with granites, are a sure sign
of a subject area becoming moribund.

Luckily, understanding how magmas move about in the near sub-surface
has improved significantly in the last 50 years. The realisation that shape and
form are largely viscosity-related means that magmatic systems can be seen
from a physical perspective as a continuum between differing compositions.
In this system-wide view, arguments about intrusion geometry are under-
stood to be manifestations of a deeper, dissipative and self-similar process.

That is why the integrated, systems-level approach put forward in this
book is the right one. The science of shallow-level magmatic systems has
entered a new and exciting mature phase. The editors both have long and
distinguished track records in researching the origins and emplacement of
shallow igneous intrusions, most notably sills and laccoliths. They have
published research papers and edited special volumes on this topic for several
decades now and the knowledge gained form multidisciplinary studies by
international teams of geologists, geophysicists and petrologists has been
distilled cleverly into this welcome and timely book.

Northampton, UK Nick Petford
November 2017

Foreword



Preface

History, Design and Aims of This Book

The origins of intrusive rocks have been widely discussed for a couple of
centuries, and the ways volcanoes work have attracted scientists and laymen
since the dawn of mankind. However, shallow igneous intrusions, repre-
senting the obvious link between the hidden plutonic kingdom and the fiery
volcanic realm, have not received the attention they deserve, leading to some
shortcomings in the communication between “plutonic” and “volcanic”
researchers. This book is an effort devoted to heal this breach and should also
serve as a reference in the field of subvolcanic systems for master- and Ph.D.
students, geo-scientists and professionals. At the same time, we hope that
future research in the field will be sparked by its publication.

The present book is directly related to, and a result of, a series of five field
workshops that occurred from 2002 to 2012 in various countries. The series
of LASI' field workshops started in October 2002 in Freiberg (Saxony,

'LASI stands for Laccoliths, sills and dykes—Physical geology of shallow-level magmatic
systems

vii
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Germany), where one of us (C.B.) and Alex Mock hosted 40 participants
coming from 10 countries. A one-day field trip was undertaken to examine
Late Paleozoic sill and laccolith complexes in eastern Germany (abstract and
field guide volumes of LASI can be found on the LASI web site).”

LASI IT followed in April 2006 on the Isle of Skye in NW Scotland,
organized by Ken Thomson, Nick Petford and Donny Hutton, gathering 53
scientists from 16 countries. Of course, the mafic Cenozoic sill complex of
that island was the topic of the field trip.

Weather conditions improved somewhat with the field workshops that
followed. LASI III was held on Elba Island (Tuscany, Italy) in September
2008, where 44 participants from 17 countries gathered and examined the
classical Christmas-tree laccolith complex and surrounding waters of the
Tyrrhenian island.

LASI IV led to the mother of laccolith systems, the Henry Mountains in
Utah (USA). There, in 1877 following two weeks of field work, Karl Groove
Gilbert defined what a laccolith looks like. In September 2010, the team led
by Sven Morgan made sure that 33 participants from 10 countries deeply
enjoyed both seminars and outcrops. Connected to this, in a one-day field
trip, David Hacker introduced the spectacular subvolcanic bodies and related
landslides of the Iron Axis Mountains in SW Utah (Chapter “Catastrophic
Collapse Features in Volcanic Terrains: Styles and Links to Subvolcanic
Magma Systems”).

In November 2012, LASI V was held in South Africa with 44 participants
from 11 countries. A warm-hearted welcome, a smooth organisation and an
interdisciplinary data set were the ingredients applied by the people around
Sverre Planke and Henrik Svensen for a successful introduction to the
magnificent saucer-shaped sill complex in the Karoo Basin (Chapter “Sub-
volcanic Intrusions in the Karoo Basin, South Africa” and parts of Chapter
“Geochemical Fingerprinting and Magmatic Plumbing Systems”).

A total of 350 geoscientists from 32 countries co-authored papers that
were presented during the five LASI field workshops. The most prominent
methods applied to subvolcanic systems were geometric and textural studies,
geophysics (mostly 3D seismic and paleomagnetics), and analog and numeric
modelling, as well as petrological/geochemical investigations. Silica-rich and
—poor complexes, and deep-seated as well as shallow systems have been
examined. Within plate tectonic settings, intra-continental rift and
plume-related systems dominated.

During all five LASI events, Europe was the most prominent host of
subvolcanic complexes described; LASI V boasted examples from the venue
country, South Africa. Clearly, Mesozoic and Cenozoic subvolcanic com-
plexes, being less altered and deformed, prevailed over Paleozoic and Pre-
cambrian examples.

A large number of papers authored by LASI participants have been
published in the last 15 years, and have been widely cited in the present
book. As a direct outcome of LASI conferences, two Special Publications

“https://people.unipi.it/sergio_rocchi/lasi/
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of the Geological Society of London (Breitkreuz and Petford 2004; Thomson
and Petford 2008), as well as a special issue of Geosphere (Rocchi et al.
2010), can be noted.

The series of LASI field workshops displayed the enormous range in size,
emplacement depth and composition of subvolcanic systems. Fossil volcanic
centres often have been eroded down to the subvolcanic level, exposing
coherent weathering-resistant subvolcanic rocks (volcanic necks,
paleo-magmatic arc successions). As a consequence, subvolcanic rocks are
overrepresented in the geological record and their preservation potential is
high compared to many volcanic rocks such as fallout or non-welded
pyroclastic flow deposits. Understanding the geometry of subvolcanic com-
plexes and “reading” the internal and external textures of these rocks enable
geologists and geophysicists to distinguish subvolcanic complexes from
volcanic counterparts. This distinction obviously bears importance for the
lithostratigraphic and magmatic evolution of a particular lithospheric block.

This book, presented by experts in their respective fields, intends to
summarize the wealth of knowledge about subvolcanic systems. The first part
of the book (Chapters “Physical Geology of Shallow-Level Magmatic
Systems—An Introduction”“Sills in Sedimentary Basins and Petroleum
Systems”) collects comprehensive reviews on various aspects of subvolcanic
systems. In the second part (Chapters “The Subvolcanic Units of the Late
Paleozoic Halle Volcanic Complex, Germany: Geometry, Internal Textures
and Emplacement Mode”—“Laccolithic Emplacement of the Northern Arran
Granite, Scotland, Based on Magnetic Fabric Data”), case studies of
important subvolcanic complexes are being presented.
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Sergio Rocchi and Christoph Breitkreuz

The fate of magma is commonly seen as either
eruption from volcanic vents or emplacement at
depth into the crust. However, magmas often
solidify in the very shallow crust (i.e. less than
ca. 3 km deep), as either subhorizontal intrusions
such as sills and laccoliths, or as frozen vertical
conduits, i.e. dykes. Which of these processes
will prevail is controlled by intrinsic parameters
like magma density, viscosity, volume and ascent
rate. Among external parameters, far field stress,
as well as variations of density and strength in
the host rock, are significant.

1 What Is a Subvolcanic Body?

A subvolcanic intrusion is a cooled magma body
emplaced at shallow depth into the upper crust,
between a few tens of m and approximately
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3 km.! In the absence of stratigraphic and/or
geobarometric evidence, it can be recognized by
having emplaced below the Earth’s surface (e.g.
displaying no scoria carapace, in case of a SiO,-
poor body) and nevertheless showing an apha-
nitic groundmass (Fig. 1A.1).

Among subvolcanic intrusions, those with
tabular shapes and attitudes crosscutting
pre-existing rock structures (i.e. most commonly a
subvertical attitude) are called dykes (Fig. 1A.2).
For shallow-level intrusions with attitudes more
or less concordant with preexisting rocks (i.e.
most commonly a subhorizontal attitude;
Fig. 1A.2), a large variety of names were pro-
posed in the 19th and early 20th century (Corry
1988), among which the terms laccolith, sill,
bysmalith, and lopolith are still in use (Jerram and
Bryan this volume—Chap. “Plumbing Systems of
Shallow Level Intrusive Complexes”). Sills have

'3 km depth has been quoted as maximum emplacement
depth for the laccolith complex in the Henry Mitns.
(Horsman et al. this volume—Chap. “Progressive
Construction of Laccolithic Intrusive Centers: Henry
Mountains, Utah, U.S.A”), and it is the maximum value
for a subvolcanic complex published so far. However,
many dyke systems may have emplaced even deeper in
the crust.
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A - What is a SUBVOLCANIC igneous body?
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Fig. 1 Schematic representations of shallow-level intru-
sive systems. Scaling parameters for sill and laccoliths are
most commonly in the range of diameter of 1-10 km and
10-1000 m thickness, and dykes can have thickness from
a few cm to tens of m and lengths up to thousand of km.
A.1. Definitions of terms defining the three main realms
of igneous rocks based on the combination of rock texture
and emplacement level. A.2. Overview of the terminology
describing igneous bodies related to their emplacement
level. A.3. Example of the common occurrence of
laccoliths as groups of intrusions composed of a central
piston-like intrusion below strongly arched host rocks
(Horsman et al. 2009; Hunt 1953; Saint-Blanquat et al.
2006). A.4. Schematic drawing of an example of the
occurrence of laccoliths as multiple separate sheets, fed by
a single major dyke, and building up a Christmas tree-like
complex (Rocchi et al. 2002, 2010; Westerman et al. this
volume—Chap. “Rise and Fall of a Multi-Sheet Intrusive

Complex, Elba Island, Italy”). A.5. Example of a cluster
of laccoliths emplaced more or less at the same level
(Lorenz and Haneke 2004; Breitkreuz et al. this volume—
Chap. “The Subvolcanic Units of the Late Paleozoic Halle
Volcanic Complex, Germany: Geometry, Internal
Textures And Emplacement Mode”) and fed by multiple
dykes. A.6. Typical shape of a fault-bound bysmalith.
A.7. Example of a sill characterized by a saucer shape,
with upward pointing limbs (Malthe-Serenssen et al.
2004; Planke et al. this volume—Chap. “Geophysics and
Remote Sensing”), with hydrothermal vent systems
originating from the fringes of the sill (Jamtveit et al.
2004; Rocchi et al. 2007; Svensen et al. 2006, 2009;
Planke et al. this volume—Chap. “Geophysics and
Remote Sensing”; Svensen et al. this volume—
Chap. “Sub-Volcanic Intrusions and the Link to Global
Climatic and Environmental Changes”)
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A - Magma ascent in DYKES

1 ring dykes / inclined sheets / cone sheets 2

3 regional dyke

vents located on dyke

gma flow central complex

en echelon arrangement 4

regional-stress field
lava domes

B - Magma FLOW/EMPLACEMENT in subvolcanic bodies
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Fig. 2 A.1. Confocally dipping intrusions originating
from an unexposed central magma chamber (Galland
et al. 2014). A.2. Block diagram showing cone sheets
originated from lateral flow of a magma around a central
intrusive complex (Magee et al. 2012). A.3. Alignment of
volcanic vents fed by a regional dyke transporting magma
long distance laterally. A.4. Regional arrangement of a
group of en echelon dykes. B.l. Initial sill/laccolith
formation with lateral expansion of a subhorizontally
oriented magma disk or ellipse. Upon magmatic inflation,

successive sheet emplacement

N\ -\
arrested dyke feeder dyke = *

near-stress field

the protolobes merge and the intervening sediment
become “bridges”. When neighbouring lobes come close,
near-field stress generates curved cracks. B.2. Shape of
dyke-to-sill transition in strike-slip, compressional and
extensional settings. B.3. Vertical inflation of a laccolith
by ballooning or stacking of magma sheets through under-
and over-accretion. B.4. Growth models for laccolith
intrusions (Corry 1988; Hunt 1953; Wilson et al. 2016):
bulldozing (radial growth only), simultaneous vertical and
horizontal growth, two-stage growth



tabular shapes with parallel roof and floor con-
tacts, while a sub-concordant intrusion with a flat
bottom and an upward convex roof is called a
laccolith (Gilbert 1877) (Fig. 1A.2). Laccoliths
commonly occur as groups of intrusions, and they
can be composed of (i) a central piston-like
intrusion below strongly arched host rocks
(Fig. 1A.3), (ii) multiple separate sheets, building
up a complex with a Christmas tree-like geometry
(Fig. 1A.4; Rocchi et al. 2010; Westerman et al.
this volume—Chap. “Rise and Fall of a Multi-
Sheet Intrusive Complex, Elba Island, Italy”),
(iii) a cluster of laccoliths emplaced more or less at
the same level (Fig. 1A.5; Lorenz and Haneke
2004; Breitkreuz et al. this volume—Chap. “The
Subvolcanic Units of the Late Paleozoic Halle
Volcanic Complex, Germany: Geometry,
Internal Textures And Emplacement Mode”).
A sub-concordant intrusion with a flat top and a
downward convex floor is called a lopolith
(Fig. 1A.2), whereas a discordant, cylindrical
intrusion with part of their contacts roughly sub-
vertical (fault-bound) is called a bysmalith
(Fig. 1A.6).

In recent years, growing evidence has accu-
mulated both from outcrops and from 2D/3D
seismic data for sills characterized by saucer
shapes, with upward pointing limbs (Fig. 1A.7;
Malthe-Sarenssen et al. 2004; Planke et al. this
volume—Chap. “Geophysics and Remote
Sensing”). Often, spectacular hydrothermal vent
systems originate from the fringes of these sills
(Jamtveit et al. 2004; Rocchi et al. 2007; Svensen
et al. 2006, 2009; Planke et al. this volume—
Chap. “Geophysics and Remote Sensing”;
Svensen et al. this volume—Chap. “Sub-
Volcanic Intrusions and the Link to Global
Climatic and Environmental Changes”).

Sill and laccolith complexes are characterised
by various types of feeder systems. Magma
ascent may take place along a central conduit
(Horsman et al. 2009; Roni et al. 2014; Wester-
man et al. this volume—Chap. “Rise and Fall of
a Multi-Sheet Intrusive Complex, Elba Island,
Italy”) or synchronously, in terms of geological
time, along a number of neighbouring conduits
(Breitkreuz and Mock 2004; Breitkreuz et al. this
volume—Chap. “The Subvolcanic Units of the

S. Rocchi and C. Breitkreuz

Late Paleozoic Halle Volcanic Complex,
Germany: Geometry, Internal Textures And
Emplacement Mode™). A vertical feeding con-
duit may also be located laterally to a growing
magmatic body, e.g. on a master fault of a tec-
tonically controlled basin (Awdankiewicz et al.
2004; Francis 1982; Saint-Blanquat et al. 2006).
Oblique to subhorizontal feeding channels have
been mapped, e.g. in the Henry Mitns., along
which melt has been transported laterally away
from the central body to a number of satellite
intrusions (Horsman et al. 2009; Horsman et al.
this volume—Chap. “Progressive Construction
of Laccolithic Intrusive Centers: Henry
Mountains, Utah, U.S.A”).

2 Magma Ascent

The formation of shallow-level intrusions implies
a previous transport of magma from deeper
sources that are located either in the mantle or in
the middle or deep crust. When magma solidifies
in such a tabular pathway, a dyke forms. In
vertical dykes, magma flow is commonly
assumed as vertical, from the deep magma source
towards the emplacement level, however, within
such pathways, magma can flow in either verti-
cal, oblique or horizontal directions (Marsh
2000). Magma flow direction can be directly
monitored by seismology (e.g. in Iceland) or it
can be reconstructed by measurement of the
orientation of phenocrysts or vesicles and by
determining the anisotropy of the magnetic
susceptibility (AMS; Westerman et al. this
volume—Chap. “Structures Related to the
Emplacement of Shallow-Level Intrusions”).
Inclined dykes are usually part of ring dykes
that have actual three-dimensional shapes of cone
or funnel sheets. They are associated with vol-
canic centres or subvolcanic intrusions, and the
commonly accepted cone sheet model is that
these confocally-dipping intrusions originate
from an unexposed central magma chamber
through dip-parallel magma flow, owing to
overpressure within the magma chamber that
imparts a local stress field, favouring formation of
new inverted conical fractures (Anderson 1936;
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Galland et al. 2014; Schirnick et al. 1999; Gud-
mundsson et al. this volume—Chap. “Dykes,
Sills, Laccoliths, and Inclined Sheets an Iceland’)
(Fig. 2A.1). An alternative emplacement model
for cone sheets invokes lateral flow of magma
supplied via regional dykes originating from a
laterally adjacent igneous system (Magee et al.
2012; Fig. 2A.2).

Famous examples of extended horizontal (i.e.
lateral) flow along vertically oriented pathways
are the Proterozoic Giant Dyke swarms, such as
the MacKenzie swarm in northwestern Canada,
that can be followed over 3000 km crossing
cratonic continental crust (LeCheminant and
Heaman 1989). Long-distance (>3000 km)
transport of magmas from a single reservoir
through dyke swarms at middle to upper crustal
levels has also been invoked for the Jurassic
Ferrar Large Igneous Province, Antarctica (Elliot
et al. 1999). Evidence for regionally extensive
dykes transporting magma laterally are also
represented by alignment of volcanic vents at the
surface (Fig. 2A.3).

Formation of dykes is commonly favored by
an extensional tectonic setting, resulting in a
simple tabular geometry. Nevertheless, where a
strike-slip component is active, the regional
stress field leads to their arrangement in groups
of en echelon dykes (Fig. 2A.4).

The far-field stress and the orientation of
pre-existing joints and faults in the country rock
influence the orientation and geometry of dykes.
Similar to the case for sills, straight segments are
generated when there is a strong fabric/bedding
anisotropy in the rock (Fig. 2B.la—c). When
neighbouring disk-shaped melt domains expand
laterally, their tips may come close and near-field
stress then controls dyke geometry, resulting in
curved cracks (Fig. 2B.ld,e) owing to the
mechanical interaction between the adjacent
crack tips, especially if the rock properties and
ambient stress field are isotropic (Nicholson and
Pollard 1985).

Where dykes serve as conduits for explosive
volcanic eruptions, pyroclastic dykes may form
above the fragmentation level by the conduit
walls or as vent fall-back breccias (Winter et al.
2008).

3 Magma Flow/Emplacement
3.1 From Dyke to Sill—The Flip
in Flow Direction

Sills or laccoliths form when the orientation of
magma flow changes from vertical to horizontal
along a subhorizontally oriented plane. This
change in orientation depends, among others
things, on geometric parameters and the strength
ratio between melt and host (Galland et al. 2014).
Neutral buoyancy, i.e. the crustal level where the
magma density equals the integrated density of
the overburden (Corry 1988), may play a role, in
particular with SiO,-poor, high density magma.
However, several other parameters are important,
such as the magma driving pressure (Baer and
Reches 1991; Hogan and Gilbert 1995; Hogan
et al. 1998; Malone et al. 2014; Reches and Fink
1988). Otherwise multi-level sill/laccolith com-
plexes, e.g. like the Christmas tree laccolith
complex on Elba (Westerman et al. this volume
—Chap. “Rise and Fall of a Multi-Sheet
Intrusive Complex, Elba Island, Italy”; Rocchi
et al. 2002, 2010; Westerman et al. 2004), could
not have formed. Also important are the ascent
rate and viscosity of the ascending magma, and
the variation in density and strength of the host
rock. Numerous studies reveal that sills form at
the level of abrupt changes of strength of the host
rock (Awdankiewicz et al. 2004; Hogan et al.
1998). Magma viscosity and volume, and the
difference in strength between the emplacing
melt and the host are fundamental parameters in
shaping the type, geometry and size of subvol-
canic bodies (Galland et al. 2014). Geochemical
composition (especially volatile content) and
temperature, along with abundance of phe-
nocrysts, microliths and vesicles, in turn affect
the viscosity of laminarly flowing melt.

The geometric shape of the transition zone is
affected by the regional/local tectonic setting
(Fig. 2B.2). In strike-slip settings, the magma
will tend to keep ascending in a dyke rather than
changing its movement to horizontal. In the case
of compressional settings, magma can start to
move sub-horizontally if its driving pressure is
sufficient, generating sills with ramp-and-flat
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geometry. In extensional settings, normal fault-
ing usually helps magma emplacement; in
low-angle segments of the fault zone, the tran-
sition from dyke to sill is generally clear, while
such transitions in high-angle segments are gen-
erally less so.

3.2 Filling up a Subvolcanic Body

Sill/laccolith formation initiates with the lateral
expansion of a subhorizontally oriented magma
disk or ellipse (a thin sill, Fig. 2B.1), driven by
magma pressure. The giant Ferrar sill complex in
Antarctica and other examples of basaltic sill
systems reveal spectacular features of horizontal
lobes fingering into sedimentary successions at
different levels (Hutton 2009; Muirhead et al.
2011). Upon magmatic inflation, the protolobes
may merge and the intervening sediment pack-
ages become “bridges” (Fig. 2B.1; Hutton 20009).
The orientation of the lobe fringes and bridge
edges indicates the orientation of melt flow.
When neighbouring disk-shaped lobes expand
laterally, their tips may come close and near-field
stress starts to determine their geometries, gen-
erating curved cracks (Fig. 2B.1; Nicholson and
Pollard 1985).

Whether horizontally spreading magma forms
a sill with a low aspect ratio (height to diameter,
commonly called length) or a laccolith with a
high aspect ratio depends on magma viscosity,
density, and volume. Reaching a certain sill
diameter, high-viscosity magma is rather able to
lift up the overburden than to further propagate
sill extension at the sill tips. However, with large
laccoliths and sills, the mass of the emplaced melt
becomes the driving force for continued lateral
enlargement (Bunger and Cruden 2011; Galland
et al. this volume—Chap. “Laboratory Modelling
of Volcano Plumbing Systems: A Review”).

Emplacement models for growing laccoliths
evolved through time. Early studies emphasized
ballooning as a typical modality of growth
(Cloos 1927) leading in the simplest case to an
onion skin-shaped flow foliation geometry
(Fig. 2B.3). Detailed field studies in the Henry
Mountains led to the suggestion of three general
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emplacement models for shallow level intrusions
(Hunt 1953; Fig. 2B.4): (i) radial growth only,
with magma emplaced at a constant thickness,
and country rocks displaced both vertically and
laterally (“bulldozing” mechanism); (ii) simulta-
neous vertical and horizontal growth, (iii) radial
growth of a thin sill, followed by dominantly
vertical growth and associated vertical uplift of
the overlying host rocks (“two-stage growth”
mechanism). Evidence suggests that
shallow-level crustal intrusions are emplaced and
grow through the incremental addition of small
volumes of magma, with the amalgamation and
stacking of sill-like sheets (Glazner et al. 2004;
Mahan et al. 2003; Menand 2008; Morgan et al.
2008). Therefore, the two stage growth model
(Hunt 1953) appears most applicable for many
larger shallow-level intrusions, i.e. vertical
inflation by stacking of sill sheets through under-
and over-accretion (Fig. 2B.3; Annen et al. 2008;
Menand et al. 2008, 2011). Nevertheless, for the
emplacement of individual sills, all three of
Hunt’s models may still be viable.

Recent studies accumulated evidence for a
successive emplacement of sheets, sill-like units,
whereby two modes have been observed: over-
plating and underplating (Westerman et al. this
volume—Chap. “Structures Related to the
Emplacement of Shallow-Level Intrusions”).
The latter also resembles recent growth models
for plutons and batholiths (Grocott et al. 2009).

The host of emplacing sills or laccoliths, be it
crystalline rock, consolidated sediment or loose
sediment, does not stay unaffected. Fracturing
and folding, thermal overprint, shearing and
deformation, fluidization and mingling with the
melt (peperite) are common textures, which form
at the melt/host contact visible in outcrop, drill
core, hand specimen or thin section (Westerman
et al. this volume—Chap. “Structures Related to
the Emplacement of Shallow-Level Intrusions”).
Subvolcanic systems are notorious for the small
contact metamorphic halos they produce in the
host. This is presumably due to the effective
advective heat transport away from the intrusive
margin, e.g. in wet unconsolidated sediments,
compared to the slow conductive heat flow inside
the cooling magmatic body.


https://link.springer.com/chapter/10.1007/11157_2015_9
https://link.springer.com/chapter/10.1007/11157_2015_9
https://link.springer.com/chapter/10.1007/11157_2017_1002
https://link.springer.com/chapter/10.1007/11157_2017_1002
https://link.springer.com/chapter/10.1007/11157_2017_1002
https://link.springer.com/chapter/10.1007/11157_2017_1002

Physical Geology of Shallow-Level Magmatic Systems ...

4 Timing for the Emplacement

Estimates of magma ascent rate from recent
dome eruptions and swarm earthquake data
suggests emplacement of individual dykes, sills
or laccoliths may take minutes to a few thou-
sands of years (Mock et al. 2005; Mock and
Jerram 2005; Saint-Blanquat et al. 2011). This
and the fact that these processes take place in the
subsurface impede direct observation. At least,
remote sensing methods like interferometric
modeling of satellite data allows monitoring
dome uplift indicative of a growing laccolith
(Planke et al. this volume—Chap. “Geophysics
and Remote Sensing”). As a consequence, analog
and numeric modeling is essential to better
understand textures and geometry of subvolcanic
systems (Galland et al. this volume—Chap.
“Laboratory Modelling of Volcano Plumbing
Systems: A Review”).

Textural studies and emplacement models of
subvolcanic sill and laccolith complexes upgrade
also the understanding for the evolution of plu-
tons and batholiths. With plutonic rocks, initial
emplacement textures are typically overprinted
or eliminated by late recrystallization (Glazner
et al. this volume—Chap. “The Volcanic-
Plutonic Connection”; Westerman et al. this
volume—Chap. “Structures Related to the
Emplacement of Shallow-Level Intrusions”).

5 Environmental and Societal
Impact

Emplacement of shallow-level intrusion can
directly or indirectly generate threats to the living
beings and their environment, as well as be the
trigger of the generation of earth natural resour-
ces such as geothermal heat, mineral deposits,
building materials. Over the last fifteen years,
evidence accumulated that giant sill complexes
typically associated with flood basalt provinces
may have strong impact on climate change and
on bio-evolution. Sill emplacement into organic
carbon-rich sediments triggers release of large
volumes of gases with high environmental
impact such as methane and carbon dioxide

(Svensen et al. 2007; 2009; Svensen et al. this
volume—Chap. “Sub-Volcanic Intrusions and
the Link to Global Climatic and Environmental
Changes”).

Laccoliths may evolve into intrusive/extrusive
complexes (Stark 1912) when large volumes of
high-viscosity melt emplace. The rising melt
pierces the sedimentary cover, and the sediments
along the sides of the growing magmatic body
are folded, faulted and overturned. Landslides
transport cover sediments down from the grow-
ing dome and, finally, lava flows and lava dome
collapse generate block-and-ash-flows testifying
to the subaerial appearance of the rhyolitic melt
(Lorenz and Haneke 2004). Recently, case
studies of emplacement of cryptodomes and
laccoliths causing large slope failures have been
reported. Thus, the emplacement of subvolcanic
bodies can generate a threat in the form of
catastrophic landslides of oversteepened slopes,
sometimes leading also to explosive eruptions
(Hacker et al. 2014; Malone et al. 2014; Hacker
this volume—Chap. “Catastrophic Collapse
Features in Volcanic Terrains: Styles and Links
to Subvolcanic Magma Systems”).

Recent literature indicates that subvolcanic
systems can also have significance for hydro-
carbon plays. They influence hydrocarbon mat-
uration, control its pathways and, in some cases,
can serve as unconventional hydrocarbon reser-
voirs (Monreal et al. 2009; Schofield et al. this
volume—Chap. “Sills in Sedimentary Basins and
Petroleum Systems”).

Another aspect of economic relevance is that
ore deposits form in many instances in associa-
tion with subvolcanic complexes. Indeed, shal-
low level intrusions are commonly involved in at
least one, if not all, of the four agents leading to
the genesis of hydrothermal ore deposits, i.e.
source of metals, source of fluids, heating of
fluids triggering hydrothermal circulation, and
mineral precipitation in a structural trap. Shal-
low-level intrusions are the common source for
heating fluids in the world-class porphyry copper
deposits, as well as in skarn-type base-metal
sulphide deposits (Dill 2010; Vezzoni et al.
2016; Zentilli et al. 1995). Sources of metals and
fluids are still debated for most hydrothermal ore
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deposits, while for the fluid deposition it has
been recently reported how the lateral displace-
ment of the overburden of a shallow felsic
intrusion can generate structural traps that draw
in hydrothermal fluids from which sulphide ores
precipitate (Vezzoni et al. 2017).

Finally, subvolcanic rocks, which are typi-
cally more homogeneous and coarser grained
compared to their volcanic counterparts, are
being quarried all over the world for split and
gravel, and in some cases they are also utilized as
dimension stone (e.g. in the Halle Volcanic
Complex; Breitkreuz et al. this volume—
Chap. “The Subvolcanic Units of the Late
Paleozoic Halle Volcanic Complex, Germany:
Geometry, Internal Textures And Emplacement
Mode”).
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Abstract

The horizontal (L) and vertical (7) dimensions of broadly tabular,
sub-horizontal intrusions of mafic to felsic composition emplaced into
shallow to mid-crustal levels of continental crust reveal two well-defined
and continuous curves in log L vs. log T space. The data set spans six and
five orders of magnitude in L (1 m to 1000 km) and 7 (10 cm to 10 km),
respectively. Small tabular sheets and sills (mafic and felsic) define a
straight line with a slope ~ 0.5 at all horizontal length scales, similar to
the known geometric scaling of mafic dikes, indicating that the L/T ratio of
these intrusions to increases with increasing L (horizontal lengthening
dominates over vertical thickening). Laccoliths, plutons, layered mafic
intrusions and batholiths define an open, continuous S-shaped curve that
bifurcates from the tabular sheets and sills curve at L ~ 500 m towards
higher T values. For L ~ 0.5 to 10 km the slope of this curve is ~ 1.5,
corresponding to laccoliths that are characterized by a decrease in L/T ratio
with increasing L (vertical thickening dominates over horizontal length-
ening). Between L ~ 10 and 100 km the slope has a mean value ~ 0.8,
indicating that plutons and layered mafic intrusions have a tendency for
horizontal lengthening over vertical thickening as L increases. Batholiths
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and very large layered mafic intrusions with L > 100 km lie on a slope
~ 0 with a threshold thickness ~ 10 km. The continuous nature of the
dimensional data over such a wide range of length scales reflects a
spectrum of igneous emplacement processes repeated in space and time.
We discuss how thresholds and transitions in this spectrum, defined by
bifurcations between the curves (e.g., between sill and laccolith emplace-
ment) and changes in slope, largely reflect depth- and time-dependent
changes in emplacement mechanisms rather than factors such as magma
viscosity, composition and temperature.

1 Introduction

Dimensional scaling data of tabular igneous
intrusions has been employed in several contexts
to progress understanding of emplacement
mechanisms. For example, the dimensional
scaling of plutons and laccoliths has been used
qualitatively to contrast their emplacement
mechanisms, namely the relative roles of hori-
zontal lengthening versus vertical thickening, the
relative contributions of roof lifting in the shal-
low crust (laccoliths) versus floor subsidence in
the middle to lower crust (plutons) and to discuss
whether they grow by a single or multiple step
process (McCaffrey and Petford 1997; Cruden
and McCaffrey 2001). Dimensional scaling data
from mafic dikes has been employed to deter-
mine dike initiation conditions and magma
driving pressures (Babiker and Gudmundsson
2004; Gudmundsson 2011a, b) and to differen-
tiate between propagation regimes predicted by
Linear Elastic Fracture Mechanics (LEFM)
(Delaney and Pollard 1981; Olson 2003; Schultz
et al. 2008a; see review of Rivalta et al. 2015).
Similarly, Bunger and Cruden (2011a) developed
a combined LEFM-fluid mechanics model for the
emplacement of sills and laccoliths that attempts
to explain the different power-law scaling rela-
tionships of both types of intrusion as well as
several leading-order geometric features, such as
the flat tops and steep sides of laccoliths.
Abdelmalak et al. (2012) and Galland and
Scheibert (2013) have shown experimentally and
theoretically that interpretation and prediction of

surface deformation related to shallow magma
emplacement is critically dependent on under-
standing  natural intrusion shapes and
morphologies.

In this chapter we present the most recent
compilation of available dimensional data from
tabular igneous intrusions. The data set spans six
orders of magnitude in the horizontal dimension
and five orders of magnitude in the vertical
dimension. We focus on the implications of the
data for understanding emplacement and growth
mechanisms of dykes, sills and laccoliths, and
highlight gaps in understanding igneous intrusion
processes as avenues for future research.

2 Geometric Scaling Analysis

It has been shown previously that there is a
power-law scaling relationship between the ver-
tical thickness, 7, and horizontal length, L, of
laccoliths and plutons described by

T = bL?, (1)
where a is the power-law exponent and b is a
constant (McCaffrey and Petford 1997; Cruden
and McCaffrey 2001; Cruden 2006). Dimen-
sional measurements of both mafic dikes, in
which case T is the horizontal width, and sills are
also consistent with power-law scaling relation-
ships (Olson 2003; Babiker and Gudmundsson
2004; Schultz et al. 2008a; Klimczak et al. 2010;
Bunger and Cruden 2011a). Alternatively, if
sufficient three-dimensional information is
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available a power-law relationship between 7 and
intrusion volume, V, can also be proposed:

T =dv° (2)
where ¢ is the power-law exponent and d is a
constant.

For the purpose of this analysis, for approxi-
mately horizontal intrusions we define L as the
equivalent diameter of a circle given by mea-
surements of either the major and minor axes of
elliptical bodies or their areas, and T as the mean
vertical thickness value where data are sufficient.
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For dykes, L is the horizontal trace and T is the
horizontal width, both in map view. To estimate
V, we assume that horizontal tabular intrusions
are disk shaped such that V = TET(L/Z)2. This is a
reasonable first-order assumption for sills, minor
sheets, meso-scale intrusions and laccoliths.
However, it is known that plutons and layered
intrusions are characterised by end-member
wedge- and disk-shaped morphologies (Vigner-
esse 1995; Cruden 2006) so V will be overesti-
mated for the former type. We do not attempt to
estimate V for dykes as the vertical height is
rarely constrained. However, we note that recent

Table 1 Dimensional data and power law scaling parameters of tabular intrusions

N L (km) T (km)
Batholiths 4 95-600 3-15
Plutons 61 3.5-86 1-10
Layered Mafic 8 8-550 3-13
intrusions
Laccoliths 131 1 0.3-80 0.03-3
Henry Mtns 38 0.8-7.2 0.03-2.5
La Sal Mtns 10 0.8-5.6 0.2-1.0
Sleeping Ute Mtns 14 0.8-3.6 0.06-0.76
Abajo Mtns 32 03-6.4 0.1-0.78
Elba Island 9 1.6-10 0.05-0.7
Average for groups
Horizontal Sheet 68 | 0.001-450 ' 0.0001-0.6
Intrusions
Mafic sills 31 1450 0.01-0.6
(L >1km)
Mesoscale 13 0.14-1.6  0.0005-0.025
intrusions
Minor Intrusions 17 1 0.001- 0.0001-0.0005
(Skye) 0.004

LT a b (m) References

20-90 - - Cruden (2006)

1.5-17 0.81 £+ 0.12* | 1.08 &+ 1.38* | Cruden (2006),
McCaffrey and
Petford (1997),
Cruden and
McCaffrey
(2001)

2.3-68.7 - -

2-50 092 +£0.11 0.12 £ 0.02 | McCaffrey and
Petford (1997),
Corry (1988)

1.8-258 | 1.77 £ 036  0.07 £ 0.02 | Corry (1988)

3.8-123 152 £0.39 0.12+£0.04 | Corry (1988)

2.6-17.8 1.83 £0.77 0.09 £ 0.03 | Corry (1988)

1.9-133 | 1.06 £ 020 0.21 £0.02 | Corry (1988)

11.8-33.3 | 1.41 £ 0.17 | 0.03 £ 0.01  Rocchi et al.
(2002)

1.52 £ 031°  0.02 4+ 0.07°

1.9-2400 | 0.57 £+ 0.02 04 £ 0.22

10-2400 | 0.85 £ 0.1 0.01 £0.02  Bunger and
Cruden (2011a)

37-290 0.49 £0.13 047 £+ 0.33 | Corazzato and
Groppelli
(2004)

1.9-9.2 091 £0.25 027 £0.04  Walker (1993)

RMA regression for plutons and layered mafic intrusions, excluding the Bushveld complex
Average of a or b values; error is given as 1 standard deviation
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analytical work suggests that for swarms of
blade-shaped dykes their height scales approxi-
mately to their horizontal spacing (Bunger et al.
2013).

Because T and L (and V) are dependant vari-
ables, analysis of individual sets of intrusion
data, subdivided by intrusion type and geo-
graphical location were carried out by Reduced
Major Axis regression (RMA) (McCaffrey and
Petford 1997; Smith 2009). This method is pre-
ferred over the Ordinary Least Squares method
because there is no a priori reason why the
measurement errors in L (and V) and T should be
asymmetrically distributed. Mean values of the
power-law exponent, a, and ranges of values of
the intercept, b, for groups and sub groups of
intrusions are summarized in Table 1.

3 General Characteristics
and Scaling of Tabular Intrusion

Log thickness, T, and log length, L, data from >320
sub-horizontal tabular intrusions and ~90
sub-vertical mafic dikes are plotted in Fig. 1a. For
comparison, log T is plotted against log V in
Fig. 1b. More than 99% of the data are derived from
peer-reviewed literature sources and comprise
measurements based on field observations (maps,
cross sections, exposures in high relief areas,
boreholes) and geophysical surveys (forward
modelling of 2D and 3D gravity data and interpre-
tation and analysis of seismic reflection data). As
noted in previous work (e.g., Cruden 2006), no
obvious difference is found between intrusion
dimensions determined by field and geophysical
methods, except for very large intrusions with
L > 50 km, which are too large to provide
field-based means for thickness estimation.

All classes of intrusion analysed here display
well-defined power law scaling relationships
between T and L (Fig. la; Table 1). In general,
the exponent, a, differentiates between growth
behaviour in which the aspect ratio L/T is
increasing (a <1, “lateral spreading”) and
decreasing (a > 1, “uplifting”). This is well
illustrated in the log L/T versus log
L de-correlation plot (Fig. 2). For laccoliths, the
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growth regime favours uplifting with a > 1.
Indeed, when applied to individual provinces,
a has been observed to be as large as 1.5 (Rocchi
et al. 2002). In contrast, plutons, large mafic sills,
mafic dykes and minor and mesoscale sheets
favour lateral spreading with a < 1.

A pronounced feature of the log T versus log
L data plot is a bifurcation between the array for
minor sheets, mesoscale sheets, sills and dykes,
which fall along a fit line with a ~ 0.5, and the
array for laccoliths (a ~ 1.5), plutons
(a ~ 0.8), layered mafic intrusions and bath-
oliths (a approaches 0) (Fig. 1a). The bifurcation
occurs where L ~ 500-1000 m and 7 ~ 10-
30 m. The log T versus log V plot also shows a
similar bifurcation between the data arrays,
occurring where V ~ 1 x 10’1 x 10® m®
(0.01-0.1 km3) and between slopes of ¢ ~ 0.3
for sills and ¢ ~ 0.4 for laccoliths (Fig. 1b).
Both plots also highlight several important dif-
ferences between intrusion types. For example,
sills and laccoliths share a similar range of
thickness but sills have approximately one order
of magnitude greater length and two orders of
magnitude greater volume. Similarly, although
there is overlap between the lengths of the largest
mafic sills and those of batholiths and very large
layered mafic intrusions (Fig. 1a), the latter two
classes of intrusion are ~ 1.5 orders of magni-
tude thicker and have volumes one to two orders
of magnitude greater than the largest sills
(Fig. 1b). The change in slope between the lac-
colith array and the plutons and layered mafic
intrusions array is also much less pronounced, if
not absent, in the log T versus log V plot, with all
three classes of intrusions sharing an RMA slope
of ¢ ~ 0.38.

The first-order geometric characteristics and
scaling relationships for individual classes of
intrusion are discussed in more detail below.

3.1 Mafic Dykes

Mafic dykes are vertical to sub-vertical tabular
intrusions that transport mafic magma both ver-
tically and laterally in the crust. They occur over
a wide range of scales from crustal-scale giant
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radiating and linear swarms that transport enor-
mous volumes of mantle-derived magma asso-
ciated with Large Igneous Province events (e.g.,
Ernst et al. 2005) to kilometer to decameter-scale
individual dykes and dyke swarms associated

with moving magma from mid-crustal to shallow
magma chambers toward the surface to feed
volcanic eruptions (e.g., Geshi et al. 2010).
Dykes are also integral components of
crustal-scale  magma  transport  networks,
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connecting mantle reservoirs to sills and layered
intrusions and eventually the surface (Marsh
2004; Barnes et al. 2016). Although the
first-order tabular or blade-shaped geometry of
dykes is simple, individual dykes and dyke
swarms can show considerable structural com-
plexity owing to their mode of propagation and
interactions with country rock structure and other
dykes. Examples of such complexity include the
propagation of en echelon dykes and their
eventual bridging and linkage (broken bridges)
(Nicholson and Pollard 1985; Schofield et al.
2012), bifurcation, deviation and arrest due to
intersection with pre-existing fractures and
mechanical barriers (Gudmundsson 2011a, b;
Rivalta et al. 2015). Such complexity is not
captured by the scaling data.

The mafic dyke data sets used here come from
observations and measurements in the USA
(Ship Rock; Delaney and Pollard 1981), Ethiopia
(Schultz et al. 2008b) and Sudan (Babiker and
Gudmundsson 2004). The data span a horizontal
length range from L ~ 10 m to 50 km and
thicknesses T ~ 0.5-20 m. Clearly, this data set
is limited in that it misses out measurements from
giant radiating and linear dyke swarms in which
individual dykes can be traced for 100-1000 s of
kilometers with widths in the 10 s of meters (e.g.,
Halls and Fahrig 1987). Unfortunately, reliable

measurements from such settings are hard to
come by as the true lateral extent of very long
dykes is hampered by poor geological preserva-
tion and thickness data is limited, often relying
on poorly constrained estimates from aeromag-
netic data.

Although the focus here is on sub-horizontal
tabular intrusions, mafic dikes are included for
comparison and because LEFM is also proposed
to control their emplacement (Olson 2003; Gud-
mundsson 2011a). Consistent with previous
analyses (Schultz et al. 2008a, b), the mafic dikes
analysed here are characterized by power-law
slopes with a ~ 0.5 and the combined dataset
can be bounded by lines with b = 0.03-0.25
(Fig. 1a). Mafic dikes share a common power-law
slope with mafic sills and mesoscale and minor
sheets but they are systematically thinner, with a
greater L/T ratio for any given length (Fig. 2).

3.2 Sills and Sub-horizontal Sheets

Sills and sub-horizontal sheets are generally
thought to have simple disk or penny shapes with
uniform thickness and parallel upper and lower
contacts that are concordant to the enveloping
strata over most of their area, and tapered mar-
gins (Fig. 3). Unlike laccoliths (see below), sills



Geometric Scaling of Tabular Igneous Intrusions ...

(b)

Late Carb.

R. Forth

SL-

Mid. Carb. \

10 km

Fig. 3 a Valley exposure of the Cretaceous Whin Sill
showing uniform thickness and parallelism with country
rock strata, High Cup Nick, Cumbria UK (photograph
courtesy of M. Lishman). Sill is ~30 m thick. b Vertical
exposure of Jurassic sills at Coalseam Cliff, Theron
Mountains, Antarctica [courtesy of Hutton (2009),
Fig. 14]. The Scarp Capping Sill is observed in the
center of the cliff, where it clearly tapers to the south
(right) from a regional thickness of 200 to <70 m. Cliff is

display little or no evidence for up bending of
overlying strata. However, like dykes their sim-
ple first-order geometry is often more complex in
detail. For example, some sills exhibit
concave-up, saucer-shaped geometries, which in
cross sections with no vertical exaggeration have
dihedral angles of >160° (Fig.3c) (e.g.,
Malthe-Sarenssen et al. 2004; Galland et al.

700 m high. ¢ North-south cross section of the Permian
Midland Valley sill, Scotland (after Francis 1982). The
sill (black) intrudes early Carboniferous volcanics in the
north and transgresses upward to the south through
middle and upper Carboniferous sediments, respectively.
The sill has a maximum thickness of 150 m at its deepest
point below the River Forth, decreasing to <10 m to the
south

2009; Planke et al. this volume). Some sills
exhibit stair-stepping geometries in cross section
that are regionally transgressive to stratigraphy
(Fig. 3) (e.g., Bradley 1965; Thomson and
Schofield 2008; Bédard et al. 2012; Muirhead
et al. 2012; Magee et al. 2016; Walker 2016).
Three-dimensional seismic surveys of sedimen-
tary basins have revealed sills with complex



18

lobate and elongate morphologies (e.g., Thom-
son 2007; Thomson and Hutton 2004) that are
similar to the margins of lava flows and to lava
channels, respectively. As with dykes, this
complexity is not reflected in the scaling data,
nor do most analytical and numerical models of
emplacement explain it. However, it should be
noted that three-dimensional analogue experi-
ments have successfully simulated saucer-shaped
geometries and complex lobate margin structure
(Hansen and Cartwright 2006; Miles and Cart-
wright 2010; Galland et al. this volume).

The sills and sheets data array comprises
sub-horizontal, meter-scale minor mafic sheets
(Skye; Walker 1993), mesoscale (L ~ 40—
700 m) intermediate sheets (Montecampione;
Corazzato and Groppelli 2004) and mafic sills
ranging from L ~ 10m to 450 km. The
minor/mesoscale sheets and mafic sills data array
is represented predominantly by fine grained
igneous rocks with low silica contents (i.e.,
basaltic > trachytic and phonolitic composi-
tions). The intrusions analysed here were mostly
emplaced into layered sedimentary host rocks at
shallow depths (<100 to 3000 m) (e.g., Bradley
1965; Mudge 1968; Francis 1982; Leaman
1975). However, it is known from seismic
reflection profiles and tilted crustal sections that
sills and sheets occur at deeper levels in the crust,
including the crust-mantle boundary (Quick et al.
1994; McQuarrie and Rogers 1998). Unfortu-
nately, lack of outcrop continuity and insufficient
spatial resolution of seismic reflection data make
it difficult to acquire scaling data for this class of
intrusion at depths more than a few kilometres.

Although there is a reasonable amount of data
(36) from mafic sills with L > 1000 m in the
literature, there is limited geometrical informa-
tion for smaller intermediate and mafic sheets.
Nevertheless, the individual mafic sills and
mesoscale/minor sheets data are characterized by
power-law slopes with @ ~ 0.5 and the com-
bined dataset can be bounded by lines with
b = 0.25-0.7 (Fig. 1a). Several very large mafic
sills with L > 80 km lie above these bounds and
may represent multi-pulse, stacked intrusions
(see below). A subset of the smaller mafic sills
also lies above this line, suggesting that they
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would be better classified as laccoliths. The
power-law scaling for the complete data set
indicates that the L/T ratio of sills and
sub-horizontal sheets increases systematically
from as low as ~2 for L ~ 1 m to as high as
~2000 for L ~ 20,000 m (Fig. 2).

3.3 Laccoliths

Laccoliths usually have flat floors, steep sides
and slightly arched roofs (Fig. 4) and are gen-
erally considered to be emplaced at depths that
rarely exceed 3000 m (e.g., Pollard and Johnson
1973; Corry 1988). They are typically made up
of fine-grained to hypabyssal-textured rocks with
basaltic to rhyolitic compositions (Corry 1988),
occur in all tectonic environments throughout the
geological record, and are commonly, but not
always, associated with volcanism. Deeper (e.g.,
de Saint Blanquat et al. 2001) and or larger (e.g.,
Michel et al. 2008) gabbroic to granitic laccoliths
are characterized by coarse-grained plutonic
textures, and some of these are also emplaced
into crystalline country rocks (Fig. 4c) (e.g.,
Cruden 2008; Friese et al. 2012).

The type region for laccoliths are the Tertiary
igneous provinces of the western interior United
States (Corry 1988), including the Henry
Mountains where the laccolith concept was first
formulated by Gilbert (1877) and carefully doc-
umented by Hunt et al. (1953), Johnson and
Pollard (1972), and Jackson and Pollard (1988),
among others. The majority, but not all (e.g.,
Friese et al. 2012), of the laccoliths intrude lay-
ered sedimentary rocks, and based on the bell-jar
profile of deflected strata from the sides over the
roof (e.g., Fig. 4a; Gudmundsson et al. this vol-
ume), they are inferred to grow by upward
bending of their wall rocks during vertical
inflation of magma after initial emplacement of a
bedding parallel sill (Pollard and Johnson 1973).
Field and geochronological studies indicate that
laccolith growth commonly occurs by multiple
injections of sheets over time-scales ranging
from 100 years to 100 ka (Jackson and Pollard
1988; de Saint Blanquat et al. 2006, 2011;
Leuthold et al. 2012).
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Fig. 4 a G.K. Gilbert’s conceptual cross section of
laccoliths in the Henry Mountains, Utah (after Gilbert
1877; Corry 1988). Laccolith is pink, and curved lines
represent traces of bedding in wall rock strata. b Cross
section of the Oligocene Black Mesa laccolith (or
bysmalith; Corry 1988), Henry Mountains, Utah (after
de Saint Blanquat et al. 2006). Pink is diorite; Jms is
Jurassic Morrison formation (sandstone); Js is Jurassic
Summerville formation (shale); Je is Jurassic Entrada
formation (sandstone). Note flat-topped profile of

Like dykes and sills, laccoliths are known to
deviate from their ideal circular, bell-jar shape,
forming intrusions with a variety of complexities

—
0 10 Distance (km) 20

30

laccolith and faulted southeast margin. ¢ Residual gravity
anomaly profiles (above) over the Mesoproterozoic
Gotemar and Uthammar granites in south east Sweden
and corresponding 2.5 D forward gravity models (below),
constrained by borehole data. Both granites intrude
crystalline rocks but have laccolithic forms. Dotted
curve = gravity data, solid black curve = forward gravity
model, red curve = RMS error, granite bodies in forward
model are pink. After Cruden (2008; see also Friese et al.
2012)

that are not captured in the geometric scaling
data. For example, some laccoliths are distinctly
asymmetric in cross section bounded by a steep
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fault on one margin and a tapered contact on the
other (a.k.a., bysmalith; Fig. 4b) (e.g., de Saint
Blanquat et al. 2006). Other laccoliths, such as
the Maiden Creek and Trachyte Mesa, Utah,
have tube and finger like morphologies and some
laccolith margins have been shown to have
lobe-shaped contact relationships in detail
(Johnson and Pollard 1973; Horsman et al.
2010). However, recent work indicates that these
examples may form as stacked saucer-shaped
sheets rather than lobate fingers (Wilson et al.
2016). Stacked systems of tabular intrusions
(e.g., Rocchi et al. 2002; Westerman et al. this
volume) have also been referred to as
Christmas-tree laccoliths (Corry 1988).

Most of the laccolith data analysed here are
derived from a global database compiled by
Corry (1988), updated, checked and censored to
remove spurious and incorrect information.
RMA analysis of the original laccolith dataset
found a poorly determined power-law with
a ~ 0.88 (McCaffrey and Petford 1997). Rocchi
et al. (2002) subsequently analyzed laccoliths
from the Island of Elba, Italy and found a robust
power-law scaling relationship with a ~ 1.5.
We have determined similar slopes for the indi-
vidual major laccolith groups in the western USA
(Corry 1988) and reassessment of the complete
data set, including a handful of intrusions clas-
sified earlier as mafic sills (Fig. 1a), indicates
that it can be bounded by lines with slopes of
a ~ 1.5 and b = 0.0005-0.01 (Table 1). A key
feature of the scaling data is that laccoliths are
characterized by a > 1 so that they thicken faster
than they lengthen; this leads to a general
decrease in L/T ratios from ~30 to ~ 3 between
L ~ 500 and ~8000 m (Fig.2), which is
opposite to the trend displayed by sills and
sub-horizontal sheets.

3.4 Plutons, Layered Intrusions
and Batholiths

For the purpose of this analysis, plutons are
coarse-grained felsic to intermediate intrusive
bodies with circular, elliptical to irregular outer
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margins in map view that are emplaced in the
upper to lower crust. Layered mafic intrusions
have a similar geometry and range of emplace-
ment depths but are made up of coarse-grained
mafic and ultramafic rocks that often display
distinct compositional layering at a variety of
scales. Both plutons and layered mafic intrusions
typically comprise more than one compositional
phase or pulse and they can show simple (i.e.,
zoned) or complex internal structure. Batholiths
are large composite intrusive masses that are
made up of multiple plutons and, in some cases,
layered mafic intrusions. Determination of the
vertical dimensions of plutons, layered intrusions
and batholiths relies on the use of geophysical
techniques  (gravity, = magnetic,  seismic
reflection/refraction surveys), direct measure-
ment in tilted crustal sections or regions with
deep erosional dissection, or analysis of struc-
tural patterns (see Cruden 2006 and references
therein). The floor and roof of the intrusion are
commonly observed in cases where direct mea-
surement can be made, whereas geophysical data
typically only provides information on thickness
from a sub-roof erosion level to the intrusion
floor. Recent field and geochronological studies
of plutons indicate that the majority are con-
structed by multiple pulses over timeframes
ranging from ca. 0.1 to 6 Ma (Coleman et al.
2004; Miller et al. 2007; Michel et al. 2008;
Schaltegger et al. 2009; de Saint Blanquat et al.
2011; Leuthold et al. 2012). Due to their com-
posite nature, batholiths are constructed over
10 s of Ma.

The pluton data array ranges from 1000 to
9000 m in thickness and 3.7 to 54 km in length
(Fig. 1a, Table 1). There is some overlap
between the laccolith and pluton fields, which
reflects some ambiguity in classifying intrusions
in the L = 4-10 km size range. Layered mafic
intrusions with L < 80 km are not distinguish-
able from plutons in terms of dimensions. We
therefore treat both classes of intrusion together
in the following analysis and discussion. Plutons
and layered mafic intrusions are characterised by
a power law scaling with a = 0.81 and the
combined data set can be bounded by curves
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with =037 and 3.13 (Fig. la). The a<1
power law for these intrusions indicates a return
to a geometric scaling in which lengthening
dominates over thickening and a general increase
in L/T ratio from ~5 for smaller plutons to ~ 10
for the largest (Fig. 2). The transition from lac-
coliths to plutons can be described as a gradual
change in scaling from a>1 to a<1 and
therefore  from a  thickening- to a
lengthening-dominated growth regime.
Batholiths and layered mafic intrusions with
L > 80 km plot at the top right of the scaling
diagram (Fig. la), ranging in thickness from
T =2000-9700 m and length from L =57-
550 km. Unlike the smaller classes of intrusion,
there is no obvious dependence between thick-
ness and length for batholiths and large layered
mafic intrusions. Instead there appears to be a
thickness threshold of ~ 10 km, corresponding
to one third to one quarter the thickness of con-
tinental crust. The transition from plutons and
small layered intrusions to batholiths and large
layered mafic intrusions can be described as a
change from a lengthening dominated growth
regime with a <1 to a constant thickness regime.

4 Relationships Between
Emplacement Mechanisms, Depth
and Scaling Relationships

Although the dimensional data clearly separate
different classes of intrusions in terms of size,
shape (Fig. la), volume (Fig. 1b), aspect ratios
and empirical L-T scaling relationships (Fig. 2;
Table 1), they do not capture information on
depths of emplacement, H, compositions and
timescales.

Following the material reviewed above, there
is a general tendency for intrusions in the
laccolith-plutons-layered mafic intrusions array to
become deeper as L, T and V increase, although
there is currently insufficient information that
couples geometric data with emplacement depth
to assess this rigorously. There is also a general
tendency for larger intrusions to take longer to
grow, which is a consequence of their greater
volume and a limited range of likely magma
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fluxes (e.g., Petford et al. 2000; Cruden 2006; de
Saint Blanquat et al. 2011; Menand et al. 2015).
Within the same data array there does not appear
to be a major compositional control on geometry
and scaling. Hence laccoliths are emplaced at
shallower depths over shorter timescales than
plutons and layered mafic intrusions but compo-
sition is not a differentiating factor.

Intrusions in the minor/mesoscale sheets and
sills array vary in composition from basalt to
trachyte and they are all emplaced at depths
shallower than ~3 km. Hence, neither
emplacement depth nor magma composition are
likely to be differentiating factors controlling the
power law scaling of these data. However, as
sub-horizontal sheets and sills increase in size
and volume the ratio between L and the
emplacement depth, H, will increase. This
implies that small sheets with L < H will
propagate in a regime under which the dynamics
of emplacement does not involve interaction with
Earth’s free surface (known in mechanics as the
thick sheet approximation). Conversely, large
sheets and sills with L > H will be emplaced
under conditions where intrusion growth is
strongly coupled to the deformable free surface
(known in mechanics as the thin sheet approxi-
mation). The transition between these two
regimes will occur when L ~ H, which for our
data set roughly corresponds to the bifurcation
between the sheets and sills array and the lac-
coliths array at L ~ 1000 m. However, since
laccoliths and sills share similar ranges of 7" and
are emplaced at comparable depths, the bifurca-
tion cannot be related to the L-H transition alone,
as discussed below.

Whether the growth of tabular intrusions
involves interaction with Earth’s free surface
(L > H) or not (L < H) defines two first-order
emplacement regimes that will be used as the
framework for the discussion below. However, it
should be noted that this framework cannot apply
to deeper plutons and layered mafic intrusions,
which generally satisfy the condition L > H but
rarely show evidence for emplacement involving
roof uplift and interaction with Earth’s surface
(e.g., Cruden 2006 and references therein). Ver-
tical movement of country rocks is likely
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involved in making space for these types of
intrusions (e.g., Clough et al. 1909; Myers 1975;
Paterson et al. 1996) but this process most likely
involves displacements of interfaces below the
level of emplacement (Brown and McClelland;
Cruden 1998; Grocott et al. 2009).

4.1 Intrusions that Do not Interact

with Earth’s Surface

The minor/mesoscale sheets and smaller sills in
the data array are generally emplaced under
conditions where L < H, and therefore they are
unlikely to interact with the surface during
emplacement. Dykes can also be considered as
intrusions that do not interact with the surface
during their propagation and growth; hence they
are included in the analysis below (Fig. 5).
Under conditions where the magma pressure is
spatially uniform and the growth of the intrusion
is implied by K; = K., where K; is the mode I
stress intensity factor and Kj. is the mode I
fracture toughness of the rock, LEFM predicts
(e.g. Olson 2003):
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where E is Young’s modulus and v is Poisson’s
ratio. The a ~ 0.5 exponent of the L-T scaling
for mafic dykes (Delaney and Pollard 1981;
Olson 2003; Schultz et al. 2008a, b) and
minor/mesoscale sheets and smaller sills (Fig. 5)
is therefore consistent with this LEFM predic-
tion. However, as noted in previous studies, Kj.
values 10-1000 times laboratory values are
required to fit the different data sets (Delaney and
Pollard 1981; Olson 2003; Schultz et al. 2008a;
Cruden et al. 2009). For example, best fit curves
that bracket the dyke, sheet and sill data in Fig. 5
are computed for values E = 100 GPa, v = 0.3
and K;. = 300-3000 MPa m'? whereas typical
laboratory rock toughness values range from 0.5
to 2 MPa m'%. The relationship between these
bounding curves and the individual data sets also
indicate that dykes require systematically lower
effective fracture toughness values than sheets
and sills, which as noted above tend to be also
systematically thicker than dykes for any given
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Fig. 5 Dimensional data for large mafic sills (multiple
sources), felsic-intermediate sills (Montecampione—
Corazzato and Groppelli 2004; Skye—Walker 1993)
and mafic dykes (Ship Rock—Delaney and Pollard

IOOI B
L (m)

1,000 10,000 100,000 1,000,000

1981; Ethiopia—Schultz et al. 2008b). Black curves are
fit lines for LEFM conditions dominated by fracture
toughness (Eq. 3) and for fracture toughness values K;—
3000 and 300 MPam®>. See text for further discussion
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length (Fig. 5). Therefore, LEFM accounts sat-
isfactorily for the scaling of these intrusion types
if large effective Kj. values can be accounted for
by scale effects (e.g., Olson 2003), fracture net-
work branching (e.g., Gudmundsson 2011a) or
cooling/solidification at fracture tips (viz., tip
screen out; Smith et al. 1987). Furthermore, this
model is favoured relative to the LEFM model
under conditions of uniform magma pressure,
which is at odds with the data because it predicts
a ~ 1 (Olson 2003). A toughness-dominated
model is also favoured relative to models that
consider viscous flow to be predominant because
the magma viscosity range required to bracket
the data is implausibly high (Cruden et al. 2009).

For completeness, large mafic sills have been
included in Fig. 5 and contribute to a
well-defined RMA slope for the sheets and sills
data array with a =0.57 &£ 0.02 (Table 1).
However, RMA analysis of mafic sills with
L > 1000 m alone gives a slope a = 0.85 £ 0.1,
which is influenced by the presence of thick sills
with L > 100 km that lie above the bounding
curve plotted in Fig. la. As discussed above,
mafic sills with L >> 1 km likely interact with
the surface and their emplacement is discussed
together with laccoliths below.

4.2 Intrusions that Do Interact

with Earth’s Surface

The growth of intrusions with L > H involves
vertical displacement of overlying strata and
ultimately the creation of positive surface topog-
raphy (Hamilton 1965; Corry 1988; Cruden 1998;
Galland and Scheibert 2013). Because their
growth does not normally require deflection of
rock units below the level of emplacement,
intrusions with L > H are characterised by
asymmetric geometries in cross section (i.e., flat
floors, curved roofs), which contrasts with the
symmetric deflection of strata above and below
intrusions with L < H (Fig. 6; Koch et al. 1981).
In addition to uplift of overlying strata, a further
manifestation of interaction with the surface is the
tendency for some sill tips to curve upwards
during sill growth, resulting in the formation of
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Fig. 6 Conceptual models for host rock deformation
associated with emplacement of sills and laccoliths (after
Koch et al. 1981). a Emplacement of an initial sill with
H > L and no interaction with Earth’s surface. b Vertical
growth of a laccolith by plastic failure on ring faults and
roof uplift (a.k.a. punched laccolith). ¢ Vertical and
horizontal growth of a laccolith by the rolling hinge
mechanisms, which requires intra layer slip in the roof
rocks. d Classical model of laccolith growth by elastic
displacement of roof rocks under a thin, clamped, circular
elastic plate mechanical regime. See text for further
discussion

saucer-shaped intrusions in shallow sedimentary
basins (Malthe-Sarenssen et al. 2004; Thomson
and Hutton 2004; Polteau et al. 2008; Magee et al.
2016; Planke et al. this volume).

Several end-member mechanisms for the
growth of laccoliths have been proposed (e.g.,
Hunt et al. 1953; Sneddon and Lowengrub 1969;
Pollard and Johnson 1973; Koch et al. 1981;
Corry 1988; Price and Cosgrove 1990; Zenzri and
Kerr 2001; Horsman et al. 2010). Most analytical
models start with the emplacement of an initial
sill (Fig. 6a), followed by vertical inflation
(Fig. 6b—d). Such models can also be employed
to estimate the critical conditions (L, H, driving
pressure, etc.) required to initiate the so-called
sill-to-laccolith transition. Gilbert’s (1877) origi-
nal concept for laccolith emplacement envisaged
that uplift of overlying rigid strata was facilitated
by a ring fracture (Fig. 6b) and that the final
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thickness of the flat-topped intrusion was a con-
sequence of the balance between magma over-
pressure, the weight of the overlying rocks and
friction on the fault. Corry (1988) has termed
these intrusions punched laccoliths. Also based
on fieldwork in the Henry Mountains, Hunt et al.
(1953) introduced the rolling monoclinal flexure
(hinge) model for laccolith emplacement, subse-
quently modelled by Koch et al. (1981) to
incorporate interlayer sliding, which again pre-
dicts a flat topped geometry and also the
upwarping of strata adjacent to the intrusion
margin (Fig. 6¢). Building on elastic plate theory
(e.g., Sneddon and Lowengrub 1969), the third
end-member model type for laccolith growth
(Fig. 6d) is based on vertical deflection of a cir-
cular, thin elastic plate (e.g., Perkins and Kern
1961; Pollard and Johnson 1973; Zenzri and Kerr
2001). For example, Pollard and Johnson (1973)
adopted a solution for a thin, clamped, circular
elastic plate to model laccolith growth and the
sill-to-laccolith transition. This model, which has
been used extensively to estimate driving pres-
sures and intrusion thicknesses (e.g., Price and
Cosgrove 1990; McCaffrey and Petford 1997),
predicts the bell-jar shape that has come to be
synonymous with laccoliths in textbooks
(Fig. 6d).

Common to these analytical solutions for
laccolith growth is that L must be assumed prior
to calculation of the final intrusion thickness.
Hence, in these models the sill-to-laccolith tran-
sition does not emerge spontaneously from the
dynamics because the solution lacks a moving
propagation condition at the sill (then laccolith)
tip. Furthermore, although the punched laccolith
and rolling hinge models predict laccoliths with
flat tops, the elastic plate model predicts bell
jar-shaped cross sections, which are generally not
supported by field observations.

Analogue and numerical studies of sill and
laccolith emplacement and growth overcome
some of the limitations of analytical solutions
(e.g., Dixon and Simpson 1987; Roman-Berdiel
et al. 1995; Mathieu et al. 2008; Polteau et al.
2008; Galland et al. 2006; Kavanagh et al. 2006,
2015; Menand 2008; Galland and Scheibert
2013). While such experimental studies provide
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considerable insight into the dynamics and
structural evolution of sills and laccoliths (see
Galland et al. this volume, for a comprehensive
review), like the analytical models, they are still
not able to predict the observed L-T (and
V) scaling of intrusions.

5 Modelling the Growth of Sills
and Laccoliths

In order to further explore the mechanical signifi-
cance of the L-T scaling of sills and laccoliths, as
well as their leading-order geometrical attributes,
Bunger and Cruden (2011a) developed an elastic,
thin plate model that also takes into account a
moving fracture propagation condition at the
sill/laccolith tip, fluid flow within the intrusion and
the influence of the magma weight on intrusion
growth and shape. Key features of the model are
summarised in Fig. 7a. A circular crack at depth,
H is fed by a central conduit at a volumetric flow
rate, Q,, which depends implicitly on magma
overpressure. The problem is then to determine the
fluid pressure, crack opening w, and radius R as a
function of time. The resulting mathematical
model comprises a continuity equation for fluid
flow, and equations for fluid flow rate, an elastic
plate and crack tip propagation, and suitable initial
and boundary conditions. The combined solutions
to these coupled equations, including details of the
required numerical routine are detailed in Bunger
and Cruden (2011a, b).

The model results are presented using scaling
factors that relate the dimensional intrusion
opening, w, radius, R, net pressure, p, and radial
fluid flux, g, to equivalent dimensionless values
Q, v, m, and P, respectively. The equations are
simplified by using the alternative host rock and
magma parameters:

E =——
1—v

where p is magma dynamic viscosity. Two
dimensionless groups, or evolution parameters,
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Fig. 7 a Sketch of the sill and laccolith growth model
introduced by Bunger and Cruden (2011a). See text for
explanation of symbols. b Profiles of the dimensionless
opening, Q, across a dimensionless half width of the
intrusion as a function of dimensionless time, expressed
by the evolution parameter, G. The upper dark curve is
the initial solution, which corresponds to the elastic plate
solution illustrated in Fig. 6d. With increasing time and
G the outwardly growing intrusion develops a flat top and
uniform thickness

and two characteristic times describe the beha-
viour of the model:

o _EHW _ousQt oy
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where G,, describes the behaviour when magma
viscosity dominates the dynamics and G de-
scribes the dynamics when magma weight,
pmg dominates, and 7, and #, are the corre-
sponding characteristic times.

When ¢, is large in comparison to time, t, G,,
is also expected to be large, indicating that fluid
pressure gradients will be large and the system
will be “viscosity dominated.” When # > t,,,, G,,
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becomes vanishingly small and the system is
referred to as “toughness dominated” (e.g., Sav-
itsky and Detournay 2002; Detournay 2004). The
system therefore evolves from viscosity to
toughness dominated as time increases relative to
t,,- Simultaneously ¢ will increase relative to £,
which is the characteristic time for the transition
from an early regime when the influence of
magma weight is negligible to a later time when
its influence is significant, as implied by the
evolution parameter G. A “trajectory” parameter
@ = t,/t, can be defined, which plays the role of
a dimensionless viscosity. ¢ indicates the time
required for viscous effects to vanish and for
magma weight to become dominant, which is
predicted to occur very early on in the evolution
of real intrusions (Bunger and Cruden 2011a).

The effects of G (and time) and ¢ on the
dimensionless opening profile of the model
intrusion are illustrated in Fig. 7b, where p =
/R is the dimensionless horizontal distance from
the centre. Model intrusion growth can be char-
acterised by a transition from a bell jar shaped,
uniformly pressurised solution when G < 1, to a
solution for G >>1 in which the thickness is
uniform over most of the extent of the intrusion.
The bell jar shape when G < 1 essentially cor-
responds to the well-known solution of Pollard
and Johnson (1973). When G > 1 the intrusion
becomes increasingly flat topped over time as
G increases, becoming a thin disk by G = 1000.
The role of ¢ is to slow down the transition from
the bell jar shaped plate solution to the flat-topped
solution. Corrected numerical solutions for Q and
G are tabulated in Bunger and Cruden (2011b) for
values of ¢ = 10" and ¢ = 107°.

The tabulated values for Q and G, together with
emplacement depth and host rock and magma
parameters (Eq. 4) can be used to determine the
dimensional intrusion radius and opening from:

1 1
GK* \’ GE'H3\*
o (S a2,
E'gp,,

8Pm
By equating 7= w and L = 2R, results from
Eq. 7 can be used to model the growth of lac-
coliths and sills over time (expressed as
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increasing G) in log T versus log L space and to
explore the roles of emplacement depth and host
rock fracture toughness and rigidity on intrusion
shape and aspect ratio. Because the equation for
G contains the expression Q,f =V, intrusion
growth times can be estimated for different vol-
umetric flow rates and host rock properties and
emplacement depths; conversely, if 7 is known
independently (e.g., from geochronology) then
volumetric flow rate can be estimated for differ-
ent conditions. Usually both Q, and ¢ are
unknown, in which case the outcome of
increasing V can be explored while varying host
rock properties and emplacement depths.
Growth curves for laccoliths and sills pre-
dicted by the model follow paths with a common
shape in log T versus log L space (Fig. 8).

10,000
(@)
rd
1,000 g i
0/ s
‘)
E
~= 100 { OLaccoliths
= . 2% osills
e ®Black Mesa laccolith
©Palisades sill
10 § ®Franklin 4 sill
ABlack Mesa Growth
Palisades Growth
AFranklin 4 Growth
1 T T -
100 1,000 10,000 100,000 1,000,000
L (m)
10,000
o
uﬂ
rd
1,000 3 g . e
o *
. ;ﬂn o Yo~
5 2 alF
= 100 L) o & Gesins
= . o e’ © |TLaccoliths
" . A0 ©San Martino 1 laccolith
e ©San Martino 3 laccolith
10 4 @ ©Torres del Paine laccolith
ATorres del Paine Growth
A San Martino 3 Growth
: A San Martino 1 Growth
100 1,000 %J(J,(OO(; 100,000 1,000,000
m

Fig. 8 Geometric growth curves of some natural laccol-
iths modelled using the model of Bunger and Cruden
(2011a) and plotted in log T versus log L space.
Dimensional data for laccoliths and sills, and scaling
lines from Fig. 1 are included for reference. a Growth
scenarios for the Black Mesa laccolith, Palisades sill and
Franklin 4 sill. b Growth scenarios for the San Martino 1
and 2 laccoliths and Torres del Paine pluton. See Table 2
and text for model parameters and further discussion
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Starting at G = 0.1, initial growth follows a tra-
jectory with a similar slope to the power law
scaling curve for laccoliths, meaning that during
this phase it thickens faster than it lengthens. The
intrusion reaches a maximum thickness between
G =5 and 10, at which point it has the typical
flat-topped and steep sided morphology of lac-
coliths. After this stage, as the intrusion contin-
ues to lengthen, T decreases as G approaches 30.
For G = 70-1500 the thickness remains essen-
tially constant as it approaches an asymptotic
value. For G > 100 the intrusion has the high
aspect ratio, uniform thickness and tapered mar-
gin characteristic of sills.

Here we explore the effects of varying H, K.,
and £’ on the evolution of T, L and V over time. We
also attempt to constrain the growth histories and
conditions for selected laccoliths and sills in nature.

5.1 Influence of Emplacement Depth
and Bulk Country Rock

Mechanical Properties

When H, K;., or E' are varied, the intrusion
growth trajectory will be shifted up down or
sideways on a log T versus log L plot but its
shape remains unchanged. This is illustrated in
Fig. 8 for different case studies of natural intru-
sions, detailed below.

The effect of increasing the emplacement depth
is to move the growth trajectory curves from left to
right in the log L direction, as expected from the
dimensional radius, R, predicted by Eq. 7. Hence,
keeping G and the country rock properties equal,
deeper sills and laccoliths will have greater widths
and larger aspect ratios, which is consistent with the
findings of analogue experiments on sills and lac-
coliths (Dixon and Simpson 1987; Roman-Berdiel
et al. 1995) and some geophysical and numerical
modelling constraints (Polteau et al. 2008). Not
accounted for in the Bunger and Cruden (2011a)
model is the concept of the effective overburden
thickness, T,. Pollard and Johnson (1973) intro-
duced T, in order to account for the mechanical
behaviour of multilayered rocks overlying a
growing sill or laccolith. If each layer boundary is
able to slide freely they found that 7, ~ 1/7H to
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2/3H for examples studied in the Henry Mountains,
Utah. Evidence for layer parallel sliding and
detachments has since been documented in the roof
rocks of laccoliths in the Henry Mountains (Wilson
et al. 2016). Hence sills and laccoliths emplaced
into thick sequences of mechanically layered host
rocks can exhibit growth histories and aspect ratios
characteristic of shallower depths.

When K. is increased, growth trajectory curves
are shifted vertically towards higher T values,
consistent with the prediction for the dimensional
opening, w, in Eq. 7. Hence when all else is equal,
high fracture toughness country rocks will favour
thicker, lower aspect ratio intrusions.

The country rock stiffness parameter has a
counteracting effect on both H and K., such that
an increase in E’ will move the growth trajectory
curve from top left to bottom right, owing to the
fact that E' appears in the denominator and
numerator of the equations for w and R, respec-
tively (Eq. 7). Hence when all else is equal, high
stiffness country rocks will favour thinner, wider,
higher aspect ratio intrusions. The magma den-
sity, p,., is also a factor in Eq. 7 and higher
values will shift growth curves downwards.
However, the effect of p,, is minor compared to
that of K;. and E'.

5.2 Selected Case Studies of Sills
and Laccoliths

Using the growth trajectories described above it is
possible to match growth curves for specific
examples in nature. However, any solution for a
given sill or laccolith will not be unique because
three parameters (four including density) can be
varied to achieve the desired outcome. The
approach we have taken here is to vary E" and K.
such that the known T and L dimensions are
achieved for the appropriate H (if known) and G-
value. We have taken G ~ 10 to be representa-
tive of laccoliths and G ~ 100-300 to be likely
end points for sills. The most favoured growth
curve will be one that satisfies these constraints
while keeping K;. and E’ as close as possible to
accepted values (Fig. 8, Table 2). For reference,
the typical range of laboratory-derived values of
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K. and E' are 0.5-2 MPam”’ and 1.04 x 10°-
8.3 x 10 MPa, respectively (Olson 2003).
Delaney and Pollard (1981) and Olson (2003)
report values estimated from the Ship Rock dyke,
Colorado Plateau, of Kj = 40-4000 MPam’”
and E' =25 x 10°-2.5 x 10* MPa, which
highlight the current uncertainty in field-scale

VErsus laboratory-scale rock property
characterisation.
5.2.1 Black Mesa Laccolith, Henry

Mountains, Utah

We start with modelling possible growth histo-
ries for the Tertiary age Black Mesa laccolith
(Johnson and Pollard 1973; de Saint Blanquat
et al. 2006). The first three scenarios presented in
Table 2 result in identical growth trajectories,
arriving at the same L-T dimensions when
G = 10 (Fig. 8a). The first scenario starts with an
emplacement depth H = 2500 m derived from
stratigraphic constraints (Johnson and Pollard
1973) and is optimised to keep Kj;. within the
range of laboratory values. In this case the
desired dimensions are reached when K;. = 1.2
MPam®> and E' = 0.01 MPa, so the country
rocks must have anomalously low elastic stiff-
ness to achieve sufficient vertical growth at the
known emplacement depth. In the second sce-
nario, following Johnson and Pollard (1973), we
adopt an effective elastic thickness 7, = 0.15
H = 375 m and find that the correct dimensions
can be achieved when K, =20 MPam®’ and
E' = 2.5 MPa, which again requires a very low
country rock elastic stiffness. Finally, we explore
a scenario that is optimised for E' and find that
Black Mesa growth could have occurred for
acceptable field-scale values K. = 400 MPam®~
and E' = 1000 MPa but the required emplace-
ment depth, H = 50 m is 2450 m short of the
known value. Modelling the final dimensions of
the Black Mesa laccolith therefore requires
emplacement into country rocks that are extre-
mely compliant (E' ~ 1000 times lower than
normal values) or with a very low effective
overburden thickness, in this case 7, ~ 0.02H.

One limitation of the present modelling
approach is that it does not consider plastic
yielding of the country rocks. The Black Mesa
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laccolith is partially bounded by a steep fault on
its southeast side (Fig. 4b), indicating failure of
overburden rocks during vertical inflation (de
Saint Blanquat et al. 2006). We suggest that
plastic failure of overburden rocks during lac-
colith emplacement could result in significant
reduction in 7, or E' as a consequence of
reducing the amount of elastic bending required
to accommodate vertical inflation. Punched lac-
coliths (Fig. 6b; Gilbert 1877) and bysmaliths
(Daly 1905) are examples of intrusion types that
form by this process.

Another limitation of our modelling approach
is that it does not allow for the emplacement of
pulses and stacking of sheets, which are thought
to have played a role in the growth of the Black
Mesa laccolith (de Saint Blanquat et al. 2006)
and many other intrusions. In order to attempt to
take this into account for the Black Mesa lac-
colith, we have explored a fourth scenario for the
conditions required for the emplacement of a
10 m thick sheet with a width, L ~ 1700 m
equal to the final intrusion (Table 2). This cor-
responds to modelling one of 20 arbitrary pulses
of equal thickness that will eventually be
stacked to form the final laccolith. The result
presented here has been optimised for a large
E' =1000 MPa and relatively small K. =
20 MPam’”’. For these parameters we find
that that the effective depth must be 55 m or
T, = 0.022H. A general conclusion we can draw
for the Black Mesa laccolith is that either the
effective overburden thickness or the elastic
stiffness of the overburden must have been very
low, even if it grew by injection of multiple thin
pulses. This points to host rock plasticity as an
important factor for its emplacement and growth.

5.2.2 San Martino Laccoliths, Elba
Island

The San Martino 1 and 3 intrusions are part of a
stack of Miocene age (Tortonian-Messinian)
laccoliths that are well exposed on central Elba
Island, Italy (Rocchi et al. 2002, 2010). They are
emplaced into a layered and thrust stacked
sequence of Cretaceous to Eocene flysch. The
vertical and horizontal dimensions of the laccol-
iths are well constrained by field mapping and
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their depths of emplacement have been estimated
from their stratigraphic position (Table 2).
Growth trajectories for both laccoliths (Fig. 8b)
can be matched to their dimensions without
making adjustments for depth and for reasonable
field-scale values of K. = 15-150 MPam® but
require low values of E' = 1.5-10 MPa. Higher
values of E' could be offset by 7, < H and larger
K. as in scenario 2 for San Martino 1 (Table 2).
In this case 7, = 0.11H, which approaches the
range of effective thicknesses proposed by Pol-
lard and Johnson (1973). Hence the model
accounts for the scaling for the Elba laccoliths
reasonably well given the known mechanical
layering of the overburden rocks. However, the
role of plastic yielding cannot be ruled out and is
supported by local evidence for intrusion-related
faulting in the country rocks (Westerman et al.
this volume).

5.2.3 Torres Del Paine Pluton,
Patagonia

In order to assess the emplacement of a very
large laccolith, we have modelled the growth of
the Miocene age (Tortonian) Torres del Paine
granite, Patagonia, Chile (Skarmeta and Castelli,
1997). The tabular Torres del Paine pluton
comprises three compositionally distinct, 400—
800 m thick sheets of the Paine granite, which
are underlain by the >500 m thick Paine Mafic
Complex (Michel et al. 2008). Both the granite
units and the mafic complex are themselves made
up of multiple pulses of variable thickness.
Emplacement occurred into layered and folded
Cretaceous flysch at a depth estimated from
geobaromentry of 2-3 km (Michel et al. 2008).
The estimated 88 km® of the entire plutonic
complex is thought to have grown from the top
down (underplating) over a period of 162 =+
11 ka (Leuthold et al. 2012) and the granitic
units were emplaced over 90 £ 40 ka (Michel
et al. 2008).

Assuming continuous emplacement, we first
model the growth trajectory for the granitic part
of the Torres del Paine pluton without making
any adjustment for depth and for a reasonable
field-scale value of K;. = 700 MPam® (Fig. 8b;
Table 2). As in the other laccolith examples
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above, growth to the correct dimensions at the
known emplacement depth cannot be achieved
without adopting a relatively low host rock
stiffness, here E' = 30 MPa. In the case of Torres
del Paine, this could partly be explained by
thermal softening of the host rocks, which is
supported by the presence of a well-developed
contact metamorphic aureole (Putlitz et al. 2001).
In a second scenario we consider injection of a
100 m thick pulse with L spanning the entire
width of the pluton (Table 2). In this case we find
that emplacement and growth can occur for
geologically reasonable values of both K;. and E’
if H =600 m. The latter corresponds to 7, =
0.24H, which is well within the range estimated
by Pollard and Johnson (1973). These findings
strongly support the field-based interpretation
that the Torres del Paine pluton grew by vertical
stacking of multiple sheet-like pulses (Michel
et al. 2008; Leuthold et al. 2012).

5.2.4 Palisades Sill, Eastern USA
and Franklin Sills, Nunavut,
Canada

Finally, we consider two mafic sills in order to
assess growth up to larger values of G and
L (Fig. 8a; Table 2). The Jurassic age Palisades
sill intruded layered sedimentary and volcanic
rocks of the Mesozoic Newark Basin, eastern
USA (Walker 1969; Puffer et al. 2009). Strati-
graphic arguments and thermal modelling sug-
gest an estimated emplacement depth of 3—4 km
(Walker 1969; Shirley 1987). We also examine
one of the mafic sills that make up part of the
Neoproterozoic Franklin large igneous province,
Victoria Island, Canada (Robertson and Baragar
1972; Bédard et al. 2012). The sills intruded
gently folded layered sedimentary rocks and
basalt flows of the Neoproterozoic Shaler
supergroup at emplacement depths ranging
between ~ 1 and 4 km (Bédard et al. 2012). We
focus on Franklin Sill 4 (see Fig. 2 in Robertson
and Baragar 1972 for location), which we
assume to have been emplaced at a minimum
depth of 1000 m.

Growth trajectories for both sills show that their
final dimensions can be modelled for G = 300
(Palisades) and 100 (Franklin 4) using their
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estimated or minimum emplacement depths and
for reasonable field-scale values of K. (Fig. 8a;
Table 2). In both cases we find that the country
rocks must have low values of elastic stiffness. For
the Palisades sill, this could be offset by replacing
H with a lower T,, given the strongly layered
nature of the host rocks, and by considering
emplacement by several pulses, for which there is
debated field and petrological evidence (Walker
1969). In the case of Franklin 4, low values of E’
would be compatible with host-rock plasticity and
failure, which is consistent with detailed mapping
by Bédard et al. (2012) who documented signifi-
cant interaction between pre-existing faults and
sills during their emplacement and propagation
through the crustal section.

5.3 Timescales of Laccolith and Sill
Growth

Given that the final intrusion volume can be
estimated from 7 and L we also can assess likely
emplacement times by assuming typical magma
volumetric flow rate values (Q,). These times can
be compared to independent estimates of
emplacement duration from geochronology or
thermochronology and cooling calculations. The
value of Q, = 0.1 m*/s (~0.003 km3/yr) adop-
ted for the Black Mesa and San Martino laccol-
iths is based on representative and conservative
magma volumetric flow rate values estimated for
felsic-intermediate intrusions and eruptions
(Petford et al. 2000; White et al. 2006; de Saint
Blanquat et al. 2011; Menand et al. 2015). This
gives an emplacement time of 66 years for the
Black Mesa laccolith, which is close to the
maximum value of 100 years estimated by de
Saint Blanquat et al. (2006) based on thermal
modelling. Using the volumetric flow rate value
above San Martino 1 and 3 laccoliths could have
been emplaced over ~600 to ~35000 years,
respectively. However, Rocchi et al. (2002)
estimated a filling time for the combined San
Martino laccoliths of ~ 100 years based on an
estimated dyke-fed magma ascent rate of
3 x 107 mis. Increasing Q, to 5 m’/s would
result in a combined emplacement time for both
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laccoliths of ~ 100 years, consistent with this
previous estimate, although the required volu-
metric flow rate (~0.1 km®/year) is very high
compared to known eruption and emplacement
rates of felsic magmas (White et al. 2006; de
Saint Blanquat et al. 2011).

Precise geochronology indicates that the
granitic part of the Torres del Paine pluton was
emplaced over 90 & 40 Ka (Michel et al. 2008).
Using this as a constraint, continuous growth of
the pluton requires a magma flux 9, ~ 0.04 m*/
s (~0.001 km3/year), which is also consistent
with previous estimates from other intrusions and
eruptions (White et al. 2006; de Saint Blanquat
et al. 2011). Note that this does not take into
consideration the possibility of a time lag or
repose period between magma pulses (e.g.,
Cruden 2006; White et al. 2006). In such cases
and when the time lag is relatively long com-
pared to the pulse emplacement time, O, could
be much larger.

There are no geochronological constraints for
the emplacement duration of the Palisade and
Franklin 4 sills. Thermal modelling of the Pal-
isades sills indicates magma solidification over
~ 1000 years (Shirley 1976), which provides a
minimum estimate of the emplacement time.
Since both mafic sills were emplaced during high
magma flux mantle melting events, we assume
a conservative value of Q, ~ 10 m’/s
(~0.3 km?/year), corresponding to the upper
end of mafic magma eruption rates (White et al.
2006; de Saint Blanquat et al. 2011). This gives
continuous emplacement times for the Palisades
and Franklin 4 sills of ~6000 and ~ 8 years,
respectively.

6 Discussion
6.1 Bifurcation Between Laccolith
and Sill Growth Histories

Current models do not predict the observed
bifurcation between mafic sills and laccoliths at
L ~ 500 m. Neither emplacement depth nor
composition provides an explanation because
laccoliths and large mafic sills are similar in this
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regard. However, it is clear that both intrusion
types follow different evolutionary pathways
with laccoliths forming in a thickening (roof
lifting, @ > 1) dominated regime and large mafic
sills forming in a lengthening (horizontal propa-
gation, a < 1) dominated regime. Below
L ~500m and T ~ 10 m tabular intrusion
types are indistinguishable.

The modelling discussed in the previous sec-
tions shows that laccoliths and large mafic sills
share a common evolutionary path at early
growth stages, initially thickening faster than they
lengthen (Bunger and Cruden 2011a). However,
laccoliths appear to stop growing at low G, which
may occur due to cessation in magma supply
and/or freezing, resulting in a low aspect ratio
intrusion (L/T < 10). If more magma is available,
the additional magma weight is capable of driving
the intrusion outwards with constant thickness to
large aspect ratios, stopping at large G when
magma supply ends or solidification occurs.
Hence, large mafic sill formation is favoured in
tectonic settings that generate large volumes of
hot melt, such as during continental breakup and
Large Igneous Province development (e.g., Ernst
et al. 2005). Conversely, laccoliths tend to form in
settings where magma supply is restricted, such
as intraplate settings. We therefore suggest that
the main control on the observed bifurcation in
scaling behaviour is related to tectonic setting and
available magma supply, rather than depth,
composition or viscosity.

An alternative or complementary cause of the
data bifurcation is that laccoliths and plutons
tend to grow incrementally by stacking of sheets
(e.g., Cruden and McCaffrey 2001; Coleman
et al. 2004; Horsman et al. 2010; Rocchi et al.
2010; Annen 2011; Menand 2011), consistent
with growth dominated by vertical inflation. By
contrast, most sills are thought to represent one
or a small number of intrusion events (e.g., Hergt
and Brauns 2001; Marsh 2004), consistent with
growth dominated by horizontal elongation.
Formation of a laccolith or pluton by sheet
stacking would result in a vertical growth tra-
jectory on a log T versus log L plot with a >1
(see Fig. 7 in Cruden and McCaffrey 2001 and
Fig. 8 in Rocchi et al. 2010). However, it is
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currently unclear why such a two-stage growth
history would result in the observed power-law
scaling of laccoliths and plutons, or the bifurca-
tion in the scaling data at L ~ 500 m.

6.2 Intrusions Too Deep to Interact

with Earth’s Surface

Polyphase granitic to dioritic plutons and layered
mafic intrusions are typically emplaced at upper
to mid-crustal depths (2—-15 km) into both lay-
ered and crystalline host rocks. Multiple pro-
cesses likely operate during their emplacement,
including brittle and ductile wall-rock deforma-
tion, stoping and assimilation (Paterson et al.
1996; Cruden 2006). However, space for most
plutons and layered mafic intrusions is thought
be created by vertical displacement of wall rocks,
which at the shallowest depths can occur by roof
lifting but below ~ 3 km is likely dominated by
floor depression (e.g., Myers 1975; Cruden 1998;
Wiebe and Collins 1998; Brown and McClelland
2000). The process of floor depression is driven
by a periodic exchange of material (melt) from a
partially molten source region in the lower crust
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to the growing pluton in the mid- to upper crust
(Cruden and McCaffrey 2001; Cruden 2006) or
between an upper and a lower chamber (Clough
et al. 1909; Myers 1975). The cumulative
downward displacement of the intervening crus-
tal column requires large-scale brittle or ductile
deformation depending on emplacement depth.
Although many plutons and layered mafic
intrusions are constructed by multiple pulses
(Glazner et al. 2004; de Saint Blanquat et al.
2011; Annen 2011), which could be treated as
individual sill emplacement events (Menand
2011), the requirement of large-scale plasticity to
make space indicates that a single LEFM-based
model cannot be used to predict their observed
a <1 power-law scaling. Acknowledging the
roles of local and far-field deformation, the
underlying control on the dimensions and scaling
of plutons and layered mafic intrusions likely
originates in the lateral extent and melt produc-
tivity of underlying magma source region, which
will determine both the length and thickness of
the resulting intrusion, respectively (Cruden
2006; Scaillet and Searle 2006). The transition
from laccoliths with @ > 1 to plutons and layered
mafic intrusions with a < 1 therefore reflects an
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increase in the depth of emplacement and a
transition from an intrusion regime where inter-
action with the surface is important to one where
interaction with the underlying source region
controls the leading order behaviour (Fig. 9).

Batholiths and large layered mafic intrusions
are composite bodies built over long time peri-
ods. The building blocks of batholiths are plutons
whereas large layered mafic intrusions comprise
multiple sheet-like bodies enclosed within a
single envelope (Cawthorn 1996; Saumur and
Cruden 2016). Batholiths and large layered mafic
intrusion are therefore emplaced by multiple
processes and grow by a combination of vertical
stacking and lateral accretion. The final size and
shape of these structures is likely controlled by
the underlying tectonic regime. The upper bound
on T ~ 10 km corresponds to 1/3-1/4 of the
thickness of normal or over-thickened continen-
tal crust and likely reflects a growth limit related
to long-term magma supply in arc, extensional
and plume settings.

7 Towards a General Framework
for Tabular Intrusion
Emplacement and Growth

The geometric scaling of tabular intrusions pro-
vides a useful framework for defining and
understanding three first-order magma emplace-
ment regimes in the crust (Fig. 9). Small, hori-
zontal tabular intrusions with L ~ 5-1000 m are
characterised by a power law scaling with
a ~ 0.5. These intrusions satisfy the condition
L < H and their emplacement can be explained
by LEFM if field-scale fracture toughness values
are allowed to exceed laboratory values.

When L ~ 500-1000 m there is a pro-
nounced bifurcation in the scaling data with
shallow, large mafic sills defining one branch
with a < 1, and laccoliths defining second branch
with a > 1 (Fig. 9). The emplacement of both
laccoliths and large mafic sills occurs in a regime
where L > H, whereby space is made predomi-
nantly by roof lifting. The geometry and scaling
of laccoliths and large mafic sills can be ade-
quately explained by elastic plate models that take
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into account a propagation condition at the crack
tip and the role of magma weight (Bunger and
Cruden 2011a). As with small sheets with L. < H
modelled by LEFM, these models require country
rocks to have large field-scale fracture toughness
values compared to laboratory values. More
importantly, when attempting to match the
dimensions of specific examples in nature we also
find that the host rocks must have anomalously
low elastic stiffness and/or the effective
emplacement depth must be much lower than the
known depth. The latter can be partly explained
by the mechanical behaviour of well-layered
overburden rocks (Pollard and Johnson 1973).
In some cases (e.g., Torres del Paine pluton) the
low stiffness of the country rocks might also be
accounted for by thermal softening. However, in
general we suggest that this requirement and that
of low elastic stiffness are best explained by
plastic failure of the country rocks during intru-
sion growth, in agreement with field observations.

A final consideration in modelling the
emplacement of laccoliths and sills is the likeli-
hood that they grow by vertical stacking of
multiple pulses. For the intrusions assessed here
we find that intrusion of thin pulses alleviates the
requirement for low stiffness country rocks as
well as bringing down the fracture toughness to
more acceptable values. However, in all cases an
effective emplacement depth that is lower than
the true depth is required. Nevertheless, con-
struction of laccoliths and sills by multiple pulses
together with plastic failure of host rocks during
emplacement appears to reconcile the mismatch
between observations and theory. It should be
noted that both of these effects have yet to be
implemented in numerical models, and that
although growth of laccoliths by multiple pulses
is widely accepted, the incremental emplacement
of sills is still debated.

The origin of the bifurcation in the data set
between laccoliths and large mafic sills (Fig. 9)
is an outstanding problem for future research.
However, since laccoliths and large mafic sills
share common evolutionary pathways, we argue
that the bifurcation is not related to differences in
emplacement depth or composition, density or
viscosity. Instead, we suggest that whether an
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intrusion ends up in the laccolith or large mafic
sill field depends largely on a combination of
magma productivity and the rates of magma
supply and solidification. Hence, low melt pro-
duction regimes will be only capable of deliver-
ing a sufficient volume of magma to form a
laccolith at low G. By comparison high melt
productivity regimes will ensure enough magma
supply to allow lengthening to large G, aided by
the additional effect of the magma weight.
Magma supply rate will also be a contributing
factor in both scenarios, as this will influence
how long flow in the growing intrusion can
continue before solidification occurs. This latter
effect might also provide an alternative expla-
nation for the a < 0.5 scaling of large mafic sills,
although this requires further development of
both numerical and laboratory modelling of sill
emplacement incorporating the effects of solidi-
fication (e.g., using the approach of Lister 1995
and Bolchover and Lister 1999).

When L ~ 8-12 km there is a transition
between laccoliths and plutons and layered mafic
intrusions, which are characterised by a scaling
regime with @ < 1. This transition corresponds to
a change in emplacement mechanism from one
dominated by roof lifting to one dominated by
floor depression. As such, it represents a “lifting
limit” (Fig. 9), which is likely controlled by the
tendency for plutons and layered intrusions to be
emplaced at deeper crustal levels than laccoliths.
The origin of the a < 1 scaling for plutons and
layered mafic intrusions, as well as the tendency
for a to decrease with L remain poorly under-
stood. We note that growth of these types of
intrusions, together with composite batholiths, is
likely governed by the mass balance of magma
transfer from the source to the emplacement site,
and how this transfer and space for growth is
accommodated by large-scale deformation of the
crust. Growth of plutons and layered intrusions
by vertical stacking of pulses is expected to be an
important contributing factor in both of these
processes. A significant challenge for future
research will be to couple these constraints, as
well as heat transfer and solidification within a
self-consistent model of intrusion growth in the
mid- to lower crust.
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Lastly, we have given some consideration to
timescales of emplacement, which in general will
increase with increasing intrusion size and vol-
ume (Fig. 9). Assuming reasonable estimates for
magma volumetric flow rate, laccoliths and sills
can be emplaced in 10’s of years to k-years,
while single pulses can potentially be injected
over months to a few years. These results are
consistent with thermal modelling studies and
rare, direct observation of shallow intrusion
growth from surface deformation. Timescales for
larger laccoliths, plutons and layered mafic
intrusions are likely to be strongly influenced by
the time lag between rapidly emplaced pulses,
which in turn relates to the productivity and
magma supply rate in the source. Hence plutons
and layered mafic intrusions grow over ka to Ma
timescales, in agreement with constraints from
precise geochronology.
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Abstract

We have come a long way from simple straw and balloon models of
magma plumbing systems to a more detailed picture of shallow level
intrusive complexes. In this chapter, the sub-volcanic plumbing system is
considered in terms of how we can define the types and styles of magma
networks from the deep to the shallow subsurface. We look at the
plumbing system from large igneous provinces, through rifted systems to
polygenetic volcanoes, with a view to characterising some of the key
conceptual models. There is a focus on how ancient magmatic centres can
help us better understand magmatic plumbing. New innovative ways to
consider and quantify magma plumbing are also highlighted including 3D
seismic, and using the crystal cargo to help fingerprint key magma
plumbing events. Conclusions are drawn to our understanding of the 3D
plumbing system and how these recent advances can be helpful when
exploring the other chapters of this contribution.

1 Introduction

Traditionally, shallow magma systems have been
conceived as relatively simple, direct pathways
allowing magma to rise from a holding chamber
to the surface (cf. magma conduit). The plumb-
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ing system at this shallow level (<5 km) is often
simply depicted as a vertical cylindrical conduit
leading from a simple magma chamber where
magma passes through (the straw and balloon
model; Fig. 1) but does not really reside or
stagnate (except as indicated by solidified plugs,
volcanic necks etc). Deeper plumbing systems
that feed the shallow Ilevel chambers, are
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Fig. 1 Conceptual evolution of our understanding of the
complexities of the subvolcanic plumbing system. a The
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somewhat more enigmatic, with often little
physical linkage made from the sources of
melting, to the volcanic system near the surface,
and particularly confused for granitic magma
ascent that was viewed early on as slow-rising,
hot Stokes diapirs from their source (see Petford
1996). Recent studies (some of which will be
touched on here) have illustrated the variability
in dimensions and geometry of shallow systems
and the possible way in which they are linked at
depth. Fissures are increasingly recognised as
important pathways and vents for many mafic
and even silicic eruptions. Magma may pond at
shallow depths (<1-5 km) before eruption in sill
complexes of variable size and complexity, or as
more circular central complexes. Sill intrusion
can be observed to be at shallow depths within
the volcanic sequences themselves and the dis-
aggregation and direction of flow of the magma
plumbing system is strongly affected by the
nature of lithologies the magma passes through
e.g., syn-sedimentary (stratified and sometimes
poorly lithified) versus old metamorphosed or
igneous basement hosts. Volcanic centres can
appear, when exposed at the surface or imaged in
gravity data, as relatively discrete sub-circular
bodies, or as a more complex amalgam of mul-
tiple centres with linked feeding systems,
replenished and reused several times in their
evolution. Once melt has been segregated and
extracted from source rocks, many processes can
then operate within the plumbing network, the
magma chamber(s) and on eruption at the surface
that combine to define the final chemistry,
crystallinity, eruptive style and even aerosol
injections into the atmosphere.

In this short overview, the sub-volcanic
plumbing system is considered in terms of how
we can define the types and styles of magma
networks from the deep to the shallow, their
common settings, innovative ways in which we
can image and capture the complexities of
magma systems, and new techniques using vol-
canic eruptive products as a proxy for recording
information from depth. The closing remarks
point to our current knowledge, and a way for-
ward to better understand shallow level intru-
sions. The aim here is not to provide an
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exhaustive review, but to touch on some of the
key points that will be emphasised by the other
studies within this book.

2 What is the Magma
Plumbing System?

How we define the shallow-level magma system
and how it relates to the overall journey that
magma makes from deep within the lithosphere,
or even the asthenosphere, to the sub-volcanic
domain, is a non-trivial task. One person’s shal-
low magma chamber is another person’s deep
magma storage zone, and the scales and depths
involved can range from a few meter thick dykes
to km> sized magma batches, and from a few
100s of meters to a few to several 10s of km,
respectively. We have advanced significantly
from the classic text book views of simple bal-
loon and stick-type magma chambers depicted in
the introduction (e.g., Fig. 1a) to a realisation of
much more complexity in the subvolcanic system
linking several subvolcanic chambers (Fig. 1b),
and finally to a conceptual 3D model linking the
sub-surface system to volcanoes at the surface
(Fig. 1lc¢) (e.g., Jerram and Davidson 2007;
Jerram and Martin 2008; Thomson and Schofield
2008; Cashman and Sparks 2013). This pro-
gression of understanding has resulted from
numerous research programs and published
bodies of work, but how do we build a detailed
picture of the types and variation that we may
find in the subvolcanic system?

Generally speaking, the way in which magma
can journey through the crust is through dykes,
sills and variably shaped magma chambers, the
latter being also areas where magma may reside
for some time. Dykes mainly represent the ver-
tical transport component of the system with
typical widths of meters to a few 10s of meters
with commonly observed continuous strike
extents of 100s of meters to 10s of km’s; dis-
continuous dyke swarms can laterally extend for
>1000 km on Earth (e.g., 1270 Ma Mackenzie
dyke swarm; LeCheminant and Heaman 1989;
Emst and Baragar 1992). All magma
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compositions can form dykes, but by far the most
common and volumetrically significant dykes are
basaltic in composition. Dykes are observed to
form over a wide range of depths from deep
crustal examples such as the Scourie Dykes (at
mid to lower crust e.g., O’Hara 1961; Tarney
1973), through sedimentary basins (e.g., NAIP
dyke swarms, Macdonald et al. 2010) to very
shallow systems feeding lavas (e.g., fissure fed
lava systems, as evidenced by chains of scoria
cones; e.g., Iceland, Thordarson and Self 1993).

Sills provide potential storage zones of some
significant magma volumes particularly when
found in nested sill complexes (e.g., Marsh 2004)
or in large igneous provinces (e.g., Bryan et al.
2010 and references therein). Sill thicknesses
vary in a similar manner to dykes, but tend to
have a larger average thickness, 10s of meters is
common with sills over 100 m in thickness
commonly found in continental flood basalt
provinces (e.g., Peneplain Sill, Jerram et al.
2010). This thickness requires inflation and
accommodation space, and often the overburden
can be faulted and folded (White et al. 2009).
The potential for contemporaneous eruption and
sill intrusion may be particularly important to
help feed large lava sequences in flood basalts.

In both sills and dykes, evidence for lateral
flow as well as vertical (upwards flow) in the
system can be observed. Magma can flow sig-
nificant distances laterally in sub-volcanic
plumbing systems (>1000 km) such as the
Mackenzie dyke swarm (e.g., Ernst and Baragar
1992), and the Dry Valleys sill complex, Ant-
arctica (e.g., the Peneplain sill and Basement sill;
e.g., Marsh 2004) both showing major along
strike extent, and significant lateral injection and
flow. Magmatic centres represent sites where a
magma pathway persists for a relatively long
period of time (100,000 years to millions of
years), which also include the potential for con-
temporaneous tapping and eruption of spatially
separate chambers within the same complex
(e.g., Brown et al. 1998; Smith et al. 2005;
Martin et al. 2010).

In terms of tectonic setting, we can broadly
consider three major magma generating systems:
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those at rifted settings (e.g., continental rifts,
mid-ocean ridges), those at subduction zones,
and those associated with plumes/hot spots,
which can occur through both oceanic and con-
tinental crust. While tectonic stresses can have
important controls on magma pathways at
regional scales, it has also been recognised that at
the volcano-scale, magma chamber stresses and
volcanic evolution that can generate load stresses
or new magma pathways to the surface through
collapse are also important. It is not so clear then
that considering magma plumbing at these sep-
arate tectonic settings truly reflect the systems in
detail, as often similar volcanic systems can
develop irrespective of tectonic setting. It may
also be possible to consider the magmatic
plumbing system in terms of long-lived versus
short lived systems, or by dominant magma
composition types. Again, problems arise here in
the fact that is difficult to define what maybe
meant by short vs long lived, particularly in
pulsed systems. Although one magma type might
dominate, a compositional diversity can exist
with different magma types utilising the plumb-
ing system either during one eruption or over
time, blurring such a definition.

To help simplify the approach of considering
magma plumbing systems, in this contribution
we will consider the magma plumbing in terms
of three types of scenarios (which are partly
determined by scale, tectonic setting and by time/
longevity) which are not mutually exclusive:
Large Igneous provinces, predominantly rifted
settings, and polygenetic volcanoes where
magma plumbing systems can persist for long
periods. Within this broad sub-division, a num-
ber of the key features of the magma systems are
introduced, and we look at how these are mani-
fest in terms of the volcano plumbing that can be
observed at the surface, or inferred through
innovative ways of imaging or remotely sam-
pling the magma plumbing. More specific case
studies and examples showing the plumbing
styles from a number of settings will appear
throughout the rest of the contributions in this
series, and will hopefully build on what we
introduce here.
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3 Large Igneous Provinces

Here we briefly consider the intrusive component
associated with continental flood basalt provinces
(CFBPs), as an example of large igneous prov-
inces (LIPs). LIPs are sites of the most frequently
recurring, largest volume basaltic and silicic
eruptions in Earth history (e.g., Bryan et al. 2010
and references therein), and as such, require the
flux of huge amounts of magma from the upper
mantle and deep to shallow crust, through mul-
tiple pathways to the surface. How is that
recorded in the geological record and what can it
tell us about what is beneath modern volcanoes?

There are many locations where CFBPs are
preserved on the planet at differing degrees of
erosion which partly exposes the plumbing system,
and from which we can gain insight into the nature
and evolution of the system (e.g., Jerram and
Widdowson 2005). Examples such as the Siberian
Traps, Parana-Etendeka province, North Atlantic
igneous province, Antarctic Ferrar-South African
Karoo provinces, Columbia River and Deccan

A Primitive, mantle-

B. Large-volume flood basaltic lavas C. L

Traps, are some of the more well-known and
studied examples. Due to differing levels of erosion
and combined with geochemical variations that
occur, we are able to construct a general idea of the
regional plumbing systems for CFBPs. These
systems are vast and in practice, any investigation
of them starts to identify almost all possible types of
intrusion, from complex forms in volcanic centres,
plugs, laccoliths/lopoliths, through dyke swarms,
to nested sill complexes (e.g., Ernst and Baragar
1992; Marsh 2004; Jerram and Widdowson 2005;
Macdonald et al. 2010; amongst many examples).
By looking at the resultant ways in which mantle-
derived melts make it from depth to surface, it is
possible to produce a schematic picture of the styles
of magma plumbing. Bryan et al. (2010), consid-
ered the largestknown eruptions thathave occurred
on Earth, and constructed a simplified end-member
diagram to highlight the relative journey that
magmas of all volumes can have from the mantle to
the surface (Fig. 2). The general plumbing under
CFBPs is normally characterised by that depicted
in Fig. 2a, b. Here, sometimes magma plumbing
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Fig. 2 Types of plumbing and magma pathways present
at Large Igneous Provinces (modified from Bryan et al
2010). The figure text highlights the main styles of
pathway from simple eruption of primitive melt at the
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surface to more complex batches of magma with varying
degrees of complexity in terms of composition, volumes,
and crystal loads
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can be simple and deep, leading to very primitive
‘mantle-like’ melts making it to the surface
(Fig. 2a). More commonly, magma stalls in
chambers and intrusive complexes that occur in the
middle to upper crust, producing sill complexes
(Fig. 2b). These complexes can be vast and very
complex internally (see below). New constraints
on eruption rates, particularly for the largest erup-
tions known, require 10°-10* km® of magma
available for eruption over decadal (flood basalts)
or days to weeks (flood rhyolite) timescales, and
thus the existence of substantial magma reservoirs
most likely residing within the upper crust, but also
a highly efficient transport network allowing
magma to readily evacuate from holding chamber
(s). This includes the existence of large volume sills
as un-erupted examples (see Bryan et al. 2010).

4 Predominantly Rifted
Settings

In areas where the Earth’s crust is spreading apart,
both the generation of melt through decompres-
sion as well as the accommodation space for the
resultant magma are found in close proximity.
One of the most common magma generating
systems to consider is that which occurs at mid-
ocean ridges. These are very important given their
distribution around the globe and that they are
responsible for creating the constant conveyor
belt of present-day oceanic crust and where
ophiolite complexes preserve examples of this
process throughout Earth’s history. It can also be
shown that the latter stages of continental break-
up require a transition from continental to oceanic
rifting. Recent work on Iceland and in the Afar
desert has looked at the shallow plumbing system
as measured using shallow geophysics (e.g.,
Wright et al. 2012a, b). Fig. (3a, b) highlights the
generalised model of dynamic spreading at the
Dabbahu rift in Ethiopia, along with a picture
showing the manifestation of part of this rifting at
the Earth’s surface, the Dabbahu Fissure (Fig. 3c,
d, e). The stresses that build up along the rift are
released during rifting episodes, when bursts of
magmatic activity lead to the injection of vertical
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sheets of magma (dykes) into the crust. The
magma is supplied to the crust periodically, and is
stored at multiple positions and depths. It then
laterally intrudes in dykes within the brittle upper
crust during the rifting episodes (Wright et al.
2012a, b). This represents the current picture at
thinned crust at the stages of continent separation.
The dyke swarms that can be found through
continental crust in ancient flood basalt settings
likely represent the onset of this rifting phase
(e.g., Macdonald et al. 2010 and references there-
in). These rift systems and large fissure type
eruptions are present in many of the larger flood
basalt settings as discussed above, and in some
cases the fissure systems can be linked directly to
flood basalt flows such as the Roza flow in the
Columbia River (e.g., Thordarson and Self 1998).
Where oceanic rifting is concomitant with a
plume setting such as in the Iceland example,
complex fissure, rift and shallow magma chamber
systems develop, as recently imaged during the
2010 Eyjafjallajokull eruption (Sigmundsson
et al. 2010).

5 Plumbing at Polygenetic
Volcanoes—Persistent
Magma Pathways

Some of the more complex plumbing systems we
encounter are those where persistent magma
pathways exist, which can occur in a variety of
different settings. Polygenetic volcanoes, princi-
pally lava shields, stratovolcanoes and calderas,
characterise many present-day tectonic settings
such as subduction zones (both extending and
non-extending), continental rifts and ‘hotspots’
(both continental and oceanic). Despite this var-
iability in tectonic and crustal setting, the con-
struction of polygenetic volcanoes reflect not only
persistent magma supply but also the ‘centralised’
venting of magma over time scales of 10°~107
years. Lava shield volcanoes typically reflect the
frequent venting of mafic magmas only, whereas
at stratovolcanoes and calderas, a much broader
compositional range of magmas are supplied and
vented. A fundamental implication then is that a
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Rifting direction

(@)

Fig. 3 Magma plumbing in predominantly rifted set-
tings, example from the Afar rift, Ethiopia. a schematic
model of magma plumbing at Dabahu rift showing
schematic locations of magma chambers (red ellipsoids).
Also labelled are Dabbahu (D), Dabbahu Volcanic Centre
(DVC), Ado ‘Ale Volcanic Centre (AVC), and location
of cross section in b. Coloured map shows topography

plumbing system, once established from the
magma source regions, remains in existence and
can essentially be re-used by new magma batches
that may be separated by as much as 100,000s
years and have no connection to the previous
magmatic batch or episode. This is evident for

and also the zone of fissuring and faulting (highlighted in
light red on map surface); b generalised cross-section of a
typical slice of crust away from a magmatic centre (a and
b courtesy of T. Wright, see also Wright et al. 2012a, b
for details); ¢ view of Dadahu fissure; d Dadahu fissure
from the air; e 3D surface map of Dabahu fissure from
laser scanning (from Jerram and Smith 2010)

example from the growth history of the andesitic
Ngauruhoe cone (New Zealand), which reflects
an open magma and plumbing system that sup-
plies small (<0.1 km?) and short-lived (100-10°
years) magma batches but which have no sim-
ple time—composition relationships between
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successive batches even when separated by only a
few tens of years (Hobden et al. 2002). Another
fundamental implication is that it increases the
possibility and likelihood of cannibalisation of
previous magmatic material transported and
stored along that plumbing system as succeeding
magma batches attempt to successfully arrive at
the surface for eruption. Consequently, magmas
erupted from stratovolcanoes and calderas are
likely to exhibit “contamination” effects arising
simply from prior use of the magma plumbing
system. This has been widely recognised in many
recent studies of andesites and their crystal car-
goes from arc settings (e.g., Dungan and David-
son 2004; Streck et al. 2007; Reubi and Blundy
2009; Kent et al. 2010; Zellmer et al. 2003, 2014).
For caldera systems, “contamination” can also be
generated by the involvement of spatially sepa-
rate but contemporaneous magma bodies that are
tapped during catastrophic caldera collapse and/
or by tectonic faults that become active during
eruption (e.g., Brown et al. 1998; Gravley et al.
2007).

Current views then of sub-volcanic magmatic
systems is that magma storage can occur at multiple
levels in the crust. As principally driven by studies
on the origin of crystal-rich magmas, the main
magma reservoir may be best represented as a
crystal mush zone that can quickly be replenished
and rejuvenated through new (mafic) magma
injections (e.g., Bachmann and Bergantz 2003,
2004, 2008a, b; Glazner et al. 2004; Bachmann et al.
2007) (see example in Fig. 4a). This is analogous to
the view of magmatic systems as “mush columns”
(e.g., Marsh 1996, see Fig. 4b) where:

1. a sufficient magnitude and frequency of
magma supply exists to sustain supersolidus
and permissive zones for magma transport
upwards;

2. the local mush state of the plumbing system is
important as a source of crystal cargo for new
magmas;

3. the tectonic immobility of the magmatic
centre allows a sustained supply of magma to
promote development of an intrusive, partly
mushy underpinning that can be reprocessed
through reheating by later magmas; and
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4. he magmatic ‘strength’ of the system affects
petrologic and chemical variability of erupted
magmas.

The timescales involved in the storage of
crystal mushes and their remobilisation are quite
variable and somewhat difficult to constrain. In
many crystal-rich systems the magma chamber
or storage zones in the ‘mush column’ can
reside in the crust for long times (e.g., Gelman
et al. 2013; Cooper and Kent 2014). This sug-
gests that the timescales of magma storage can
be large, up to hundreds of thousands of years.
Yet for the eruption of volcanoes responding to
new magma influx in the system, it can be
shown to happen quite quickly. Indeed, short
residence times have been calculated for some
crystal-poor, caldera-forming eruptions (e.g.,
Santorini) where the erupting magma may only
reside for a few thousand years before a caldera
forming eruption (e.g., Fabbro et al. 2013). With
a complex magmatic plumbing system we can
expect elements of the system to have a long-
lived nature in terms of some crystal mushes
and residence times, with events (particularly
eruptive cycles, and largely crystal-free mag-
mas) being short-lived (e.g., Cooper and Kent
2014). The eruptive, short-lived parts of the
cycle may be triggered relatively quickly, i.e.
rapid responses to new magma batch injections,
but there may also be only a limited window in
which to get magma through the system to erupt
before it becomes locked up in the mush zone
of the plumbing system (e.g., Barboni and
Schoene 2014).

Shallow level pathways can also develop as a
result of magma chamber/volcano growth and
evolution. The stresses around magma chambers
will change with magma flux, and can act as a
vehicle to focus magma-feeding dykes, known as
‘magmatic lensing’ (e.g., Karlstrom et al. 2009).
Key controls on the pathway that magmas take
from their holding chambers to reach the surface
are any superimposed regional-scale tectonic
stresses, and more localised stresses generated by
the subvolcanic magma chamber (e.g., Bistacchi
et al. 2012) and/or gravitational loading by the
edifice (e.g., Muller et al. 2001). Recent numerical
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Fig. 4 Examples of magma plumbing in polygenetic
systems; a schematic plumbing beneath Long Valley
Caldera, USA (after Bachmann and Bergantz 2008a, b).
In systems like Long Valley, large pools of silicic magma
are produced by extracting interstitial liquid from long-
lived “crystal mushes” (magmatic sponges containing
>50 vol% of crystals) and collecting it in unstable,

eruptable liquid-dominated lenses. b The magma mush
column (after Marsh 2004), where liquid rich lenses and
linked plumbing bodies are intricately associated with
crustal mushes around the walls and in the chambers
within the column. Shallow sills and eruptions from such
systems can contain a variety of crystal cargos from
crystal-poor to crystal-rich batches (see also Fig. 7)
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modelling-based studies indicate the shape of the
magma chamber can significantly affect the stress
field distribution around the chamber and thus the
resulting geometry of the magma plumbing sys-
tem (Marti and Geyer 2009).

Surrounding polygenetic volcanic centres are
three main types of intrusion geometries that are
related to shallow magma chambers: (i) radial
subvertical intrusions, (ii) vertical to outward-
dipping, concentric intrusions or ring dykes, and
(iii) inward-dipping concentric swarms (inclined
or cone sheets). Magma chamber inflation has
been shown experimentally to generate radial
fractures that can act as magma pathways and
produce radial dyke systems (e.g., Marti et al.
1994), and cone sheets can also develop above
the inflating magma system (Bistacchi et al.
2012). Ring dykes, characteristic of many cal-
deras and cauldrons, have classically been
interpreted to have formed during piston-like
roof subsidence (e.g., the classic study of Smith
and Bailey 1968). Recent work has interpreted
some classic ring dykes as inflated sheets (e.g.,
Stevenson et al. 2008) sparking debate about
the origin of some of the classic ring-like fea-
tures surrounding polygenetic volcanic centres
(Emeleus et al. 2012). Given these ring fractures
are now filled by igneous rock, they must have
acted as major magma pathways in initial infla-
tion, and during and after caldera collapse.

Studies of many caldera-forming eruptions
have demonstrated that vents, either central or
fissure, initially existed within the ensuing area
of collapse (e.g., Smith and Houghton 1995;
Bryan et al. 2000), and that the eruptions evolved
to having multiple vents located along the ring
fault system or other collapse-controlling faults
(e.g., Bacon 1983; Druitt and Sparks 1984;
Hildreth and Mahood 1986; Suzuki-Kamata et al.
1993). The arcuate train of post-collapse rhyolite
domes within the Valles Caldera are an example
of continued utilisation of the collapse ring fault
as these rhyolites were erupted over an ~ 1 Myr
interval from immediately following caldera
formation until ~200 ka (Spell and Harrison
1993). The very presence of calderas reflect the
prior existence of a relatively large holding
chamber at shallow depth (<10 km) of sufficient
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magma vol (>5 km3) which, after eruption,
allowed roof failure and collapse.

6 Exposed Shallow Volcanic
Centres and Complexes

In many instances, sub-volcanic centres and
complexes are exposed due to exhumation. These
provide a wonderful opportunity to explore the
relationships within the intrusive system and in
some cases, how they link to surface volcanism.
The classic centres from the British and Irish
Paleogene province (known by many as the
British Tertiary Igneous Province) in Scotland
and Ireland, are one such case where the rocks
provide a window into ‘fossil’ volcanoes (e.g.,
Emeleus and Bell 2005; Jerram et al. 2009a). Two
classic centres, Rum and Skye, provide excellent
insights into magma dynamics and evolution, as
well as the form and complexities of volcanic
centres that once fed volcanoes at the surface.
Figure 5 highlights some of the features preserved
in the Rum intrusion, with a dynamic interpreta-
tion of the magma chamber at the time of forma-
tion (from Goodenough et al. 2008). Everything
from pyroclastic rocks, igneous layering with
repeated geochemical cycles, and jumbled up
intrusive breccias that remobilise existing rigid as
well as ductile layered sequences are testament to
a dynamic and open magma chamber (see Eme-
leus and Troll 2009, and references therein). The
Skye volcanic centre (Fig. 6) has a similar level of
complexity and is interpreted to be a cone-shaped
structure, which was repeatedly in-filled with new
batches of magma, forming complex layering and
compositional types from peridotites to granites.
The intrusion is dissected in such a way that it is
possible to view the side contact of the magma
chamber (Fig. 6¢), which helps to further con-
strain the lower parts of the chamber structure.
Such exposures of the internal structure of these
volcanic centres are thus vital to be able to picture
how they act as plumbing systems to volcanoes. In
more simple closed systems such as the Skaerg-
aard intrusion (e.g., Nielsen 2004), the overall
geometry of the preserved intrusion more closely
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The Rum Volcano
~60 million years ago

Present da
erosion le

Western Layered
Series

Fig. 5 Internal structures and reconstruction of the Rum
volcanic centre (after Goodenough et al. 2008). Evidence
for the open-system nature of the Rum Centre is
preserved in the complex layering structures seen in the
Western, Eastern and Central Layered Series. Repeated

represents that of the original body at depth, and
may provide some idea of the extent of systems
that do not make it to the surface to erupt. In these
cases where the volcanic centres or shallow,
closed magma chambers are very well-con-
strained, the feeding pathways to these ‘igneous
centres’ are somewhat poorly constrained and in
some cases hypothetical.

In other examples, extensive sill complexes
exist such as those found offshore in the North
Atlantic; (e.g., Hansen and Cartwright 2006;
Schofield et al. 2012), the Karoo basin (see Sven-
sen et al., this book), offshore West Africa (Rocchi
et al. 2007) and Antarctica (Jerram et al. 2010).
Many of the sills form classic saucer shapes (see
Polteau et al. 2008), and these saucer shapes have

Central Serie

es and troctolite

Eastern Layered
Series

injections of new magma have resulted in repetitive
cycles of peridotites, gabbros and troctolites, as well as
complex slumps, breccias and cross cutting relationships
in the now exposed core of the magma chamber

been used to help explain their emplacement with
layered sedimentary and volcanic sequences (e.g.,
Goulty and Schofield 2008; Hansen et al. 2011),
and many can be traced for several km’s laterally.
These sill complexes are commonly interlinked
and are sometimes nested directly one on top of
another, with the magma feeding zone being used
repeatedly. Although examples exist where the
sills are intruded before the eruption of the lava
flows, in most of the examples of flood basalt
provinces, significant sill complexes develop after
a thick ‘lid” of lava material has developed. This
can be exidenced by the cross cutting relationships
and absolute dating of the emplacement events. In
some instances saucer-shaped sill complexes can
even be found intruding into the thick flood basalt
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Fig. 7 Schematic representation of how the magma
plumbing system developed in the Dry Valleys, Antarc-
tica, ~ 180 Ma (after Jerram et al. 2005). a Onset of flood
volcanism with the outpouring of the Kirkpatric Basalts.
b Initial sills start to form close to the sediment lava
contact, first with the Fleming Sill then with the Asgard
Sill. ¢ The Peneplain Sill follows and intrudes along the
Kukri Peneplain between the basement and the Beacon

lava sequences themselves (e.g., the Faroe Islands
in the North Atlantic Igneous Province, Hansen
etal. 2011).

Basement Sill
opx Tongue

Supergroup. d Finally, the Basement Sill is intruded into
the basement granites with an irregular contact. During
emplacement of the Basement sill, a magma laced with
orthopyroxene (opx) crystals, from the magma mush
column, invades the base of the plumbing system
producing the opx tongue. e Present-day erosion levels
expose the Basement Sill and Peneplain sill in the Wright
Valley

The example given in Fig. 7 highlights the
evolution of the nested sill complex from the Dry
Valleys, Antarctica (see Jerram et al. 2010, and
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references therein). Here, the sill complex was part
of the plumbing system that fed flood basalts above,
and resulted in a series of large-volume sill bodies
that stepped down through the Karoo sedimentary
sequence and into basement rocks (Fig. 7). Seismic
imaging has been instrumental in helping to map out
the extent of these sill complexes in offshore settings
like the North Atlantic (e.g., Thomson and Scho-
field 2008; Schofield et al. 2012), and is discussed
further below.

7 Innovative Ways to Image
and Understand Magma
Plumbing

It has long been a goal to attempt to image and
map out active and ancient magma systems.
Remote sensing techniques have been applied to
monitor active volcanoes and volcanic settings, to
image where possible, what is happening to
magma in shallow systems in the sub surface.
With modern volcanoes and active volcanic set-
tings, geophysical methods have long been used
to help image the shallow volcanic subsurface
(e.g., Miller and Smith 1999). The magma path-
way can be mapped out by epicentres of shallow
magmatically-induced earthquakes highlighting
the route the magma is taking from depth to the
surface. Very detailed mapping of ground defor-
mation at active volcanic centres is now possible
with very high resolution GPS and ground sur-
veying from satellites that when combined with
subsurface imaging, can be used in turn to build
an understanding of the subsurface structure,
magma pathways and movement (e.g., Sigm-
undsson et al. 2010; Wright et al. 2012a, b).
Physical models are another method to test 3D
geometries and subsurface plumbing structure
(e.g., Galland et al., this book). Additionally,
where good outcrop and erosion permit (e.g.,
Figs. 6 and 7), it is possible to map out and
interrogate the intrusions directly. These data are
vital as it provides case studies to build our
understanding on (e.g., Westerman et al., this
book; Svensen et al., this book; Gudmundsson
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et al., this book). Magma flow directions can be
inferred from the sill structures (e.g., Schofield
et al. 2012) and by using magnetic fabric data
(e.g., Stevenson and Grove, this book). Geo-
chemical fingerprinting can also be used to
determine the relative emplacement of sill-dyke
complexes in eroded sub-volcanic systems (e.g.,
Galerne et al. 2008; Galerne and Neumann, this
book). However, developing a robust 3D picture
of ancient plumbing systems can be more diffi-
cult as when exposed on the surface and are
partly eroded. Examples in the subsurface that
can be remotely imaged can provide a window
into the geometrical relationships and linkages of
the magma pathways to the surface. Addition-
ally, we may be able to use the products from
modern eruptions to interrogate the subsurface,
where they contain information about the magma
migration and evolution through time. These two
areas will be briefly elaborated on below.

7.1 Geophysical Imaging
of Ancient Magma

Plumbing Systems in 3D

One recent innovative way to image and map out
the 3D distribution of sub-surface intrusions has
actually come from data-sets that have been
generated by offshore exploration for oil and gas.
2D and 3D seismic surveys in volcanic rifted
margins are providing increasingly complex data
sets that image the volcanic and intrusive facies
across large areas offshore (e.g., Planke et al.
2000; Cartwright and Hansen, 2006; Jerram et al.
2009a, b; Wright et al. 2012a, b). Where 3D data
are available, volume rendering of the high
amplitude parts of the surveys can often reveal
much detail within the sub-volcanic system at a
scale, which is difficult to appreciate at the out-
crop level. Saucers, lobes/fingers of magma
intrusion can be mapped out invading shallow
sedimentary basins (e.g., Thomson and Schofield
2008; Schofield et al. 2012). The examples in
Fig. 8 highlights high amplitude reflectors in
seismic and how their morphology can be picked
out in 3D (Thomson 2005; Goulty and Schofield
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Fig. 8 Intrusions imaged from seismic images in 3D.
a Volcanic features from seismic highlighted on a 2D
seismic line and on a 3D volume rendering of high
amplitudes (images courtesy of K. Thomson, see also
Thomson 2005). b 2D seismic image and 3D rendered
image, from a 3D data set, highlighting sill and dyke
intrusions in offshore sedimentary units (igneous rocks

2008; Planke et al., this volume). In these cases,
it is intrusion of material into sedimentary basins
that enable their imaging due to the large contrast
between the igneous and sedimentary rocks.
Further examples of the geophysical imaging of
the sub-surface are provided by Planke et al., this
volume.

show up as bright reflectors). The volume-rendered image
of the intrusion network that can be used to show magma
pathways (image courtesy of Schofield, see Goulty and
Schofield 2008). ¢ Three cross-cutting seismic lines
showing high amplitude saucer shaped sills, the surface
of the sills is highlighted in the lower image (see Planke
et al. this book)

7.2 Using Volcanic Products
to Investigate

the Sub-volcanic System

When volcanoes erupt with a crystal payload/
cargo, it is possible to use the crystal population
to help unravel the magma system at depth (e.g.,
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Jerram and Davidson 2007; Cashman and Sparks
2013). As crystals grow, they record the magma
around them, and if residency in magma is long-
lived, periods of growth and recycling of crystals
through different parts of the magma system can
occur, and the resultant crystal population
records those changes (e.g., Jerram and Davidson
2007; Jerram and Martin 2008). The crystal
population can be characterised by examining the
crystal size distribution (CSD) (e.g., Jerram and
Higgins 2007), and variations that the crystal
may have experienced during growth can be
characterized by the geochemistry and textures in
the growth zones. In some instances, the com-
bination of CSD and geochemical analysis can be
used in combination to find out about magma
dynamics (e.g., Turner et al. 2003; Morgan et al.
2007). In a sense, the crystals are used as a fin-
gerprint of the magmatic history and residency in
the shallow sub-volcanic realm. The final crystal
population that is found within the erupted rock
may consist of phenocrysts and microlites (au-
tocrysts) that are directly linked to the erupting
magma, antecrysts which represent recycled
crystals from the plumbing system, and xeno-
crysts which are alien to the magmatic system
incorporated from country rock (Jerram and
Martin 2008 and references therein).

The most recent eruptive cycles in Santorini,
for example, can be used as a simple case study
to highlight the value of interrogating the crystal
population to understand the magma plumbing
system. The post-caldera islands of Palaea and
Nea Kameni, which have been the focus of his-
toric volcanism on Santorini, lie in the centre of
the flooded caldera and represent magmatic
activity that resumed soon after the Minoan
eruption (most recent caldera-forming eruption).
The Nea Kameni edifice broke the surface in 197
BC and subsequently, at least nine subaerial
episodes of volcanic activity have occurred, the
last of which was in AD 1950. The Kameni
islands are formed from dacite lava flows, which
contain abundant magmatic enclaves, interpreted
to be the quenched fragments of replenishing
magmas that periodically triggered eruptive
events (Martin et al. 2006). Each eruptive trig-
gering event occurred only a few weeks to

D.A. Jerram and S.E. Bryan

months before the eruptions themselves (Martin
et al. 2008). The disequilibrium phenocryst
assemblages found in the lavas and the pheno-
cryst-bearing enclaves provide evidence for the
entrainment and recycling of older crystal pop-
ulations into the lavas and enclave magmas.
Martin et al. (2006) showed that by combining
the phenocryst portion of the crystal size distri-
bution CSD (a measure of the crystal population)
with reasonable plagioclase growth rates, the
calculated residence times suggested that recy-
cling from a Minoan, or pre-Minaon source was
feasible.

This crystal recycling was further investigated
using isotopic geochemical fingerprinting of the
crystals within the main volcanic cycles looking
at different magma batches (Martin et al. 2010).
Figure 9 shows the Sr isotopic ratios recorded
from crystal separates and from the background
glass for several of the eruptive events on
Santorini. This highlights a number of different
mixing and mingling episodes occurring between
the different eruptions as recorded in the resultant
eruptive products (Martin et al. 2010), suggesting
a very complex model of mixing and recycling of
crystals throughout the evolution of the Santorini
volcano. Even focusing on a single eruption, e.g.,
the Minoan cycle (Fig. 10a), identifies a complex
picture of magma mixing and mingling with
several identifiable magmatic components resid-
ing within the subvolcanic plumbing system
(Martin et al. 2010).

A similar pattern of crystal recycling exists at
other volcanoes with multiple magma inputs and
complex plumbing systems with depth. Shiv-
eluch volcano in Kamchatka, provides another
case study where the magma plumbing system
can be revealed through its crystal cargo at
eruption (Cashman and Sparks 2013). Carefully
piecing together the different magma inputs, core
and rim differences preserved within antecrysts,
and the different mixtures of crystal species, it is
possible not only to gain insight into the different
contributing components but also some sem-
blance of the depth relationships of these pro-
cesses within the volcano (e.g., Fig. 10b).
Detailed investigations of important minor min-
eral components such as zircons, also display
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from Martin et al. 2010). a Location map of Santorini,
b Stratigraphy of Minoan cycle (terminology and ages
from Druitt et al. 1999), ¢ ®’Sr/*°Sr values for the
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crystal population complexities, which highlights
the importance of recognising this type of pro-
cess (e.g., Charlier et al. 2005), particularly as
these crystals are often used to provide age
constraints on eruptions.

Where volcanic sequences can be very well-
constrained in terms of their spatial and temporal
relationships, then their crystal populations can
potentially provide a valuable link into an under-
standing of the subsurface complexity and evolu-
tion. In some examples such as the Santorini case
study presented above, an increase in crystal
recycling and complexity is observed at a single
volcano, as well as examples which show results

analysis (crystals + glass). It is clear from these data that
the crystal populations and separate melt compositions
record far more detail about the isotope variations in the
system than by using whole rock data alone (see also
Fig. 10a)

where crystal recycling appears to increase over
time at a regional scale (e.g., Bryan et al. 2008;
Ferrari et al. 2013). In other examples, volcanoes
can show a distinct lack of connectivity between
eruptive events, with new influxes of magma and
absence of any large, active reservoirs that would
promote homogenisation (e.g., Hobden et al.
2002). Although the shallow sub-volcanic system
cannot be fully realised in its true extent for many
volcanic centres, such examples of textural and
geochemical analysis of the volcanic products
provide valuable insight on the complexities that
can exist in subvolcanic plumbing systems (Jerram
and Martin 2008).
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8 Closing Remarks

Clearly the styles and types of sub-volcanic
plumbing systems are as wide and varied as the
volcanism that occurs on the planet today and
that which has occurred in the past. It is impor-
tant as you start to explore the following chapters
in this book that complexities exist between
different parts of the sub-volcanic system, some
of which reflect the historical evolution of the
subject, the details available from certain well-
constrained studies (or limitations of information
where subjects are less well-known), and an
ongoing development of types of analysis and
imaging that push further our understanding of
the subject. In this short contribution, we have
touched on some of the key points to consider
when looking at shallow intrusive systems with
the following main points/conclusions:

1. Although major magma systems on Earth at
the first order reflect different styles of magma
generation (subduction zones/complex conti-
nental, rifting zones and plume/hotpsot),
regional to local-scale complexities lead to a
mixed plumbing system that is not dependent
specifically to these volcano-tectonic variants.
Types and styles of volcano (e.g., stratovol-
cano, calderas, shield volcanoes, fissures) can
be found in varied contexts and can be driven
by the subsurface complexities, tectonic
stresses and magma flux.

2. It may not be exactly clear how to define
shallow versus deep magma systems,
depending on how complex and linked they
may be. As an example, it is wise to consider
a fairly deep seated system for kimberlite
volcanoes but a very shallow system in rifted
zones. In other examples, very large-volume
single eruption events, such as the high-Ti
silicic eruptions in the Parand-Etendeka, are
thought to be deep as there are a lack of
collapse calderas for these suggesting holding
chambers may have been deeper.

3. Large igneous provinces display many vol-
canic types and plumbing architectures
encompassing almost all possible types of
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intrusion, from complex forms in volcanic
centres, plugs, laccoliths/lopoliths, through
dyke swarms, to nested sill complexes.

. In predominantly rifted settings, the magma

flux through the system has a marked effect
on how complex the plumbing system is.

. Polygenetic volcanoes represent centralised

venting of magma over time scales of 10°~10’
years, and can develop complex crystal mush
pathways to the surface from significant depths
in the crust. At shallow levels, intrusion geom-
etries and plumbing are dictated by more local-
ised stresses, and reflect inflation, migration and
collapse features close to the volcano surface.

. The complexities associated with modern

volcanic systems and many eroded examples,
allow an investigation of magmatism in the
upper few 10s of km of the system, but to
fully unravel this complexity also requires
knowledge and appreciation of the deeper
settings and primary magma source regions
that can often be lacking.

Large-scale magma plumbing networks have
been imaged using seismic along volcanic
rifted margins as demonstrated by recent 3D
seismic exploration data sets, and provide an
exciting new methodology in constraining
internal complexity and linkages within large-
scale plumbing systems.

. A number of remote sensing techniques are

being deployed on active volcanoes to shed
light on the very shallow components of the
magma system, and revealing magma move-
ment and storage by seismic, GPS and using
satellite interferometry.

. Where well-constrained volcanic products are

found on the surface, and particularly where
they contain crystal populations, it is becom-
ing increasingly clear that the crystals them-
selves can be interrogated as a proxy for the
magma system at depth. Crystal zoning pro-
files record changes in the magma system as
the crystals grew and this can be a powerful
way of fingerprinting key isotopic changes
related to contamination, magma mixing and
crystal recycling, storage depths and rates of
transfer within the shallow magma system.
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Abstract

One way to frame the debate about the relationships between volcanic and
plutonic rocks is this: are plutons samples of magma that passed through
the crust, or residues left behind by extraction of erupted liquids? In the
former case plutons are compositionally equivalent to cogenetic volcanic
rocks, barring biases introduced by passing through the crustal filter; in the
latter they are cumulates, having lost liquid to eruption. These hypotheses
make specific predictions about trace-element variations, which we test
using global geochemical databases for circum-Pacific convergent mar-
gins and western North America. Volcanic rocks are far more abundant in
these datasets than plutonic rocks and are biased to more mafic
compositions. After subsampling the volcanic dataset to match the
plutonic dataset, we find little evidence for significant loss of liquid from
plutons. Rather, plutonic and volcanic trace-element patterns are generally
indistinguishable. Where distinctions do occur, they are backwards; for
example, a higher proportion of plutonic rocks has low Eu, Zr, and Ba,
features of fractionated liquids, than volcanic rocks. These observations
support the hypothesis that liquids fractionated from crystal-rich magmas
are of small volume and are relatively immobile (e.g., aplites). These
conclusions, derived from bulk-rock geochemistry, are supported by U-Pb
zircon geochronology and field and textural observation. These data
support the view that plutonic rocks are texturally modified samples of the
same magmas that erupt. Partial melting provides an alternative to crystal
fractionation for the origin of high-silica volcanic rocks.
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1 Introduction
1.1 The Uncertain Relationships
Between Volcanic

and Plutonic Rocks

A connection between volcanic and plutonic
rocks has been implicit since the plutonic origin
of granite was established in the 1700s by James
Hutton and others. Lyell (1838) showed dikes
from a composite batholith feeding a volcano in
the frontispiece of his groundbreaking Elements
of Geology (Fig. 1). Although he finessed the
compositional relationship between the erupted
rocks and those left behind, this concept has
guided thought in the intervening time, having
been reproduced in one form or another in
myriad textbooks and papers.

The classic balloon-and-soda straw view of
magma chambers and volcanoes (e.g., Daly
1933, p. 361) implies a direct connection
between km-scale magma bodies and the surface.
This appealingly simple concept has been

criticized on numerous grounds (Yoder 1976),
yet persists (Paterson and Vernon 1995; Tarbuck
and Lutgens 2008). There are multiple reasons
(Glazner et al. 2004) to question the widespread
existence of voluminous, largely molten magma
chambers such as those envisaged in textbooks.
These include:

e lack of geophysical evidence for large
liquid-dominated magma bodies

e mechanical problems with rapid assembly of
such bodies

e short thermal lifetimes of such systems

e field evidence for incremental emplacement

e geochronological evidence for long pluton
lifetimes

Of these, zircon geochronological data are
probably the most compelling. Diverse datasets
indicate assembly of many superficially homo-
geneous plutons over timescales measured in
millions of years (Coleman et al. 2004; Matzel
et al. 2006; Davis et al. 2012; Lackey et al. 2012;
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Fig. 1 Cross-section from Lyell (1838) showing “Ideal
section of part of the Earth’s crust explaining the theory of
the contemporaneous origin of the four great classes of

rocks.” Crosscutting plutons in a batholith (D, shades of
red) are shown feeding an erupting volcano and associ-
ated volcanic rocks (B, shades of blue)
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Mills and Coleman 2013; Frazer et al. 2014). The
geochronologic data require that the plutons were
assembled incrementally; but more significantly,
they provide input for thermal models of sub-
volcanic magma reservoirs. These models con-
sistently show that the flux of magmas into
plutonic environments should result in accumu-
lation of melt-poor magma chambers (Annen
2009; Schopa and Annen 2013) as are imaged
under active volcanic regions (Farrell et al.
2014). Multi-millions of years timescales match
the lifetimes of many volcanic systems in regions
where erosion is slow enough that volcanic
products are not rapidly erased (Kay et al. 2008;
Klemetti and Grunder 2008).

Volcanic rocks are erupted onto the Earth’s
surface where their eruptive processes can be
observed, their behavior quantified, their prod-
ucts measured and analyzed, and their surface
expression duplicated by experiments (Hall
1805; Lofgren 1980; Kouchi and Sunagawa
1983; Alidibirov and Dingwell 1996; Edwards
et al. 2013). Timescales of most volcanic pro-
cesses are measured on human timescales of
seconds to decades. For these reasons, the pro-
cesses that produce lavas, pyroclastic rocks, and
volcanic gases are reasonably well understood.

Plutonic rocks, in contrast, are emplaced far
from direct observation. Although the tempera-
tures and pressures inferred for plutonic processes
in the crust are easily accessible to experimental
petrologists, the timescales are not. Geochrono-
logic data indicate that plutonic rocks may cool
from emplacement temperatures to biotite Ar
closure (£300 °C) over millions of years, spend-
ing lengthy intervals at conditions corresponding
to greenschist and amphibolite-facies metamor-
phism (Evernden and Kistler 1970; Renne et al.
1993; Ortega-Rivera et al. 1997; Bartley et al.
2008; Davis et al. 2012). For these reasons, the
processes that produce plutonic rocks are much
less well understood.

Part of this uncertainty arises from a lack of
clarity about what constitutes a “pluton.” Plutons
are mostly defined based on field criteria, as
mappable bodies of phaneritic, medium- to
coarse-grained rock around which one can draw
a contact. Although most geologists would
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probably echo Justice Potter Stewart of the U.S.
Supreme Court, who in 1964 famously said, “I
know it when I see it,”" a pluton can be just about
anything the mapper wants it to be, as long as it
contains plutonic rocks and forms a mappable
unit. The remarkable diversity of plutons in
classic localities such as Donegal (Pitcher and
Berger 1972) and California (Larsen 1948; Ross
1969; Bateman 1992) demonstrates how flexible
the concept of “pluton” is.

1.2 What Is a Pluton?

A fundamental question about the
volcanic-plutonic connection can be stated as: are
plutons samples of magma that passed through
the crust, or cumulate material left behind after
extraction of liquid? Smith (1960) laid out many
important questions in a prescient review of
pyroclastic flow deposits. He inferred that volu-
minous pyroclastic rocks are probably underlain
by greater volumes of unerupted magma that
froze as large plutons, and asked whether rhyo-
lites are erupted from magma of the same com-
position or from the liquid part of granodiorite
magma—presumably leaving behind a crystal
mush that would crystallize as a pluton.

The pluton-as-sample viewpoint holds that
plutons are magmas that froze in place during
passage through the crust rather than erupting,
and thus that there are no significant differences
in bulk chemical evolution between volcanic and
plutonic rocks. The pluton-as-cumulate view-
point holds that many plutons are chemical
remainders left behind as liquid-rich fractions
escaped and erupted; this implies fundamentally
different chemical evolution between volcanic
and plutonic rocks in systems that have under-
gone such differentiation.

!Justice Stewart was referring to obscenity, not plutons.
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1.3 Historical Views
of the Volcanic-Plutonic
Connection

Following Lyell, Darwin (1844, pp. 117-124)
proposed that settling of denser minerals could
produce trachyte from basalt and thus explain
volcanic successions seen in places such as
Tenerife. Darwin is generally credited with pop-
ularizing crystal fractionation as a petrogenetic
process. His views on the volcanic-plutonic con-
nection, however, have not weathered as well; he
proposed that granitic plutons have been bled of
basaltic liquid that drained into “unseen abysses”,
later to reinject the granites and erupt (Darwin
1844, p. 124). This proposal is at odds with his
hypothesis of mafic mineral fractionation.

Advances in experimental petrology and
physical chemistry led Bowen (1915) to propose
that differentiation from a basaltic parent to
granite and rhyolite is the dominant process
producing the diversity of igneous rocks. Studies
in the system albite-orthoclase-SiO,-H,O by
Tuttle and Bowen (1958) led to the general
acceptance of an igneous origin for granite and
rhyolite controlled by mineral-melt equilibrium.

Field studies in the first half of the last century
clearly implied strong connections between vol-
canic and plutonic rocks for shallowly emplaced
plutons. Buddington (1959) inferred that magma
bodies, some quite large, probably underlie
active silicic systems such as Taupo and Toba.
Daly (1917, 1928) suggested that granite sheets
in mafic sills form via separation of residual
liquid. With analogy, Hamilton (1959) proposed
that extensive rhyolites of the Yellowstone
region may be the extrusive upper crust of a
lopolith that is roofed by its own differentiates—
an extrusive lopolith. Hamilton’s proposal
explicitly tied high-silica rhyolite to plutonic
remains.

It has long been known that at the Earth’s
surface, mafic rocks predominate among vol-
canic rocks and silicic among plutonic rocks
(Daly 1914, pp. 44-45). Kennedy and Anderson
(1938) and Read (1948) used such observations
to argue that volcanic and plutonic rock associ-
ations are of fundamentally different origin. In
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contrast, Harris et al. (1970) contended that this
difference owes its origin to the tendency of
water-saturated high-silica magmas to intersect
the solidus upon ascent.

Hamilton and Myers (1967) noted that
Mesozoic strata of the western North American
continental interior apparently contain >1 mil-
lion km® of altered volcanic ash. Given prevail-
ing winds, this ash was likely provided by the
Cordilleran magmatism to the west. They infer-
red that the magma bodies that produced these
copious ashes are now exposed as Cordilleran
plutons.

At the Pleistocene Long Valley caldera in
California, Bailey et al. (1976) proposed that the
decrease in silica seen in silicic rocks erupted
over the ~2 Ma lifetime of the system resulted
from progressively deeper tapping of a large
magma body that was zoned from 77 wt% SiO,
at the top to 64 wt% SiO, at depth. They pro-
posed that ongoing cooling of this system is
producing a pluton zoned from granite at the top
to granodiorite at depth. In their hypothesis
compositional diversity in the erupted rocks
mimics that in the magma, rather than being
produced by separation of liquid from a plutonic
residue.

Hildreth (1981) reviewed the many processes
that can produce compositional diversity in silicic
magmatic systems. He argued that eruption of
magma bodies that eventually crystallize as plu-
tons is common, but that the erupted products are,
in many environments, rapidly removed by ero-
sion or carried far distances as ash, leading to
severe underestimation of their relative volume.
He noted that although compositional gradients
are evident in both volcanic and plutonic systems,
they may be produced by different mechanisms.
Lipman (1984, 2007) reiterated the strong field
connection between roughly coeval plutonic and
volcanic rocks in caldera complexes.

Most recently, the recognition that plutonic
magma systems have thermal lifetimes spanning
millions of years led Lundstrom (2009) to pro-
pose formation of granites and chemical gradients
in magma systems via thermal migration zone
refining of parental andesitic magma. Experi-
mental work demonstrates that maintaining a
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thermal gradient across a hydrous andesite charge
can produce a solid of granitic composition at the
cold end of the charge (Huang et al. 2009). Fur-
thermore, this mechanism predicts stable isotope
correlations with bulk rock chemistry that are
now recognized in both plutonic and volcanic
rocks (Lundstrom et al. 2013; Zambardi et al.
2014).

In the past decade however, most studies
invoke the dominant paradigm, appealing to
separation of liquids from crystalline remainders
(the mush model) to produce rhyolite (Bachmann
and Bergantz 2004; Hildreth 2004; Eichelberger
et al. 2006), a mechanism that goes back a century
or more to those cited above. This hypothesis
specifically links rhyolite to coeval granodiorite
plutons, consistent with the field-based studies
summarized by Lipman (1984), and makes
specific predictions about the geochemical and
geochronological connections between related
volcanic and plutonic rocks.

1.4 Relevant Data

The strong field basis of geology means that
observation is commonly given precedence over
geochemical data, modeling, and other forms of
analysis. Although this is generally a good idea,
field data can be highly misleading; whereas
rapidly quenched volcanic rocks provide unam-
biguous evidence about what crystals were pre-
sent in a magma just before eruption, plutonic
rocks provide a murkier history due to recrys-
tallization and coarsening that occurs during
prolonged cooling (Bartley et al. 2008).

For example, interpretation of crystal size in
rapidly cooled volcanic rocks is unambiguous
but can be problematic in plutonic rocks. Crystal
size has long been correlated to cooling rate;
Pirsson (1909, p. 151) stated that large crystals
are favored by slow cooling, which produces few
nuclei, allowing the crystals that do form to grow
to larger size, and slow annealing also coarsens
crystals by redistributing mass from smaller
crystals to larger ones, eventually destroying the
smaller ones (Marsh 1988; Boudreau 2011).
Coarsening processes that occur during the
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potentially million-year cooling times of plutonic
rocks can greatly complicate interpretation of, for
example, K-feldspar megacrysts in granites
(Higgins 1999; Johnson and Glazner 2010).

In this paper we give an overview of the
volcanic-plutonic connection, using field, geo-
chemical, and geochronological data, and make
specific tests of the mush model. This analysis is
primarily concerned with subduction-related,
I-type rocks; silicic magmas produced by partial
melting of metasedimentary rocks are not
discussed.

2 Methods

Datasets discussed below were extracted from
NAVDAT (www.navdat.org) and GEOROC
(www.georoc.mpch-mainz.gwdg.de/georoc); both
are available through EarthChem (www.
earthchem.org). NAVDAT data are from pre-
dominantly Cenozoic and Mesozoic rocks from
western North America and thus encompass
samples influenced by a number of tectonic set-
tings, including subduction, post-subduction
extension, and hot-spot. GEOROC data are from
precompiled datasets for circum-Pacific conti-
nental arcs (Aleutian, Andean, Cascades, Central
American, Honshu, Kamchatka, Mexican, and
New Zealand). Datasets, extracted in January
2015, were cleaned by rejecting samples with SiO,
<40 or >80 wt% or listed as having moderate or
severe alteration. For trace element comparisons
the convergent margin dataset was further
screened by eliminating any samples that lack any
major elements or Rb, Sr, or Ba. REE data were
further screened by rejecting any chondrite-
normalized patterns that pointed to troubled anal-
yses, such as spiky patterns or patterns with large
gaps from lack of data.

The large numbers of samples available for
comparison make standard scatterplots difficult
to interpret because a large number of points
overlap (e.g., Gelman et al. 2014), thus empha-
sizing outliers and masking concentrations of
data. To ameliorate this we constructed
2-dimensional histograms, using the procedure of
Eilers and Goeman (2004) as implemented by
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Perkins (2006). As with more conventional his-
tograms, binning involves a certain amount of
subjectivity; we used 700 bins in each dimen-
sion. The histogram surfaces are constructed
such that the volume under them is unity, and
colors give the relative height of the surface.

3 The Sampling Problem

Compositional and age patterns in geochemical
databases reveal differences between plutonic
and volcanic rocks, but these are confounded by
sampling issues. For example, volcanic rocks
predominate among younger rocks and plutonic
among older, and geochemical databases are
generally heavily weighted toward volcanic
rocks (Fig. 2). The age bias is clearly because
plutons are emplaced at depth and only exposed

once overlying rocks (including cogenetic vol-
canic rocks) have been largely stripped away by
erosion or tectonic unroofing. Thus, in many
regions one must compare volcanic rocks of a
given age with older plutonic rocks; alterna-
tively, differing depths of erosion might leave
volcanic rocks preserved along strike of coeval
plutons. In a small number of areas, volcanic and
plutonic rocks from the same or closely related
systems are exposed due to faulting and erosion
(see below).

A similar bias is evident in silica contents;
exposed plutonic rocks on the continents are on
average more silicic than volcanic rocks. Figure 3
shows silica histograms for the NAVDAT and
convergent margin datasets. Plutonic rocks from
both datasets show unimodal distributions that are
skewed toward high-silica compositions, with a
dominant mode around 70 wt% SiO, and a
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Fig. 2 Age distributions for plutonic and volcanic rocks
in western North America for the past 150 million years,
taken from NAVDAT. Volcanic rocks predominate
among younger rocks and are rare among older (Meso-
zoic) rocks. Many of the listed ages are estimated based

on correlation rather than geochronologic age determina-
tions. Note logarithmic scale on ordinate. Volcanic
subpeak near 15 millions of years is caused by the
Columbia River basalt event, which is well represented in
the dataset
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Fig. 3 Histograms comparing SiO, distributions of
volcanic and plutonic rocks from western North America
and from circum-Pacific subduction zones. NAVDAT

secondary shoulder at 50-55 wt% SiO,. Volcanic
rocks from both datasets are more bimodal, with a
primary mode at 50-55 wt% SiO; and a secondary
mode at 70-75 wt% SiO,. For both datasets the
silica distribution of volcanic and plutonic rocks is
roughly a mirror image of the other. This com-
positional difference has been attributed to the
tendency of water-saturated silicic magmas to
freeze upon ascent (Harris et al. 1970).

The much greater abundance of volcanic
rocks in databases complicates analysis of com-
positional patterns because element-element
plots and compositional statistics are dominated
by volcanic rocks. In order to lessen this effect
we have subsampled the volcanic convergent-
margin dataset in SiO, bins. For each 5 wt%
bracket in SiO, (e.g., 50-55), a random sample

data are for all samples for which SiO, is reported.
NAVDAT volcanic peak at 54 wt% is from the Columbia
River basalts

of volcanic rocks equal to the number of plutonic
rocks in that bracket was chosen. This procedure
yields volcanic subsets with a silica distribution
like that of the plutonic dataset. For most ele-
ments the patterns are highly consistent across
repetitive resamplings.

4 Compositional Comparison

of Volcanic and Plutonic Rocks
4.1 Introduction
Compositional similarities between volcanic and
plutonic rocks have long been used as evidence

for derivation from a common magma (e.g.,
Buddington 1959; Branch 1967). For example, in
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a steeply tilted Miocene magmatic section in
Arizona, Faulds et al. (1995) used similarities
in trace-element composition to argue for
derivation of volcanic and plutonic rocks from
the same source. In the following sections we
examine global, regional, and local geochemical
comparisons.

4.2 Global Comparison
for Convergent Margins

If typical granodiorite plutons are material left
behind by extraction of rhyolite liquid (Smith
1960; Lipman 1984; Bachmann and Bergantz
2004), then the extracted rhyolites and residual
plutons should show complementary geochemi-
cal relationships (Buma et al. 1971; Hanson
1978). We compare volcanic and plutonic rocks
from the convergent margin datasets described
above to test the hypothesis of Bachmann and
Bergantz (2004) that many rhyolites are derived
from intermediate magmas when the fraction of
liquid (F) is ~0.5, leaving behind batholith-scale
granodioritic plutons. In the discussion below we
assume that the parent magma for this process is
a dacite with ~65 wt% SiO,.

The extensive geochemical datasets for the
Fish Canyon Tuff of Colorado provide a natural
example against which this hypothesis can be
tested. The Pagosa Peak Dacite phase of the Fish
Canyon eruptive sequence (Bachmann et al.
2000) contains ~45 vol.% crystals dominated by
plagioclase (60 vol.% of the crystals), sanidine
(14 %), hornblende (9 %), biotite (8 %), quartz
(7 %), and minor titanite (1.6 %) and opaque
minerals (1 %). The composition and mineral
assemblage of the tuff provide a good match for
typical granodiorites of the Sierra Nevada of
California, including the Half Dome and Cathe-
dral Peak Granodiorites (Bateman and Chappell
1979), and the tuff provides a model for what
those magmas might have looked like at 50 %
crystallization.

Analyses of whole-rock samples and individual
phases for major and trace elements (Bachmann
et al. 2002, 2005) allow the composition of the
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bulk crystalline assemblage to be determined
by mass balance. In the discussion that follows,
this composition was calculated assuming that
the crystalline assemblage made up 50 wt% of the
magma. Thus, the crystalline assemblage (black
diamonds on Fig. 4) was calculated such that a
50:50 weight mixture of it and the analyzed glass
(white diamonds) produces the whole-rock
composition.

Figure 4 compares the convergent-margin
plutonic dataset with subsamples of the corre-
sponding volcanic dataset for selected elements.
These plots demonstrate that: (1) the patterns for
plutonic and volcanic rocks are quite similar,
including for those elements not displayed, after
the first-order bias in silica is removed; (2) where
the patterns differ, the differences are commonly
opposite those expected from crystal-liquid sep-
aration—for example, the tail toward extremely
low Ba concentrations that should be present in
high-silica volcanic rocks is absent, but it is
obvious in the data for plutonic rocks; and
(3) predicted elemental enrichments in purported
cumulates are effectively absent.

Plagioclase is a liquidus or near-liquidus
phase at crustal pressures for water-saturated
dacitic magmas even though water suppresses
the appearance of plagioclase relative to ferro-
magnesian minerals (e.g., Piwinskii 1968;
Rutherford et al. 1985; Whitney 1988; Scaillet
and Evans 1999; Holtz et al. 2005). Although
plagioclase comes in at temperatures well below
the liquidus in the Fish Canyon Tuff (Johnson
and Rutherford 1989), mass balance and its
abundance in the tuff indicates that it is still a
dominant phase. Therefore, liquids separated
from a plagioclase-rich mush should have Eu and
Sr depletions relative to the starting magma. If
significant K-feldspar or biotite is in the crys-
tallizing assemblage, then liquids will be deple-
ted in Ba as well. These depletions are indeed
seen in Fish Canyon glass (Fig. 4). Comple-
mentary plutons will be enriched in these ele-
ments and in elements found in minor phases
such as titanite or apatite that sequester minor
and trace elements, as shown by the calculated
Fish Canyon crystalline assemblage.
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Fig. 4 Comparisons of plutonic and volcanic rock
compositions from convergent margins, showing strong
similarities after differences in silica distribution are
removed. Each pair compares the full plutonic dataset
with a subsample of the volcanic dataset (see Sect. 3 for
subsampling procedure). For Sr and Ba, calculated
cumulate compositions are shown for extraction of
0-50 wt% rhyolite (74 wt% SiO,) from Pagosa Peak
Dacite, using crystal proportions from the dacite and
distribution coefficients as specified in Glazner et al.
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(2008); bulk distribution coefficients so calculated are
10.4 (Sr) and 4.6 (Ba). Both fractional (green) and batch
(yellow) models are shown. Color bar gives relative
height of histogram surface (see Methods); volume under
each surface is unity. Eu* is defined as Eu, //Sm, - Gd,,,
where subscripts define chondrite normalization (McDo-
nough and Sun 1995). Diamonds show whole-rock
(gray), glass (white), and calculated bulk crystal (black)
composition for the Fish Canyon Tuff; see Sect. 4.2 for
data sources and calculation procedure
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Fig. 4 (continued)

Distribution coefficients for Sr in rhyolite
liquid are >10 for plagioclase and 5-10 for
K-feldspar (Mahood and Hildreth 1983; Nash
and Crecraft 1985; Streck and Grunder 1997;
Bachmann et al. 2005), and thus for F = 0.5 the
concentration of Sr in the bulk crystals should be
roughly twice that in the starting magma for
either fractional or batch fractionation. The Fish

Canyon Tuff crystalline assemblage is enriched
over whole-rock concentrations by 80 and 60 %,
respectively (Fig. 4).

Patterns showing the predicted Sr and Ba
enrichment are lacking in the convergent-margin
plutonic dataset. The cumulate hypothesis predicts
that plutonic rocks should be enriched in Sr and Ba
along a path extending to lower SiO, from the
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starting composition; Fig. 4 shows calculated
enrichments for extraction of 0-50 wt% rhyolite
(74 wt% SiO,) from Pagosa Peak Dacite.

A curious feature of the plots in Fig. 4 is that
some elements show trends in the plutonic
dataset that are predicted for the mush extraction
model, but do not show those trends in the cor-
responding volcanic dataset. For example, Zr and
P,Os display boomerang-shaped patterns that
could be interpreted as a liquid line of descent
showing saturation in zircon and apatite at
~60 wt% SiO; (e.g., Evans and Hanson 1993).
However, corresponding volcanic rocks do not
show these patterns. In plutonic rocks, Ba and Eu
show tails that drop to near zero at high-SiO,, but
volcanic rocks do not; similarly, rocks with deep
negative Eu anomalies and high Rb/Sr are rela-
tively more abundant among the plutonic rocks.
All these features are opposite those predicted by

8040 50 60 70 80

SiO, (wt.%)

the cumulate hypothesis and shown by compo-
nents of the Fish Canyon Tuff.

Rare earth element (REE) patterns for inter-
mediate rocks from the two groups are summa-
rized in Fig. 5. We use median values to
characterize the patterns due to the presence of a
small number of samples with high REE contents
(e.g., Parker et al. 2010) that greatly skew mean
values. The groups show comparable patterns,
with median La ~ 80 times chondrite, Lu ~ 10
times chondrite, and flat patterns from Dy to Lu.
Both groups show modest negative Eu anoma-
lies, with Eu/Eu* for the plutonic group smaller
than that for the volcanic group. As with Ba, Zr,
and other elements, this difference is opposite
that expected from separation of liquid from
plagioclase-bearing crystalline remainders.

Data summarized in Figs. 4 and 5 provide a
test of the hypothesis that rhyolites are derived



72

A.F. Glazner et al.

plutonic

volcanic

100

crystals

10F

sample/chondrite

Ce Nd Eu

n =311
Eu/Eu* = 0.83

Tb Ho Tm Lu

n=5117
Eu/Eu* = 0.91

whole rock

glass
Ce Nd Eu Tb Ho Tm Lu

La Pr Sm Gd Dy Er

Fig. 5 Box-and-whisker plots summarizing REE data
from convergent margins for 311 plutonic and 5117
volcanic rocks with 55-65 wt% SiO,. Boxes encompass
quartiles, median is shown with a horizontal line, and
whiskers extends to 95th and 5th percentiles. Although
the patterns show great similarity, Eu/Eu* is slightly
lower for the plutonic group, opposite the difference

Yb
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expected if a significant fraction of the plutons are
cumulates; this difference passes the rank sum signif-
icance test (p < 107°). Patterns for Fish Canyon Tuff
whole rock, glass, and calculated crystals are shown by
solid lines. Note that displaying the data as
box-and-whisker plots obviates the need to subsample
the volcanic dataset
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Fig. 6 Sr versus SiO, for a Cenozoic rocks from the
Andes, b Cenozoic rocks from the Cascades, ¢ Mt.
Rainier volcanic field and Tatoosh plutonic complex,
Washington, and d Nohi Rhyolite and related granitoids,
Japan. In none of these successively more localized
datasets is there a significant Sr enrichment in plutonic
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rocks, as predicted by the mush hypothesis. In ¢ most of
the plutonic rocks are richer in SiO, than the volcanic
rocks, precluding a simple fractional crystallization rela-
tionship. Other elements (e.g., Ba) as discussed above
also lack differences. Data from EarthChem, du Bray et al.
(2011), and Sonehara and Harayama (2007)
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by separation of liquid from plutonic residuum at
shallow levels (Bachmann and Bergantz 2004).
These data contradict the hypothesis; there are
either no significant differences between the
plutonic and volcanic groups, or such differences
are opposite those predicted.

4.3 Regional and Local Tests

Global comparisons such as those in Figs. 4 and
5 run the risk of missing fundamental differences
due to mixing of different tectonic settings and
lithosphere types (Bachmann and Bergantz
2008), although selecting only data from con-
vergent margins mitigates this somewhat. In
Fig. 6 we compare Sr concentrations in Cenozoic
rocks from the Andes, Cenozoic rocks from the
Cascades, Miocene-Recent rocks from the Mt.
Rainier, Washington area, and a Cretaceous
rhyolite-granitoid association in Japan. Although
the number of samples in these datasets becomes
progressively more limited as the areal scope is
focused down, in none are significant differences
evident for Sr or other elements that are predicted
to diverge due to crystal-liquid separation.

Gelman et al. (2014) used AFC modeling
(DePaolo 1981) to argue that cumulate enrich-
ments in Sr are seen in both a particular plutonic
case and in the entire NAVDAT dataset for
western North America. Given the large number
of free parameters in their modeling and
factor-of-five scatter in the data being fit (Bachl
et al. 2001), such modeling is not compelling.
Lee and Morton (2015) examined geochemical
data from the Peninsular Ranges batholith and
found only scant evidence of silicic cumulates in
the batholith. The inability to find the predicted
cumulate geochemical signatures for any ele-
ments (and in fact the tendency for data to predict
the opposite), as seen in Figs. 4, 5, and 6, argues
strongly against the hypothesis that typical
granite and granodiorite plutons have lost sig-
nificant liquid. Hypotheses that consistently fail
clear tests should be abandoned, and the concept
of plutons as “crystal graveyards” (Gelman et al.
2014) ought to be buried by the weight of con-
tradictory data.
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4.4 The Titanite Problem

Eichelberger et al. (2006) proposed a novel
connection between rhyolite eruptions and crys-
tallizing magma bodies. They hypothesized that
rhyolites can be extracted directly from granitic
mushes via pervasive fractures, rather than being
stored in magma chambers prior to eruption, and
that aplite dikes in plutons are residual magma that
failed to escape. Most aplite dikes do have rhy-
olitic major-element compositions, but Glazner
et al. (2008) showed that aplite dikes from the
Sierra Nevada batholith in California, and many
others worldwide, have trace-element signatures
unlike virtually all rhyolites in the EarthChem
database. In particular, these aplites have highly
depleted middle REE and low Y, consistent
with separation from titanite-bearing crystalline
material.

Fish Canyon Tuff glass shows this same
scoop-shaped pattern and Y depletion (Figs. 4, 5
and 7), consistent with its titanite-bearing crystal
assemblage. In sharp contrast, rhyolites from
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Fig. 7 REE patterns for 118 Cenozoic rhyolites from
Colorado and New Mexico (green) plotted with 3 Fish
Canyon Tuff glasses (purple) from Bachmann et al.
(2005). The remarkable contrast in trace-element patterns
indicates that if any rhyolitic liquids like the Fish Canyon
glass separated from their coexisting crystals, they did not
erupt; see Streck (2014) for more data and a similar
analysis. Rhyolite data (volcanic rocks with 74-78 wt%
Si0,) extracted from NAVDAT
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Cenozoic volcanic fields in Colorado and New
Mexico that surround the Fish Canyon Tuff show
“seagull” patterns, with elevated REE and deep
negative Eu anomalies (Fig. 7). This indicates
that Fish Canyon-type liquid did not erupt to
form any of those rhyolites. Streck (2014) came
to similar conclusions.

One way to avoid the titanite imprint on rhy-
olite liquid trace element patterns would be if
such liquids separate from their sources before
titanite begins crystallization (Glazner et al. 2008;
Colombini et al. 2011). However, titanite is not
uncommon in dacites and rhyolites in western
North America and the Andes, areas where
voluminous high-silica rhyolites are abundant
(Ewart 1979; Thompson et al. 1986; Best et al.
1989; Warren et al. 1989; Nakada 1991; Wark
1991; de Silva et al. 1994; Chambefort et al.
2008). This suggests that Fish Canyon-type
magmas, with both titanite and a relatively large
liquid fraction, are not uncommon.

Taylor et al. (1968) and Coleman et al. (2012)
found similar systematic trace-element differ-
ences between leucogranites and rhyolites. For
rocks from Australia and New Zealand, Taylor
et al. (1968) noted that the leucogranite compo-
sitions are consistent with fractional crystalliza-
tion but that the rhyolites are not but could have
been produced by partial melting. Coleman et al.
(2012) suggested that crystal-liquid separation in
a granodiorite magma did occur to form the
leucogranites, but that the liquids were low-
volume and did not entirely escape the crystal
mush from which they were separated. This
hypothesis accounts for both the occurrence of
plutonic rocks with geochemical signatures pre-
dicted for fractionated liquids and the absence of
such liquids in volcanic rocks.

5 Geochronology

5.1 Magma Flux

Hypotheses for the connection between
large-volume ignimbrites and shallow plutons
generally make specific predictions about the
relative ages of erupted and non-erupted volumes.
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We argue that the data consistently fail to support
a connection between many ignimbrites and
similar-age plutons. Here we make a distinction
between large-volume (i.e., >500 km?) eruptions
and smaller volume eruptions, because there are
clear differences in the age systematics between
large- and small-volume eruptive systems (Mills
and Coleman 2013; Frazer et al. 2014; Caricchi
et al. 2014b). Whereas a direct connection
between small-volume systems and shallow plu-
tonic rocks is supported by geochronologic data,
a connection between large-volume eruptions and
large volume plutons is tenuous and has yet to be
supported by any high-precision geochronologic
data.

The distinction between small- and large-
volume systems is evident on plots comparing
magma fluxes of volcanic and plutonic systems
estimated from U/Pb zircon geochronologic data
and geologic mapping (Fig. 8). Below
~500 km® both volcanic and plutonic rocks
suggest fluxes <0.005 km*/a. For total volumes
above 500 km®, there is a distinct divergence in
flux estimates for volcanic and plutonic systems;
the estimated flux for volcanic rocks increases
steadily to values >0.01 km3/a, whereas the flux
for large plutons remains essentially constant.

0.1 _. ignimbrites

O plutonic rocks )

0.01+

0.001

magma flux (km®/a)

0.0001

0.00001

T T
10 100 1000
volume (km?3)

10000

Fig. 8 Compilation, modified from Mills and Coleman
(2013) and Frazer et al. (2014), of magma volume and
flux estimates for intermediate and felsic plutons and ig-
nimbrites. Ellipses labeled “plutons”, “large eruptions”
and “porphyries” are derived from zircon growth model-
ing results (Caricchi et al. 2014b). Note the divergence of
plutonic and ignimbrite systems for large-volume systems
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These data are consistent with thermal models
(Annen 2009; Gelman et al. 2013) that show a
flux of >0.005 km?/a (5000 km*/million years) as
something of a tipping point for accumulating
enough magma to generate a large-volume
eruption, and are consistent with the rock
record. When magmas accumulate in the shallow
crust at fluxes greater than 0.005 km’/a, they
erupt as rare, catastrophic events (Caricchi et al.
2014a). At lower fluxes they are trapped in the
crust, forming plutons and producing smaller
volcanic eruptions. If the flux is sustained for
long enough times (millions of years), large
volume plutons may be constructed.

The disconnect between large-volume plutons
and erupted rocks is also evident when examining
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the zircon systematics of the two (Fig. 9). Zircon
U/Pb geochronologic data for plutons with vol-
ume estimates greater than 1000 km® span many
Ma, including for example, the Tuolumne, John
Muir, Mount Whitney and Mount Givens suites
of the Sierra Nevada batholith in California
(Coleman et al. 2004; Davis et al. 2012; Frazer
et al. 2014) and the Mount Stuart batholith of the
Cascades (Matzel et al. 2006). In sharp contrast,
detailed studies of the U/Pb zircon systematics of
the Fish Canyon (~ 5000 km?; Lipman 2000) and
Bishop (~700 km?; Hildreth 1979) Tuffs reveal
extremely narrow periods of time for zircon
growth (Schmitz and Bowring 2001; Simon and
Reid 2005; Bachmann et al. 2007b; Crowley et al.
2007; Wotzlaw et al. 2013). Figure 9 compares
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Fig. 9 Summary of all single grain U-Pb zircon analyses
for the Mount Givens pluton (blue; Frazer et al. 2014)—
note that several multi-grain fractions reported in this
contribution are not included here) and Fish Canyon Tuff
(red; Wotzlaw et al. 2013). Age is on the vertical axis.
The scale for both samples is the same, but note
difference in absolute age for the Mount Givens pluton
(left ordinate) and Fish Canyon Tuff (right ordinate).
Vertical size of symbols reflects uncertainty of the data.
Because a significant component of the uncertainties is a
function of age, symbols are larger for the older Mount
Givens pluton. Horizontal axis sequences analyses from
youngest to oldest for one Fish Canyon Tuftf sample and
12 Mount Givens samples distributed throughout the

intrusion. Insets show the map outline for the Mount
Givens pluton and the La Garita caldera (the source of the
Fish Canyon Tuff) at the same scale. These two rock units
were selected for comparison because they are compara-
ble compositionally and likely comparable volumetri-
cally. Note that the Mount Givens pluton preserves
evidence for zircon growth over orders of magnitude
longer times than the Fish Canyon Tuff. This suggests
either much lower magma fluxes for the Mount Givens
pluton, or very efficient zircon resorption in the Fish
Canyon Tuff. The latter interpretation, however, is
contradicted by the preservation of zircon interpreted to
have crystallized early in the evolution of the Fish
Canyon magma body. See text for more discussion
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single crystal zircon U/Pb data from plutonic and
volcanic rocks with similar compositions and
estimated volumes: the Mount Givens Granodi-
orite and Fish Canyon Tuff. We specifically chose
the Mount Givens pluton for comparison because
it is cited as potentially analogous to an unerupted
Fish Canyon magma body (Bachmann et al.
2007a; Lipman 2007). If all analyses are inclu-
ded, the total range of ages determined for the
Mount Givens Granodiorite is > 8 Ma (Frazer
et al. 2014), whereas the total range for the Fish
Canyon Tuff is 440 ka, about 20 times smaller
(Wotzlaw et al. 2013). The data from dated plu-
tonic and volcanic rocks are supported by mod-
eling of timescales of zircon growth (Caricchi
et al. 2014b).

In recognition of this conundrum, several
authors have speculated that resorption of zircons
that grew over millions of years occurred during
rejuvenation of the mush immediately prior to
eruption (e.g., Barker et al. 2014). However,
modeling of zircon resorption demonstrates that
the process is slow and cannot occur on the time-
scales estimated for rejuvenation (Frazer et al.
2013). Furthermore, the preservation of inherited
grains and multi-aged antecrysts in ignimbrites
offers direct evidence against the efficiency of
resorption (Frazeretal. 2013; Wotzlaw etal. 2013).

5.2 Geochronologic Tests for the Link
Between Plutons
and Large-Volume
Ignimbrites

The idea that large-volume eruptions are directly
connected to large-volume plutons is predicated
on the common spatial and temporal association of
the two (Smith 1960; Lipman 2007). This spatial
relationship leads to estimation of intrusive:
extrusive rock ratios ranging from 10:1 to 2:1
(Smith and Shaw 1979; White et al. 2006).
However, such estimates are made with no
understanding of the ages of geophysical anoma-
lies (notoriously difficult to date) interpreted to
reflect intrusive rocks, or exposed intrusive rocks
associated with the volcanic rocks. Without pre-
cise ages, it is impossible to establish a direct
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genetic link between the two. Whereas it is clear
that large-volume ignimbrites are associated with
volcanic/plutonic fields that have histories that
pre- and post-date ignimbrite eruption (Hildreth
2004; Lipman 2007), a spatial and broad temporal
correlation are not sufficient to infer a direct
genetic link.

Although it is evident that plutonic systems
record a longer history of magma system evolu-
tion than the snap shots provided by volcanic
rocks, a clear temporal link between the two
should include simultaneous growth of zircon in
directly related plutonic and volcanic rocks.
A small number of studies have focused on dating
of spatially associated extrusive and intrusive
rocks in an effort to test genetic links, but the
scarcity of preserved volcanic-plutonic associa-
tions makes this difficult and many such studies
lack the precision needed for a true test. In order
to achieve age resolution of <100 ka, thermal
ionization mass spectrometry (TIMS) on chemi-
cally abraded zircons from young (<100 Ma)
samples is necessary. Less precise U/Pb methods
(ion microprobe and laser-ablation ICPMS) are
generally an order of magnitude less precise. For
example, Barth et al. (2012) found evidence for
coeval volcanism and plutonism in the Mesozoic
Sierran arc, but uncertainties on their ages of
+2 Ma (or more) are far too large to make a
definite genetic link between systems that are
known to crystallize zircon on timescales an order
of magnitude shorter. Zimmerer and Mclntosh
(2013) obtained laser-ablation ICPMS
geochronologic data for volcanic and plutonic
rocks of the Oligocene Organ caldera of New
Mexico and also concluded that extrusive and
intrusive rocks were coeval within ~600 ka.
More precise TIMS data (=~ 60 ka) demonstrate
that the assembly of the plutonic rocks domi-
nantly post-dates eruption of the ignimbrite
(Wooton 2014; Rioux et al., in review).

At two locations in the southern Rocky
Mountain volcanic field (Mt. Princeton magmatic
center in Colorado and the Questa-Latir system
in New Mexico), precise dating of presumably
cogenetic volcanic and plutonic rocks revealed
that the only plutonic material with equivalent
zircon ages to the ignimbrites are small dikes
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with the same chemical composition as the ign-
imbrite (Tappa et al. 2011; Zimmerer and
MclIntosh 2012; Mills and Coleman 2013). The
vast majority of the plutonic material in these two
locations is either older or younger than the
caldera-forming ignimbrites. The Mt. Princeton
batholith, which had previously been assumed to
be the source of the >1000 km® Wall Mountain
Tuff (Chapin and Lowell 1979), was emplaced
during a nearly 1 Ma gap in the extensive ign-
imbrite record from the 39 Mile volcanic field
(McIntosh and Chapin 2004).

6 Closing Remarks

A relationship between volcanic and plutonic rocks
has been generally accepted for over two centuries,
but there is no consensus about the nature of that
relationship. A key point concerns the origin of
silicic volcanic rocks: are they generally produced
by fractional crystallization (down-temperature)
or partial melting (up-temperature)? Systematic
differences between volcanic and plutonic rocks,
such as the bias of volcanic rocks toward mafic
compositions (Fig. 3), led to the concept of sepa-
rate volcanic and plutonic rock series. Kennedy
and Anderson (1938) appealed to a primary gra-
nodiorite magma produced by partial melting of
the “granitic layer” of the Earth, whereas Read
(1948) called on metasomatism to produce granitic
rocks. Others, going back at least a century, pro-
posed that silicic magmas form by separation of
liquids from crystallizing magmas. The experi-
mental work of Tuttle and Bowen (1958) is gen-
erally viewed as evidence that fractional
crystallization can produce granites and rhyolites,
but other experimental work and geochemical
datasets point to partial melting as an alternative
(Peterson and Roberts 1963; Taylor et al. 1968;
Sisson et al. 2005; Frey et al. 2014).

The past decade has seen revitalization and
widespread acceptance of the hypothesis, based
largely on field association and theory, that rthy-
olites are produced by shallow separation of
high-silica liquid from a crystal mush that freezes
as an intermediate pluton (Bachmann and
Bergantz 2004; Hildreth 2004). According to this
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hypothesis, “low-pressure cumulates (or melting
residues) must exist in the shallow crust,
weighing in favor of the cumulatic nature of
many granitoids” (Gualda and Ghiorso 2013).

This hypothesis makes specific predictions
about the geochemical and temporal connections
between the separated liquids and residual plu-
tons, and our analysis shows that these predic-
tions are generally not met. The geochemical
patterns in Figs. 4 and 5 are striking in their
similarity, and doubly so because where differ-
ences are apparent the plutonic dataset is more
“volcanic” than the volcanic dataset (e.g., Ba,
Zr, and Eu in Fig. 4). Furthermore, precise
geochronologic data commonly show that ign-
imbrites and the plutons thought to have been left
behind by them are of different ages.

In areview of the plutonic-volcanic connection,
de Silva and Gosnold (2007) used as a starting
point “the canon that large silicic volcanic fields are
the surface manifestation of batholith formation at
depth.” Canon can mean “a law, rule, edict,”, “a
general rule, fundamental principle, aphorism, or
axiom,” or “a rule, law, or decree of the Church”
(OED Online 2015). We maintain that the true
relationships between volcanic and plutonic rocks
will be discovered not by adhering to axioms or
edicts, but by well-designed experiments. The
roughly 20,000,000 geochemical values in Earth-
Chem provide ample grist for hypothesis testing,
and we have attempted that here.

Like stoping, shallow separation of liquid from
cumulate granitoid material to form rhyolite is a
logical and sensible idea, yet fails many of the tests
applied to it. The genetic relationships between
volcanic and plutonic rocks remain a subject of
intense research, debate, and significance.
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Abstract

A systematic view of the vast nomenclature used to describe the structures
of shallow-level intrusions is presented here. Structures are organised in
four main groups, according to logical breaks in the timing of magma
emplacement, independent of the scales of features: (1) Intrusion-related
structures, formed as the magma is making space and then develops into
its intrusion shape; (2) Magmatic flow-related structures, developed as
magma moves with suspended crystals that are free to rotate;
(3) Solid-state, flow-related structures that formed in portions of the
intrusions affected by continuing flow of nearby magma, therefore
considered to have a syn-magmatic, non-tectonic origin; (4) Thermal and
fragmental structures, related to creation of space and impact on host
materials. This scheme appears as a rational organisation, helpful in
describing and interpreting the large variety of structures observed in
shallow-level intrusions.
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1 Introduction

This overview of the fabrics and structures char-
acterizing shallow-level intrusions (SLI) is
focused on tabular intrusions recognized as
dykes, sills and laccoliths, and related types of
bodies. At the grossest scale, shallow-level
intrusive bodies are classified based on their
aspect ratio and relationship to pre-existing
structures in their host, and on their coherent
versus clastic texture. The simplest subdivision is
generally to separate dykes, with their subparallel
contacts cross cutting the host fabric, from sills (s.
1.). The latter group is further subdivided into sills
(s.s.), laccoliths, and a host of more esoteric forms
(Rocchi and Breitkreuz this volume). Sills are, for
the most part, defined as tabular igneous intru-
sions that are concordant with planar structures in
the surrounding host rocks (bedding, unconfor-
mities, or cleavage) and display large length:
thickness ratios. Laccoliths and lopoliths are also
concordant intrusions with a convex-upwards
upper contact or concave-downwards lower
contact, respectively. Laccoliths are distinguished
from sills by the non-linear, inelastic, large-scale
deflection of roof host rocks that accompanies
their emplacement, and by their generally smaller
length:thickness ratios (Corry 1988).

Because bodies such as dykes, sills and lac-
coliths develop by magma propagating along a
planar surface, either by brittle or non-brittle
failure, it is useful to acknowledge the time frame
within which we are concerned. This chapter
focuses on the interval between the arrival of the
initial magma at its propagating fracture (a time
before the igneous body was there at all) and the
cessation of magmatic activity with development
of younger fractures due to cooling (a time after
it was there completely).

This broad scope reflects the transitional role
that SLI play as an interface between the hidden
kingdom of Pluto below and the fiery realm of
Vulcan above. Although nearly all of the features
discussed here have been previously recognized
and described, including in some of the earliest
writings on geology, our organization and cov-
erage of this material can provide a framework to
visualize the formation of SLI through time and
space.

For the most part, SLI share the characteristic
of having distinctive chilled margins, a popula-
tion of phenocrysts, and generally aphanitic tex-
tures in the matrix. The simplest interpretation is
that generally euhedral phenocrysts formed prior
to arrival at the final emplacement level (Mock
et al. 2003), and that solidification of the melt
phase was rapid. Exceptions include thick mafic
sills that are characterized by phaneritic textures,
often with evidence of layering attributed to
in situ gravity settling (e.g.: 350—450 m-thick
Basement Sill, Antarctica; Bédard et al. 2007)
and, more rarely, moderately thick (ca. 50 m)
rhyolitic sills (Orth and McPhie 2003).

The scales of these features range from
structures consisting of sets of intrusive bodies,
to shapes and sizes of individual bodies, to scales
related to maps, outcrops, hand specimens, thin
sections and smaller. Also included are invisible
properties such as anisotropy of magnetic sus-
ceptibility and chemical zonation.

The value of understanding the physical
characteristics of these shallow intrusions lies in
large part with the information they can provide
about their modes of formation. Often of greatest
interest is the use of these characteristics to
unravel directions and styles of magma flow so
as to understand the growth and development of
these bodies.
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Major works that bring the understanding of
dykes to the forefront include papers collected in
proceedings from the International Dyke Con-
ference starting as far back as 1985 (Halls and
Fahrig 1987). Papers of this volume, along with
volumes resulting from previous LASI confer-
ences since the first in 2002, provide a useful
collection of modern work detailing the physical
geology of laccoliths, dykes and sills (Breitkreuz
and Petford 2004; Rocchi et al. 2010a; Thomson
and Petford 2008).

Principally, formation of all fabrics and
structures featured here depends on fundamental
physical parameters of the emplacing magma,
such as temperature, driving pressure, viscosity,
volume, ascent/emplacement rate and emplace-
ment level, as well as yield strength and porosity
of the host. Many of these parameters have been
explored in other chapters of this volume.

Understanding of structures in sub-horizontal
tabular intrusions starts with the generalized
characteristics that have been addressed by
examining expansive databases of sills and lac-
coliths as reported in the literature. The database
of the first encyclopedic work (Corry 1988)
recorded 900 laccoliths globally, 600 of which
were from North America. The author extrapo-
lated this number to infer that there were actually
5,000-10,000 laccoliths globally. This database
has been expanded and diameter and thickness
values have been examined, discovering the
power law relation between those values (Cruden
and McCaffrey 2001; McCaffrey and Petford
1997). Subsequently, an S-shaped power law
matching well with plutons of all scales has been
proposed (Cruden and McCaffrey 2002), and
further augmented and discussed by Cruden et al.
this volume. The resulting models show consis-
tent geometric relationships of these parameters.

The multi-layered laccoliths preserved on
Elba Island have provided a number of examples
that support published models (Cruden and
McCaffrey 2001, 2002), but also yield further
understanding about the emplacement and infla-
tion processes within such complexes (Rocchi
et al. 2002) and the relationships of their
geometries to those of assembled plutons (Roc-
chi et al. 2010b).

The range of features associated with forma-
tion of tabular SLI is very broad. During
emplacement and solidification, fabrics and
structures develop in different locations within
the bodies (interior vs. interface), from different
driving forces (magmatic flow, solid-state flow,
static gravity and thermal), and at various scales
(from whole intrusion scale to microscale).

SLI are characterized first by generally having
large aspect ratios with overall tabular forms, and
second by emplacement into the coolest portion
of the crust. These conditions lead to the rela-
tively short “lifetimes” of these bodies between
onset of emplacement and complete solidifica-
tion. Compared to more deep-seated plutons, SLI
end up dominated by fabrics and structures
directly associated with emplacement since their
typical quick crystallization limits the time
available to fractionate and develop features
associated with in sifu crystallization. Thus,
well-preserved fabrics in SLI are helpful to better
understand the early history of deeper-level plu-
tonic complexes in which many textures are
erased by prolonged internal movements and
crystallization.

2 Structural Subdivisions Scheme

As with many subdivision schemes, the one
presented here is fraught with the complexities of
mixing description and genesis, together with
space and time as they relate to the progressive
growth of SLI. We have chosen to first examine
structures associated with the openings and
modes of magma intrusion-emplacement to build
SLI (see overview in Table 1). Our second focus
is on structures and fabrics directly related to the
growth of the bodies as magma is moving and
suspended particles are free to rotate, i.e. the
magmatic flow stage (overview in Table 2).
Next, we review those fabrics and structures that
form after crystals can no longer rotate, but rather
respond by solid-state deformation driven by
ongoing magmatic processes that are exclusive
of external tectonic events (Table 3). Finally, we
look at features developing in response to ther-
mal gradients and gravitational forces, as well as
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Table 1 Emplacement-related structures of shallow-level intrusive bodies—Intrusion-related structures

Texture
type
Steps

Bridges

Broken
bridges

Multiple
sheeting

Internal
contacts

Magmatic
contact

Fingers

Description

Steps are offsets in
propagating and
transgressing
fractures occupied
by magma

Sections of
wall-rock
connecting
wall-rock on the
two sides of a sill
or dyke

Stub of wall-rock
projecting from
wall-rock into a
dyke or sill

Apparently unique
intrusion made of
two or more
intrusive sheets

Sharp to faint,
roughly planar
boundary between
similar units of
igneous rock,
sometimes marked
by planar
arrangement of
foreign (host)
material

Diffuse, subplanar
surface

Discrete, narrow
magma-filled
fractures developed
alongside each
other

Location

Leading edge
of sills

Across a dyke
or sill

In place of a
former bridge

Whole
intrusion

At the border
between two
igneous
batches
(apparently in
the interior of
an intrusion)

At the border
between two
igneous
batches
(apparently in
the interior of
an intrusion)

Lateral
contacts
between
intrusion and
host
(commonly
poorly
consolidated
sediments)

Figure

la

1b

1c

le

1f

1g

Interpretative notes

Helps
reconstructing the
magma
propagation
direction and sense

Gives info on
brittle propagation
of magma-filled
fractures

Gives info on
brittle propagation
of magma-filled
fractures

Evidence for
multiple tabular
magma pulses in
dykes, sills, and
laccoliths of any
composition

Evidence for
multiple magma
pulses in dykes,
sills, and laccoliths
of any composition

Evidence for short
time span between
successive
intrusions of
magma batches

Evidence for
multiple magma
batches in the form
of fingers in
mafic/intermediate
sills

Examples

Rockall
Trough (NE
Atlantic),
Rufisque
Basin
(Senegal)

Theron Mts
(Antarctica)

Theron Mts
(Antarctica)

Torres del
Paine
(Patagonia),
Henry Mts
(Utah), Elba
Island
(Tuscany)

Henry Mts
(Utah)

Henry Mts
(Utah), Elba
Island
(Tuscany)

Golden
Valley
(Karoo),
Raton Basin
(Colorado)

References

Rickwood
(1990), Hutton
(2009),
Schofield et al.
(2012b)*

Schofield et al.
(2012b)*,
Hutton (2009)

Hutton (2009)
*, Schmiedel
et al. (2015),
Horsman et al.
(2005)

Leuthold et al.
(2013)*,
Horsman et al.
(2009), Farina
et al. (2010),
Rocchi et al.
(2010b)

Horsman et al.
(2005)*

de
Saint-Blanquat
et al. (2006)*,
Farina et al.
(2010); this
work

Pollard et al.
(1975),
Schofield et al.
(2010, 2012b)*

(continued)
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Table 1 (continued)

Texture Description Location
type
Boudins Beads or boudins Dykes or sills | 1h
(apparent) | as seen in
cross-section
Tongues Bulbous geometry | Sill or 1i
of the lateral laccoliths
termination of
igneous rock layer
Lobes Large elongate Large 1j
lobes, similar to intrusions
lava flow units
Marginal High-angle faults At the border 1k
faults of an intrusion
Plumose Plume-like Joint surfaces 11
structures  fractures flanked
by one or two
fringe zones of
small en échelon
fractures
Host Deflected foliation | Wall rock at Im
foliation in the wall rock the intrusion
drag folds contact
Riedel and | Fractures at Chilled margin

P fractures | high/low angle of the intrusion

with the contact

Figure

Interpretative notes = Examples References
Local inflation Cap de Bons et al.
and/or collapse Creus (2004)*

during or (Spain)

immediately

following

emplacement in

hot country rocks

Give informations | Henry Mts Horsman et al.
on the number of (Utah) (2005), Morgan
magma batches et al. (2008)*
and their lateral

termination

Evidence for Trawenagh Stevenson et al.
multiple magma Bay (2007a)*
batches in the form  (northern

of lobes in Ireland)

mafic/intermediate

sills

Lifting of the Henry Mts de

country rock, (Utah) Saint-Blanquat
generating a et al. (2006)*
bysmalith

Formed during S Bohemia  Simén et al.
early fracture (Czech (2006)*
opening by local Republic)

stress at fracture

tip; indicates

direction and sense

of fracture

propagation

Flow direction and = Henry Mts Correa-Gomes
sense (Utah) et al. (2001)*

*asterisk indicates the paper from which the artwork or photo in Fig. 1 is derived

marginal structures that help to provide space for
magma and that result from fragmentation pro-
cesses involving igneous and host materials
(Table 4).

2.1 Intrusion-Related Structures

At the onset of opening to build a new SLI, the
width of the opening, by definition, starts at
nothing and eventually reaches a maximum. Of

course subsequent deflation is possible, as is
back flow in dykes following loss of driving
pressure (Philpotts and Asher 1994). Modes of
emplacement involve deformation of the host
rocks ranging from purely brittle to purely
non-brittle (Schofield et al. 2012b). In the
well-lithified portion of the crust, crack propa-
gation is the dominant mechanism by which
magma advances, with stresses being concen-
trated at the crack tip. Steps, bridges and broken
bridges (Fig. l1a, b and c) collectively constrain
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Table 2 Emplacement-related structures of shallow-level intrusive bodies—Magmatic flow-related structures

Texture type

Linear features

Waves

Lobelets

Ropes

Small ropes

Crystal/vesicle
shape-preferred
orientation
(SPO) (foliation,
lineation)

Description

Mesoscopic
elongated
ornamentations
(irregularities) on
contacts:
fingers/grooves,
groove molds,
scour marks,
cusp axes,
ridges-grooves,
hot slickenlines

Mesoscopic
ornamentations
on contacts:
elongated, wavy
irregularities and
drag folds in
magmatic rock

Mesoscopic
ornamentations
on contacts:
dm-size lobes

Mesoscopic
ornamentations
on contacts:
pahoehoe-like
ropes with
dm-size
cross-sections

Mesoscopic
ornamentations
on contacts:
pahoehoe-like
ropes with
cm-size
cross-sections, in
a series of nested
parabolas

Parallel to
sub-parallel
alignment of
undeformed
euhedral
tabular/prismatic
crystals (no
solid-state matrix
strain) or
imbricated
oblate/prolate
vesicles

Location Figure
Along 2a
intrusion-host  (1m)
rock contact
Intrusion’s 2b
outer skin (Im)
Intrusion’s 2¢
outer skin

Intrusion 2d
surface

In large 2e
vesicle, close

to the

intrusion outer
contact

(Stronger near | 2f
contacts) 2g
2h

Interpretation

Found in dykes
of basalt to
trachyte
composition;
lineations are
parallel to flow
direction

Formed early in
intermediate to
felsic sills and
laccoliths; wave
axes are
orthogonal to
flow direction

Formed in felsic
sills and
laccoliths;
interference of
disrupting waves

Observed in
felsic laccoliths;
rope axes
orthogonal to
flow direction

Formed in mafic
sills and dykes
by shearing of
the ropes by the
flow of
underlying
magma;
symmetry axes
of ropes parallel
to flow direction

Evidence for
magma flow
from visible
markers (e.g. in
porphyritic
rocks); careful
consideration of
the intrusion
setting is needed

Examples

Troodos
(Cyprus)

Elba Island
(Tuscany),

Henry Mts
(Utah)

Elba Island
(Tuscany)

Elba Island
(Tuscany)

Holy Island—
Harkess Rock
(NE England)

Troodos
(Cyprus),
Henry Mts
(Utah), Elba
Island
(Tuscany),
Orciatico
(Tuscany)

References

Baer and Reches
(1987), Varga
et al. (1998)*

Tweto (1951);
this work™*

This work*

This work*

Randall and
Farmer (1970),
Liss et al. (2002)
*

Paterson et al.
(1989), Paterson
et al. (1998)*,
Vernon (2000),
Liss et al. (2002)
* Horsman et al.
(2005), Roni

et al. (2014)

(continued)
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Texture type Description Location Figure ' Interpretation Examples References
MME, xenoliths, @ Elongate Most common | (1m) Evidence for Sandfell Correa-Gomes
autholiths trains/ | microgranular in the central | (3d) magma flow (Iceland) et al. (2001)*
elongation/ enclaves (crystals | part of dykes from visible
alignment not deformed) or markers

fragments of host

rock/ autholiths,

sometimes

organized in

trains, sometimes

with flow

foliation around

them
Flowage Increasing Most common | 2i Generated by Rockport Ross (1986),
differentiation abundance of in the central magmatic flow, (Massachusetts)  Mock et al.

phenocrysts from | part of dykes that concentrates (2003)*

the border to
interior of a
tabular intrusion

Magmatic folds Bent planes of Anywhere in | 2j

particles in the
zones of highest
velocity-lowest
shear

Formed late Elba Island Paterson et al.

markers already the intrusion (Tuscany), (1998), Eriksson
existing before Sandfell et al. 2011; this
the end of flow (Iceland) work*
Crystallographic | Anisotropy of Anywhere in | 2k Evidence for Henry Mts Horsman et al.
anisotropy; magnetic the intrusion magma flow, (Utah), Elba (2005), Roni
foliation, susceptibility also in the Island et al. (2014);
lineation (AMS) absence of (Tuscany) this work*
visible markers
(e.g. in
microcrystalline
rocks)

* asterisk indicates the paper from which the artwork or photo in Fig. 2 is derived

the shapes of intrusions occupying the propa-
gating and transgressing fractures, with offsets in
an advancing fracture leading to steps (Rocchi
et al. 2007; Schofield et al. 2012b; Thomson and
Hutton 2004). Then as multiple fractures split off
a master fracture in en echelon fashion, SLI tend
to occur as segments (protolobes) with bridge
structures (Fig. 1c) connecting them (Eide et al.
2017; Hutton 2009; Schofield et al. 2012a).
Features occurring at the margins of SLI often
reflect geometric patterns associated with the
initial emplacement along a developing fracture
or fracture system. It is tempting to interpret
orientations of forks, branches (apophyses) and
anastomosing patterns to constrain flow direc-
tion, but such interpretations cannot generally be
used reliably (Rickwood 1990). For example,
although the front of an advancing intrusion may
bifurcate when a new fracture develops with

subparallel orientation, reunion of those fractures
along strike would result in not knowing the
direction of magma movement.

Dykes can intrude as a single body or as
simple sets of dykes, marked by chilled margins
on each side. They can also occur as multiple
dykes with subsequent intrusion along the same
plane producing internal chilled margins of the
younger magma. Composite dykes also occur,
with distinctly different magmas intruding the
same plane more or less synchronously, with or
without mixing and mingling effects.

Similarly, subhorizontal sheets can be
emplaced as discrete layers, with subsequent
sheets above, inside or below previous
emplacements (Fig. 1d) (Horsman et al. 2009;
Horsman et al. this volume). Contacts between
different sheets can be recognized by the occur-
rence of lithologic variations, chilling effects,
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Table 4 Emplacement-related structures of shallow-level intrusive bodies—Thermal and fragmental structures

Texture type

Chilled
margin

Phenocryst
distribution

Miarolitic
cavity

Cooling
columns

Intrusion
contact
breccia

Breccia dyke

Pyroclastic
dyke

Peperite

Fluidized
material

Description

Fine-grained to
glassy intrusion’s
outermost zone

Differential
distribution of
abundance and/or
size of
phenocrysts (e.g.
magmatic
layering, crystal
clusters, etc.)

Small cavity into
wich crystals
protrude

Columns oriented
perpendicular to
the contact
surface

Breccia
composed of clast
of the host rock(s)

Clast-supported
small dykelets

Similar to tabular
feeding systems
of explosive
eruptions

Disintegrated
magma mingled
with country rock
materials

(i) disaggregated
grains (suspended
in fluid matrix
during
fluidization), or
(ii) thermally
mobilized coal
and salt

Location

Intrusion border

Intrusion’s
interior (bottom)

Intrusion’s
interior

Country rock

Host rock at the
bottom or top
contact of an
intrusive sheet

In the intrusion
surroundings

Volcanic
edifices, country
rock

Carapace around
the intrusion

Carapace around
the intrusion
(fingers),
sometimes
connected to
hydrothermal
vents (4j)
throughout
breccia dykes

(49

Figure

4a

4b

4c

4d

4e

4f

4g

4h

4

Interpretation

Rapid magma
cooling

Thermal decay,
gravity settling

Evidence for
accumulation of
volatiles

Effect of heating
then cooling of
host rock

Generated by
shear strain at the
contact during
magma sheet
emplacement

Phreatic local
explosion

Welding of
pyroclastics occur
during upward
flow of a
dispersion of hot
melt fragments
and gas

Generated by
fragmentation of
magma during
intrusion in wet
sediments, coal
and hydrous salt

Generated by

(i) flash boiling of
pore fluids during
intrusion in wet
sediments at
depth < ~2 km
or quick
decompression by
processes such as
faulting, or

(ii) thermal
mobilization

Examples

Scrabo
(Northern
Ireland),
Magdeburg
(Germany)

Gulf of Ajaccio
(Corsica)

Henry Mts
(Utah)

W Magdeburg
(Germany)

Elba Island
(Tuscany)

Elba Island
(Tuscany)

W Dresden
(Germany)

Sag Hegy
(Hungary),
Raton Basin
(Colorado),
Herfa-Neurode
(Germany)

Whin Sill
(England),
Witkop
(Karoo), Raton
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Table 4 (continued)

Texture type Description Location

Hydrothermal
vent complex

Clast-supported
pipe-like
structures up to
several hundred
metres in
diameter, piercing
rock layers
overlying the
intrusion

In the intrusion 4
surroundings, up

to significant

distance

Columnar Sills 4k

joints

Parallel prismatic
columns

Figure
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Interpretation Examples References
Generated by Witkop Jamtveit et al.
phreatic explosion | (Karoo) (2004),
following heating Svensen et al.
of sedimentary (2006)*,

Svensen et al.
(this volume)

pore fluids in
thermal aureole
around a sill, that
leads to
fragmentation and
collapse and/or
upward
movement of the
overlying rock
fragments

Colca (Peru),
Isle Skye
(Scotland)

Generated during This work*
subsolidus
cooling; columns
forms orthogonal
to the cooling

surface

* asterisk indicates the paper from which the artwork or photo in Fig. 4 is derived

fragmentation or cataclasis (Fig. le). In other
instances, the time lag between intrusion of
successive sheets can be short enough to prevent
the oldest intrusion from cooling below its soli-
dus, giving way to a so-called “magmatic con-
tact” that is a diffuse, yet subplanar, surface
(Fig. 1f; Farina et al. 2010; de Saint-Blanquat
et al. 20006).

For horizontal sills, the classic model for the
propagation of magma is by tensile fracturing in
the direction of least resistance (Anderson 1938;
Gilbert 1877). Based on examples from the
Henry Mountains, Utah (USA), it has been pro-
posed that, for viscous magmas, sill thickness is a
function of its length, and once a sill reaches a
critical aspect ratio of length to overburden
thickness it will inflate vertically (Johnson and
Pollard 1973; Pollard and Johnson 1973). This
vertical inflation stage then may lead to the

formation of a laccolith. The maximum lateral
extent of the initial sill may be controlled by the
effective thickness and the elastic properties of
the overburden (Jackson and Pollard 1988, 1990;
Kerr and Pollard 1998; Koch et al. 1981).
Three models have been proposed for the
growth of tabular intrusions such as laccoliths
and sills and the expected deformation in the
overlying sediments (Corry 1988; Hunt 1953).
Model 1 involves a ‘bulldozer’ style of
emplacement where the thickness of the intrusion
is established early and the magma spreads lat-
erally within a set thickness. This results in
extensive disruption of the overlying host rocks,
which fold and then unfold as the tip of the
advancing magma passes. Model 2 involves
simultaneous lateral and vertical growth. This
would also result in a deformation history in the
roof that records the passage of the magma tip,
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although it would perhaps be more subdued than
in Model 1. Model 3 is the opposite end-member
to Model 1 and involves a distinct two-stage
process where a thin protosill would propagate to
a maximum lateral extent, followed by vertical
inflation. This would result in minimal disruption
of the roof except close to the tip where the roof
will bend, flex and fold, or will fault in a
piston-like vertical growth.

A theoretical model applying continuum
mechanics has been developed using field
observations from the Henry Mountains (Pollard
1973) to explain the formation of peripheral
dykes at the tips of laccolith intrusions. In this
model, flexural elastic bending of the overburden
controlled the intrusion of dykes at the periphery
of a laccolith. The depth of formation has been
suggested to exert the main control on the
development of faults at sill sheet terminations
(Thomson and Schofield 2008). In this model,
flexural slip folding at shallower depths would
favour mechanical failure of the rock through
fracture and faulting (Stearns 1978). More
recently it has been proposed that a laccolith
grown to a certain maximum thickness may
subsequently propagate laterally due to collapse
under its own weight, resulting in a larger length:
thickness ratio (Bunger and Cruden 2011). Other
features associated with such a collapse could
include decameter-sized graben-horst-like struc-
tures on the top surface of a sill (Awdankiewicz
et al. 2004).

In other emplacement modes, advance of the
magma may be along discrete narrow fractures
that develop alongside each other to produce a
pattern of fingers (sometimes also called tongues)
(Pollard et al. 1975; Stevenson et al. 2007a;
Thomson and Hutton 2004) that may coalesce
and preserve marginal features from chilling
and/or cataclasis (Fig. 1g). Alternatively, a cau-
sal, non-brittle relationship between finger for-
mation and fluidization of country rock has been
demonstrated for the Golden Valley Sill in South
Africa  (Schofield et al. 2010, 2012b).
Structures/shapes similar to cross sections of
fingers are beads or apparent boudins that may
also develop in dykes and sills as a result of local
inflation and/or collapse during or immediately

following emplacement in hot country rocks
(Fig. 1h) (Bons et al. 2004).

A number of features are seen at a large scale
along the margins of sills and laccoliths where
the intruding magma defines rounded margins,
noted by various authors as tongues (common
meaning) and bulbous terminations, sometimes
also called lobes (Fig. li). These parabolic to
semi-circular marginal shapes characterize the
lateral and terminal contacts of sheets making up
the Maiden Creek and Trachyte Mesa structures
in the Henry Mountains, and are thought to
reflect the high surface tension of these viscous
magmas in relation to the host material that they
were invading (Morgan et al. 2005).

Development of sheets from repeated parallel
pulses can produce a series of elongate lobes and
provide a good example of the combined distri-
bution of these end-member conditions. The flow
lobes can be envisaged in the simplest case to be
similar to lava flow lobes, where in the core (or
along the central axis) there is only construc-
tional flow, and lineations are parallel to the flow
direction. Moving away from the core toward the
flanks, shearing plays more of a role and planar
fabrics become more apparent. At the nose of the
lobe only flattening occurs. The disposition of
lineations and foliations can be fitted to a series
of lobes in this way (Fig. 1j) (Stevenson et al.
2007a, b).

Successive sheet emplacement, leading to
subhorizontal SLI such as multi-layered sills and
bysmaliths, may involve initial intrusion fol-
lowed by subsequent intrusion either above or
below. Host rock trapped between the resulting
layers can generate a sedimentary raft with lateral
dimensions in excess of 1 km and thickness
>100 m (Schmiedel et al. 2015). Rafts of host
material can also develop during dyke formation,
and scales of rafts can decrease downward to
include screens of wall rock fragments.

Contrasted, but related in scale to large rafts,
the arrival of a new magma batch can fail to find
a way around or through the initial layer, but can
make room by the development of marginal
faults along which the body is lifted as a whole
(Fig. 1k). For example, the Black Mesa unit in
the Henry Mountains is thought to have formed
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Fig. 1 Intrusion-related structures. a Steps—
Three-dimensional sketch of stepped intrusive layer,
either a sill or a dyke; cross sections on the right refer
to the lower sketch on the left (Rickwood 1990; Schofield
et al. 2012b). b Bridges—Sections of wall-rock connect-
ing wall-rock on the two sides of a sill or dyke; cross
sections refer to the lower left sketch in (a) (Hutton 2009;
Rickwood 1990; Schofield et al. 2012a). ¢ Broken bridges
—Stubs of wall-rock remaining after merging of two
portions of a dyke or sill (sill is 30 m thick; Hutton 2009;
Rickwood 1990; Schofield et al. 2012a). d Multiple
sheeting—An apparently unique intrusion is actually
made of two or more intrusive sheets (Leuthold et al.
2012, 2013; Michel et al. 2008). e Internal contacts—
Sharp to faint, roughly planar boundaries between similar
units of igneous rock, detected by lithologic variations
(Leuthold et al. 2013), chilling effects, fragmentation or
cataclasis along contacts, or marked by planar arrange-
ment of foreign (host) material (Horsman et al. 2005).
f Magmatic contact—Diffuse, subplanar surface at the
border between two igneous batches, apparently in the
interior of an intrusion (Farina et al. 2010; de

by successive underplating of sheets, with the
1.5 km diameter mass rising on an average of
22 mm/year by movement on marginal faults (de
Saint-Blanquat et al. 2000).

Under conditions when tensile fractures
migrate by brittle failure in a rigid host material,
plumose structures (Fig. 11) may develop with
associated hackle steps and their offsets. These
feather-like patterns of ridges and grooves
expand outward on the fracture surface in the
direction of fracture development, and the tips of
the ‘feathers’ point in the direction of crack
propagation (Simoén et al. 2006).

A wide variety of localized brittle fracture and
faulting systems are associated with intrusive
contacts, as would be expected when the crust
must make room for new material. Magmas in
most SLI arrive with substantial driving pressure,
and the units are thickened as more and more
magma arrives. These conditions would pre-
dictably create transpressive stresses at the con-
tacts, explaining the bends in truncated host
foliation, as well as development of Riedel and P
fractures (Fig. Im) (Correa-Gomes et al. 2001).
Well-described examples include the Trachyte
Mesa intrusion where conjugate sets of high-
angle faults with minor offset are cut by en-
echelon shear fractures (Morgan et al. 2008).
More recently, detailed study of deformation

D. Westerman et al.

Saint-Blanquat et al. 2006). g Fingers—Discrete, flattened »

cylinders of magma developed alongside each other,
eventually coalescing to form a single intrusive layer.
h Apparent boudins—Beads or apparent boudins in a
three-dimensional sketch view of the apparently boudi-
naged dyke (Bons et al. 2004). i Tongues—Bulbous
terminations of igneous rock layers, Trachyte Mesa,
Henry Mts, Utah (Morgan et al. 2008). j Lobes—Elongate
lobes similar to lava flow units, making up an intrusive
unit, Travenagh Bay Granite (Stevenson et al. 2007a).
k Marginal fault—High-angle fault developed at the
border of an intrusion, giving way to a bysmalith intrusion
shape. 1 Plumose structure—Plume-like fractures flanked
by one or two fringe zones of small en échelon fractures
visible on joint surfaces, and formed during early fracture
opening by local stress at a fracture tip; useful as an
indicator of the direction and sense of fracture propaga-
tion. m Drag folds, Riedel and P-fractures—Deformation
in the host material can be evidenced by
deflection/bending/fracturing of the host foliation. Each
sketch/picture is after the work indicated by an asterisk in
Table 1

bands, faults and tensile joints during three
phases of deformation of country rock sur-
rounding the Trachyte Mesa intrusion have
constrained a multi-stage model of emplacement
(Wilson et al. 2016). Very similar collections of
features are preserved on Flba Island in shoreline
exposures at the southern edge of a laccolith
(Roni et al. 2014) where -cataclastic chilled
margins and associated breccia are faulted by
sprays of low-offset reverse faults.

2.2 Magmatic Flow-Related
Structures

Magmatic flow-related structures result from
magmatic flow under conditions where particles
can rotate freely in response to directed stress,
owing to a sufficient amount of melt available in
the system (Vernon 2000). Their recognition can
be based on orientation and distribution of
readily observable features (i.e. phenocrysts,
vesicles, inclusions) or on less tangible charac-
teristics (i.e. AMS, microtextures; Bouchez
1997; Mock and Jerram 2005; Mock et al. 2003).

2.2.1 Surface Structures
Although dykes, sills and laccoliths are, by defi-
nition, tabular and sheet-like, detailed
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Fig. 1 (continued)

examination of their contact surfaces occasionally
shows ornamentation such as raised or indented
linear features (Fig. 2a; see also Fig. 11). A num-
ber of these parallel linear features are attributed
to flow along their alignment (Rickwood 1990;
Varga et al. 1998). A group of mesoscopic
structures seen most often as flat-topped ridges
separated by grooves and termed hot slickenlines
are thought to form in the chilled margin as
magma moves past irregularities in the wall rock
surface with resulting alignment parallel to
magma flow (Varga et al. 1998). Earlier workers
have described cusps and buds (Pollard et al.
1975), flow lineations (Walker 1987), scour
marks (Smith 1987), and fingers (obsolete
meaning), grooves and groove molds (Baer and
Reches 1987), all thought to form in the direction
of flow even if interpretations of formation vary
between authors.
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An opposing set of linear structures, referred
to here as waves and waveforms, also can be
found on intrusive surfaces, but aligned at right
angles to flow (Fig. 2b). The term ‘wave’ is here
used to describe the shape of these structures, but
is in no way implying that they ever actively
‘waved’ other than during their in situ growth as
standing stationary waveforms. Previous works
have shown that shear forces along the intrusive
contact can extend into the host, generating
asymmetric drag folds of the contact itself
(Fig. 11I; Correa-Gomes et al. 2001). Reported
examples (Rickwood 1990) include: (i) crenula-
tions seen as “microscopic wrinkles to folds a
few feet high” on chilled contact surfaces in the
Pando porphyry in Colorado (Tweto 1951), and
(i) “flow folds” (Blanchard et al. 1977),
“millimetre-high wrinkles projecting out from
the glassy surface” (Walker 1987), and
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asymmetric folds a few millimeters high, some-
times deformed by interfolding of siltstone with
igneous rock at Spanish Peaks, Colorado (Smith
1987). These folds have irregular axes but are
generally perpendicular to magma flow direc-
tions and their asymmetry preserves the sense of
flow. Variations in style include roundness and
angularity of crests and troughs, disruption along
crests so as to form more lobelets (Fig. 2¢), and
overrunning of crests to produce ropes (Fig. 2d)
that have a distinctive pahoehoe-like appearance.
These features are discussed below in greater
detail in the case study of coherence of structures
observed with different methods at different
scales. Much smaller features also attributed to
drag in the shearing margin of intrusions occur as
ropy structures on the lower walls of large, flat-
tened vesicles in basalt of the Whin Sill in
northern England (Fig. 2e; Liss et al. 2002).
These have been shown to form with their wave
crests perpendicular to flow, and the structures
are attributed to shearing of the chilled ductile
rind of the vesicles by the underlying magma
flow. Similar structures are reported nearby on
Holy Island (Liss et al. 2002; Randall and Farmer
1970) and on the Isle of Skye (Schofield et al.
this volume).

2.2.2 Internal Visibly-Oriented

Features

Included in the flow-related features are those
that formed during magma flow when suspended
objects (crystals, vesicles, xenoliths, enclaves)
were able to rotate in the weaker medium, but
while the magma viscosity was sufficient to
preserve the alignment (Fernandez and Laporte
1991). Most of these features represent processes
and products resulting from filling, transport, and
stalling of the magma moving between subpar-
allel walls. Extensive efforts, tracing back at least
into the 19th Century (Pirsson 1899), have been
made to use fabrics in igneous rocks to deduce
their history. Magma flow is the most commonly
invoked cause, but it is important to consider
other possible origins, including tectonic pro-
cesses (Paterson et al. 1998), and to carefully
separate magmatic flow from non-tectonic
solid-state flow (Vernon 2000).

Under conditions of uniform coaxial flow of
magma (plug flow), tabular and elongated sus-
pended objects have no motivation to orient
themselves preferentially. Therefore, develop-
ment of a magmatic shape-preferred orientation
(SPO) fabric is dependent on conditions of
non-uniform flow that produce differential stress
acting on such suspended objects, i.e. vesicles or
crystals (Fig. 2f, g). Non-uniform flow can be
thought of with respect to three end-members
(Fig. 2h): (i) convergent flow as magma moves
through a narrowing region and speeds up,
(ii) divergent flow as magma spreads laterally with
diverging flow lines and slows down, and
(iii)) non-coaxial flow caused by drag on a
boundary surface (Paterson et al. 1998). We can
attempt to look at the distribution of these condi-
tions through space and time as a thickening dyke
or sheet develops. Initial conditions are dominated
by non-coaxial flow with high drag along con-
tacts, but as a sheet thickens by continuing arrival
of magma along the interior plane, marginal
effects drop off away from the contacts. The stress
ellipsoid generated during convergent flow is
elongated parallel to the particle path, causing the
long axes of suspended phenocrysts to align par-
allel to these particle paths, while the shortest
crystal axes align parallel to the short axis of the
ellipsoid. In contrast, crystal orientations resulting
from divergent flow tend to be the opposite, with
linear fabric forming parallel to stretching and at
right angles to the particle paths, while tabular
crystals produce planar fabrics representing flat-
tening perpendicular to particle paths. Both of
these conditions include stretching and flattening
approaching the mode of pure shear.

Some of the easiest fabrics to see in SLI are
coming from incorporated foreign material or
vesicles that provide distinctive color contrast,
rather than from the minerals making up the main
rock. These inclusions can be subdivided into
two main groups: xenoliths and mafic micro-
granular enclaves (MME). Xenoliths include
solid rock fragments incorporated in the magma,
such as cognate xenoliths or autoliths, which
would include fragments of chilled margin
material spalled off into the magma. Interpreta-
tion of xenolith and autolith distribution can
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<« Fig. 2 Magmatic flow-related structures. a Linear fea-
tures—Mesoscopic linear ornamentations on contacts,
parallel to magma flow; slickenlines are reported as an
example (Varga et al. 1998). b Waves—Mesoscopic
ornamentations on contacts: elongated, wavy irregularities
in the magmatic rock, elongated orthogonal to magma
flow; picture from Elba island, Tuscany. ¢ Lobelets—
Mesoscopic ornamentations on contacts: dm-size lobes;
picture from Elba island, Tuscany. d Ropes—Mesoscopic
ornamentations on contacts: pahoehoe-like ropes with
dm-size cross-sections; picture from Elba island, Tuscany.
e Small ropes—Mesoscopic ornamentations on contacts:
pahoehoe-like ropes with cm-size cross-sections, in a
series of nested parabolas, typically found in large
vesicles, close to the intrusion outer contact (Liss et al.
2002). f Vesicle SPO—Parallel to sub-parallel alignment
of oblate/prolate vesicles (Liss et al. 2002). g Crystal SPO
—Parallel to sub-parallel alignment (as a foliation or
lineation) of undeformed euhedral tabular/prismatic crys-
tals (no solid-state matrix strain; picture from Elba island,
Tuscany. h Crystal/vesicle SPO—Alignment controlled
by convergent, divergent and non-coaxial flow (Paterson
et al. 1998). i Flowage differentiation—Variable abun-
dance of phenocrysts, increasing from the border to
interior of a tabular intrusion, commonly a dyke. j Mag-
matic folds—Bent planes of markers already existing

come not only from their alignment as xenolith
screens or trains, but also from their tendency to
decrease in size in the direction and sense of
magma transport (Fig. 11; Correa-Gomes et al.
2001). All these types of xenoliths contrast with
MME, which coexisted as partially molten mas-
ses within the host magma and have the potential
to change shape in response to stresses in the
moving magma. The petrologic characteristics of
such materials provide abundant and important
information beyond the scope of this work, but
their spatial distribution is often compatible with
the mineral fabrics described above (Tobisch
et al. 1997). Distribution patterns of xenoliths
and enclaves can potentially be used to determine
the line along which particles/melt were moving,
as well as the direction of movement where there
is an imbricated arrangement of individual frag-
ments. Interpretation of shapes and orientations
of MME must be done with care due to the
long-lived and variable histories of these masses
(Paterson et al. 2004). Because the rheology of
enclaves occurring near each other at the
emplacement level often vary dramatically, it is
unsafe to assume that their shapes reflect strains

before the end of flow; in this picture, planes defined by
dark tourmaline clots in a white aplitic intrusions are bent
during the latest stages of flow (Elba Island) (Dini et al.
2007). 'k  AMS-magnetisation  domains.  k.1:
Single-domain and multi-domain configurations serving
to minimise the external demagnetising field. k.2: Move-
ment of the Bloch wall in multi-domain grains. | Magnetic
fabric types. 11: Dominantly linear magnetic fabric
(similar to an L tectonite). 1.2: Both magnetic foliation
and lineation discerned. 1.3: Magnetic foliation fabric
dominant (similar to an S tectonite). m Foliation/lineation
patterns. m.l: Magnetic fabric pattern of foliations
(dashed lines) and lineations (gray lines) in a magma
conduit. m.2 and m.3 Fabric patterns proposed for the
termination of a sheet in either a viscous or non-brittle
propagation mode (Schofield et al. 2010, 2012b) or a
brittle (hydrofracture) propagation mode, respectively.
m.4: End on and plan view magnetic foliations and
lineations of a sheet intrusion. n AMS data and interpre-
tations from the Trachyte Mesa Sill, Henry Mountains,
Utah (Morgan et al. 2008); note plumose splaying of
lineation trends. 0 AMS data and interpretations from part
of the Trawenagh Bay Granite, NW Ireland (Stevenson
et al. 2007a); foliation traces are shown in blue and
lineation traces in red. Each sketch/picture is after the
work indicated by an asterisk in Table 2

associated with development of mineral fabrics.
In some cases (Vernon 2000; Vernon et al.
1988), elongation of MME can be demonstrated
to correspond to magmatic fabric, with rotation
and alignment of plagioclase crystals but without
plastic deformation of interstitial quartz. Another
caution comes from the recognition that some
enclave trains represent a transition from
syn-magmatic mafic dykes (Barbarin 2005).

Among the most commonly used
mesoscopic-scale structures observable in the
field and used as evidence of magma flow are
stretched and elongate vesicles (Fig. 2f). These
features, presumed to be spherical at the time of
inception, deform to define the orientation of the
stain ellipsoid in the zone of shear, typically with
attitudes corresponding to those revealed by
aligned phenocrysts.

Magmatic flow features due to parallel align-
ment of undeformed phenocrysts and mega-
crysts, as well as rock fragments (xenoliths) and
MME, all in the absence of solid-state matrix
strain, may readily be seen at the macroscopic
scale. Biotite phenocrysts and microphenocrysts,
with their typical oblate shapes, generate a
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magmatic foliation, while tabular potassium
feldspars, and to a lesser degree plagioclase
feldspars, generally produce both magmatic
foliation and lineation (Fig. 2g). With mafic
intrusions, highly elongate minerals such as
prismatic amphibole and lath-shaped plagioclase
often provide a well-defined magmatic lineation
(Fig. 2h). Fabrics near and within xenoliths can
help determine a magmatic vs. solid-state origin,
since the former produces flow foliation around,
rather than through, the xenoliths.

Also associated with the non-coaxial flow
regimes along emplacement surfaces are struc-
tures related to the process of flowage differen-
tiation (Fig. 2i) by which the percentage of
phenocrysts and other suspended objects such as
xenoliths and enclaves increases away from the
contact (Platten 1995; Ross 1986), generally
attributed to the Bagnold effect (Bagnold 1954).
Such features are not restricted to dykes, and in
fact, are the general rule along the margins of SLI
such as the rhyolitic laccolith units of the Halle
Volcanic Complex that include thoroughly flow
foliated units as well as units with no
foliation/alignment (Mock et al. 2003; Schmiedel
et al. 2015). These variations are thought to be
controlled by viscosity, with flow foliation
developing in the less viscous melts where the
density of flow planes is greatest; more highly
viscous melts, in contrast, emplace by plug flow
with all strain accommodated at the margins of
the unit (Breitkreuz et al. this volume).

Near intrusive contacts or in any setting where
flow is non-coaxial, general orientations of
resulting strain ellipsoids have long axes aligned
oblique to the intrusive contact and to the particle
flow paths, with the intermediate axes parallel to
the wall (Correa-Gomes et al. 2001). Resulting
fabrics include an imbrication (tiling) of tabular
crystals and rock fragments (Figs. 11 and 2h),
while highly elongate crystals, including those in
the groundmass, define a mineral lineation par-
allel to the direction of maximum stretching. In
order to attribute such fabrics to magmatic flow,
it is important to confirm that the aligned crystals
are internally undeformed (Rickwood 1990;
Vernon 2000). Tabular fragments exhibiting
mirrored orientations in opposing chilled

margins, reflective of their ability to rotate in
response to the shear along the margin, can be
used to constrain flow direction (Correa-Gomes
et al. 2001).

Identifying fabrics in the field can be difficult,
especially when the grain size is small or when
the fabric is weak. Even when the foliation or
planar component is clear, it is nevertheless
almost always difficult to constrain the linear
component with any degree of certainty.
Although phenocryst alignment can be statisti-
cally constrained in 2D and then extrapolated to
3D with measurements on orthogonal planes
(Bouchez 1997), this process is time-consuming
and relies on identifying long axes of phe-
nocrysts by eye.

Techniques involving scanning the internal
physical properties of a rock using x-rays and
quantifying the shape, distribution and orienta-
tion of mineral grains using computed tomogra-
phy (CT scanning) has been making steady
progress over the last decade or so (Cnudde and
Boone 2013; Cnudde et al. 2006; Ketcham 2005;
Ketcham and Carlson 2001). Also, electron
backscatter diffraction techniques have improved
efficiency and precision, enabling quantitative
fabric analysis in a variety of scenarios and
contexts (Prior et al. 2009). However, these
techniques remain expensive and restrict data to
focused analyses on a few samples.

Another set of flow-related structures, namely
magmatic “folds” (Fig. 2j), may form as a true
fold following development of one of the fabrics
above, or directly as a result of alignment due to
differential flow. These features are only rarely
recognized in SLI, probably due to their
fine-grained nature and apparent homogeneity.
A spectacular example of a composite dyke
where a combination of flow banding and elon-
gated mafic enclaves defines a parabolic foliation
trace indicating horizontal flow within the dyke
is reported from Iceland (Eriksson et al. 2011). In
a totally different lithology, thick sheets of ban-
ded aplite preserve internal magmatic folds in the
vertical cliffs of Capo Bianco on Elba Island
(Fig. 2j; Dini et al. 2007). Other examples of
magmatic folds come from observations of
symmetrical patterns of imbricated vesicles that
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merge across the cores of dykes such that the
vesicle fabric defines the fold.

2.2.3 Anisotropy of Magnetic
Susceptibility

Some structures in igneous bodies cannot be
observed or measured directly, and measurement
of anisotropy of magnetic susceptibility
(AMS) can be of great help in unravelling them.
This method, although first highlighted more
than 60 years ago (Graham 1954), has remained
a somewhat specialist tool despite the advances
in measurement precision, accuracy and effi-
ciency (Borradaile and Henry 1997; Martin--
Hernandez et al. 2004; O’Driscoll et al. 2015;
Tarling and Hrouda 1993). The principle behind
AMS measurements relies on the physical prop-
erty of magnetic susceptibility, K, which is the
relationship between the magnetization, M, of a
sample in an externally applied magnetic field of
strength H. It is assumed that in low field
strengths, this relationship is linear such that
M = KH. The anisotropic response is controlled
essentially by the SPO and distribution of
Fe-bearing phases, principally magnetite and
biotite. Magnetite is usually the dominant con-
trolling phase, despite being an accessory phase,
because the susceptibility response of this min-
eral is up to three orders of magnitude stronger
than that of biotite.

Although the physics and application of this
technique to fabric analysis can be quite nuanced
(e.g. presence of inverse fabrics and distin-
guishing different carriers), numerous studies
have shown that the AMS methodology is a very
robust and reliable proxy for petrofabric analysis,
principally because magnetite tends to form late
and interstitially between the main silicate and
fabric-forming phases (Archanjo et al. 1995;
Grégoire et al. 1998; O’Driscoll et al. 2007;
Stevenson et al. 2007a, b).

The anisotropy is controlled by crystallo-
graphic features of the mineral phase. Biotite has
a platy crystal structure controlled by sheets of
silicate tetrahedra, which results in a minimum
susceptibility perpendicular to the [001] crystal
face. Crystallographic anisotropy of magnetite is
less important but is controlled by the octahedral
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lattice with its axis of preferential magnetism, or
“easy” axis, oriented through opposite corners.
In magnetite, magnetic behaviour is controlled
by grain size and shape. Single-domain and
multidomain configurations serve to minimise
the external demagnetising field (Fig. 2k.1).
Movements of the Bloch wall in multi-domain
grains give rise to a magnetisation when an
external field is applied (Fig. 2k.2).

The data that is produced from AMS mea-
surement may be visualized as a second order
tensor with three orthogonal axes representing
the maximum (K1), intermediate (K2) and min-
imum (K3) susceptibility directions. These
eigenvalues can be read as a magnetic fabric
where the magnetic foliation is the plane con-
taining K1 and K2 (or normal of K3) and the
magnetic lineation is parallel to K1 (Fig. 21). At
the sample scale, all magnetic grains create a
magnetic fabric. This is similar to tectonic fabrics
and may be interpreted in similar ways. If the
fabric is dominantly linear, K2 and K3 are least
certain and form a girdle, similar to L tectonite or
a Flinn plot k value tending to infinity field
(Fig. 21.1; Flinn 1962). With KI > K2 > K3,
both a foliation and a lineation may be discerned.
This fabric is triaxial, similar to a Flinn plot k
value close to 1 field (Fig. 21.2). When K1 and
K2 are equally uncertain and form a girdle, K3 is
perpendicular to a foliation, similar to an S tec-
tonite or a Flinn plot k value close to O field
(Fig. 21.3).

The most useful aspect of AMS analysis is
that it can provide excellent and reliable con-
straint of the linear fabric component. This ele-
ment is often very difficult to constrain in the
field, even when the planar component is very
clear. The linear component is nonetheless nec-
essary to determine the maximum stretching
direction, which may be fundamental to under-
standing transport directions (Stevenson and
Bennett 2011; Stevenson et al. 2007a, b).
The AMS tensor cannot, however, be assumed to
have a linear relationship with strain. This rela-
tionship is at best semi-quantitative where the
shape of the AMS tensor can usually be trusted,
but absolute magnitudes are difficult to correlate
with strain (Borradaile 1987, 1988, 1991, 2001;
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Borradaile and Henry 1997; Borradaile and
Jackson 2004; Hrouda 1993). This is mainly
because the way in which magnetic phases
behave and crystallize during and after flow is
poorly understood. To help constrain the AMS
fabric in relation to the petrofabric, or at least
understand what is controlling the AMS so that it
can be linked more confidently to the silicate
fabric, some form of determination of the mag-
netic carrier phases is required. This is usually
done using temperature versus susceptibility
analyses that can identify the presence of mag-
netite or demonstrate a dominant paramagnetic
phase (Liss et al. 2004; Magee et al. 2012;
O’Driscoll et al. 2015; Orlicky 1990), or by using
techniques that are able to separate magnetic
anisotropy contributions using low and high field
measurements (Richter and van der Pluijm 1994;
Stevenson et al. 2007a, b) and various methods
using remanence in addition to susceptibility.
Fabric pattern relationships can be summarized
with respect to magma flow directions in end on,
side view or plan (map) view (Fig. 2m). In each
diagram the projected foliation trace is marked
with dashed lines and the projected lineation trend
with grey lines. Map symbols are shown in plan
view to establish fabric geometry in the other
diagrams. End on and side views show the plane
through which the plan view is taken. In each case
there is an upper and lower plane shown respec-
tively in upper and lower parts of the relevant
diagram. Grey arrows show the magma flow
direction where relevant. Fabric pattern in a
magma conduit, like a lava tube (Fig. 2m.1), may
represent a lobe, tongue or finger. Foliation trace is
generally concentric in end on view but shows a
parabolic profile in plan view. Lineation tends to
be convergent to a central axis in all views. Fabric
patterns for the termination of a sheet in a viscous
(non-brittle) propagation mode are portrayed in
Fig. 2m.2 (Schofield et al. 2010, 2012b). This
process may be operating during fluidization of
country rocks. Here we assume that sheets take the
form of lobes on limited extent along strike, thus in
the plan view the lineation trends converge around
the nose of the sheet tip. The lobes are flattened in
the horizontal plane, so in side view, projected
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lineation trends are parallel to the foliation trace,
while at tip or nose the lineation trends are close to
perpendicular to the transport direction. If the
structure was more cylindrical we may not expect
to see lineation along the axis. The fabric patterns
expected for a brittle (hydrofracture) propagation
mode (Fig. 2m.3) show that there is a zone at the
tip of the sheet that is dominated by fluids and we
may not see any continuity in the fabric. For a sheet
intrusion, the plumose lineation trend is shown in
plan view, where the foliation trace displays a
parabolic pattern (Fig. 2m.4). Here the only places
where lineation trends parallel to propaga-
tion/magma flow is near the margins and along
the central axis. Note that foliation planes, imbri-
cated with respect to the margin (roof or floor),
may only be used to determine flow direction
along the central axis of flow (much like trough
cross bedding in fluvial sandstones).

Two examples of AMS fabric data and their
interpretations are reported here for reference.
The case of Maiden Creek Sill, Henry Moun-
tains, Utah (Fig. 2n) illustrates lineation trends
splaying from an axial trend into a plumose
pattern in plan view (Horsman et al. 2005). In
contrast, Fig. 20 reports AMS data and inter-
pretations from part of the Trawenagh Bay
Granite, NW Ireland (Stevenson et al. 2007a).
Although not for an SLI per se, the map high-
lights the way in which lobes were defined in this
intrusion based on foliations curving around a
lineation axis. In some lobes the lineation trend
was parallel to this axis, in some they tended to
splay down flow, and in others the lineation trend
seemed to converge down flow.

2.3 Solid-State Flow-Related
Structures (Syn-magmatic,
Non-tectonic)

Solid-state flow in magmatic rocks refers to
conditions where the igneous system is subjected
to stress when it is either fully solidified, or when
the amount of melt available is insufficient for
crystals to rotate and, therefore, they deform
internally (Vernon 2000). We are concerned here
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(a) - cataclastic shear bands
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with deformation caused by continuing or puls-
ing emplacement processes rather than from
regional tectonic stress. Although this distinction
may be difficult to make, examination of fabrics
and structures in surrounding host rock is nor-
mally sufficient. However, strong differences in
rheology, and therefore behavior of the igneous

(b) - brittle textures-cross section

body and its host, can result in misleading con-
clusions (Pavlis 1996).

The largest-scale solid-state flow-related fea-
tures are those that develop along significant
expanses of the carapace of SLI as cataclastic

shear zones (Fig. 3a; Habert and de
Saint-Blanquat 2004; de Saint-Blanquat et al.
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flow-related structures
(syn-magmatic). a Large cataclastic bands/shear zones—
Schematic drawing of the cataclastic bands in the Black
Mesa intrusion, Henry Mts, Utah (Habert and de Saint
Blanquat 2004). b Brittle textures as seen in cross section
in the first few cm of the intrusive contact. b.1: Top
contact of Trachyte Mesa intrusive sheet against sand-
stone, illustrating a thin, centimetric, shear zone (Morgan
et al. 2008). b.2: Top contact of the Portoferraio laccolith,
Elba Island, with centimetric shear zone, where quartz and
sanidine are cataclastically deformed. b.3: Top contact of
Trachyte Mesa intrusive sheet against country rock,
illustrating a centimetric shear zone passing to the normal
intrusive porphyritic texture with increasing distance from
the contact. b.4: Cataclastically deformed plagioclase at
the top of the Black Mesa intrusion, Henry Mts (de
Saint-Blanquat et al. 2006). b5: Book-shelf deformed
quartz crystal in the vicinity of contact with country rock
of Portoferraio Laccolith, Elba Island. ¢ Brittle textures as
seen in plan view on the contact surface. c.1: Solid-state

2006), but due to erosion and limited exposure,
they normally require effort to characterize.
Cataclastic shear can be found more locally on
opposing walls of dykes, as well as along the
roofs and floors of sills (Schmiedel et al. 2015),
or they may form relatively late along flow
foliation planes inside emplacing viscous magma
(Mock et al. 2003).

These deformation structures are thought to
develop within highly viscous chilled margin
zones as a result of continued magma flow in the
interior of the sheet (Fig. 3b). The thickness of
such zones tends to be measured in centimeters
(Horsman et al. 2005; de Saint-Blanquat et al.
2006). At the mesoscopic scale, textures could
appear as ductile shear (Fig. 3bl, 2, 3), yet at the
microscopic scale, crystals are clearly cataclasti-
cally deformed, and often show bookshelf tex-
tures (Fig. 3b4, 5). Seen on contact surfaces,
these textures are characterised by stretching
lineations formed by cataclastically elongated
quartz and feldspar crystals (Fig. 3c.1, .2, .3). At
Trachyte Mesa, these lineations on the curving
terminations of advancing sheets follow the
magma surface and are oriented orthogonal to the
axes of folds; within a few cm towards the inte-
rior, the magmatic foliation abruptly rotates to
perpendicular to the contact (Morgan et al.
2008). Similar relations are observed on Elba
Island where cataclastically stretched crystals
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lineation on top of the intrusion, Maiden Creek sill, Henry
Mts (Horsman et al. 2005). c.2: Cataclastically stretched
feldspar and quartz crystals on the contact surface of the
San Martino laccolith, Elba Island. c.3: Cataclastically
stretched feldspar and quartz crystals on the contact
surface of the Portoferraio laccolith, Elba Island. d Ductile
textures. d.1: Bent crystal of biotite within a cataclasti-
cally deformed portion of an intrusion very close to the
contact, with cataclastically stretched feldspar and quartz
crystals on the contact surface of the San Martino
laccolith, Elba Island (same as Fig. 3B5). d.2: Flow
bands—Flow banding underlined by trains of mafic
enclaves occurring in a more felsic intrusion; arrows
(1.) point to the sharp contact between a hybrid zone
showing flow banding features in a homogeneous
quartz-porphyry; arrows (2.) point to enclaves embedded
and flow lineated (Eriksson et al. 2011). Each
sketch/picture is after the work indicated by an asterisk
in Table 3

align perpendicular to wave crests (Fig. 3c.2, 3).
These lineations in the cataclastic skin of a few
cm thickness are also at right angles to those that
can occur in the interior, reflecting alignment by
non-coaxial shear in the former and by coaxial
strain in the latter (Fig. 1f; de Saint-Blanquat
et al. 2006). More rarely observed, such zones
occur within the interior of SLI where they are
attributed to multiple injections of discrete sheets
or fingers of younger magma (Horsman et al.
2005; Morgan et al. 2005).

Deformation styles within the cataclastic
zones are controlled primarily by mineralogy and
gradients of temperature and viscosity. Variation
in strain rates can also influence the behavior of
minerals. The degree of deformation in the shear
zones is at a maximum at the contact and
decreases inward. Lineations are the dominant
deformation features, owing to the high aspect
ratios reached by brittlely stretched crystals.
A review of sense of motion indicators under
magmatic conditions (Blumenfeld and Bouchez
1988) shows that criteria are very similar to those
established for solid-state deformation in meta-
morphic rocks (Simpson and Schmid 1983;
Vernon 2004). As implied by referring to these
zones as cataclastic, deformation is almost
exclusively brittle, but minerals such as biotite
can deform plastically as part of a ductile texture
(Fig. 3d.1).
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<4 Fig. 4 Thermal and fragmental structures. a Chilled

margins—Field photo of a Palaeogene sill with a 5-7 cm
chilled margin (slightly finer grained and darker) at the
contact against Triassic sandstone, Scrabo quarry, northern
Ireland (notebook is 20 cm long). Mesoscopic picture of a
polished slab of the lower contact against pelitic sediments
of a Late Paleozoic andesitic sill, with the sill margin
vesiculated and bleached, near Magdeburg, Germany
(Awdankiewicz et al. 2004). b Phenocryst distribution—
Layering of mafic phases in a felsic level inside a
fine-grained gabbro, Gulf of Ajaccio, Corsica. ¢ Miarolitic
cavity—Miarolitic cavity filled with calcite (Cal) and
quartz (Qtz) (de Saint-Blanquat et al. 2006). d Cooling
columns—Host sediments with cooling columns formed
by thermal overprint, close to contact with Late Paleozoic
andesitic sill from a quarry west of Magdeburg, Germany.
e Intrusion contact breccia—White aplite brecciated at the
intrusive contact with slightly younger light brown
porphyritic laccolith below. Clasts are located in the
contact zone, with some migrated tens of cm inside the
younger porphyry, coin for scale, Elba Island. f Breccia
dyke—Dyke made of fluidized shale (originally Creta-
ceous) matrix carrying clasts of late Miocene porphyritic

Conditions of non-coaxial flow characterize
contact zones where magma drags along the host
wall and becomes increasingly viscous due to
cooling. This creates a simple shear system par-
allel to the wall and to the particle paths, but with
stretching and flattening at an oblique angle.
Flow banding can develop in SLI (Fig. 3d.2), for
example where the banding defines the plane of
overall flow along the margins of bimodal dykes,
preserving intercalated mafic and felsic magmas
that intruded quasi-contemporaneously (Eriksson
et al. 2011).

24 Thermal and Fragmental
Structures

Chilled margins are nearly ubiquitous along the
contacts of sheet-like bodies emplaced at shallow
levels. In fact, initial assumptions about depth of
emplacement typically stem from observation of
these marginal features that offer evidence of sig-
nificant temperature contrast between magma and
its host. Confirmation of intrusion, as opposed to
extrusion, in some cases comes from observing
chilled margins on both walls of these tabular
bodies rather than on one. Similarly, chilled
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igneous rock and Cretaceous limestone cropping out in the
vicinity, coin for scale, Elba Island. g Pyroclastic dyke—
Pyroclastic welded domain with vertically (parallel to dyke
attitude) oriented flamme resembling a flow foliation in a
dyke related to the Late Carboniferous Tharandt Forest
Caldera, west of Dresden, Germany. h Breccia dyke—
Dyke including fragments of porphyry along with clasts of
local and distant host rock, Elba Island, Italy. i Peperite—
Sill with peperite on both sides, Sag Hegy, Hungary
(Martin and Nemeth 2007). j Fluidized material—Thermal
fluidization (flash boiling within a fluidized mass along the
magma contact) and triggered fluidization (rapid release of
heated pore-fluids not directly related to magma move-
ment) (Schofield et al. 2012b). k Hydrothermal vent
complex—Full sketch of a vertical section through a
hydrothermal vent complex (Svensen et al. 2006) and field
photo of the outcropping portion of the Jurassic Witkop
hydrothermal vent complex, Karoo. 1 Columnar joints—
Commonly formed in SLI when sheets of solidified magma
continue to cool inward from the walls to form parallel
prismatic columns like mafic sills, example photo from
Colca, Peru. Each sketch/picture is after the work indicated
by an asterisk in Table 4

margins can be used to unveil post-solidification
processes (e.g. faulting) where the margins are
truncated. The detailed nature of chilled margins
(Fig. 4a), their thickness and degree of crys-
tallinity in particular, is controlled by variables
such as magma temperature and composition (and
associated  viscosity), temperature contrast
between magma and host rock, either adjacent to
the wall over time or passing along the wall
through time. These margins are some of the ear-
liest structures formed during emplacement and
often represent the least modified magma.
Another family of features that develop in SLI
in response to progressive crystallization involve
mineralogical and textural changes producing
layering that parallels the tabular forms. Cooling
from the walls of dykes or from the roof and floor
of sills and laccoliths often produce changes in
matrix grain size, as well as phenocryst size and
abundance, particularly in more mafic bodies.
Given sufficient thickness and low enough vis-
cosity, crystal settling can generate magmatic
layering (Fig. 4b). In the same line, high temper-
ature crystallization domains such as spherulites
and lithophysae (Breitkreuz 2013) have been
observed to form near the margins of SLI, with the
domains often arranged parallel to the margin.
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In the case of large mafic SLI, extended
duration of crystallization promotes fractiona-
tion, with associated development of late mag-
matic features such as granophyres, pegmatites,
and miarolitic cavities (Fig. 4c). Late-stage
magmatic products also can form systems of
dykes and veins, including development of
net-veining. Even in more felsic rocks, such as
the rhyolitic laccolith units of the Halle Volcanic
Complex, whole rock geochemical zonation can
develop due to fluid mobility during groundmass
crystallization (Stodczyk et al. 2015).

Contact metamorphic effects associated with
SLI emplacement are generally minimal, and a
decided lack of contact metamorphic effects is
reported as a widespread occurrence (Corry
1988). Based on growth of index minerals, even
in thick, high-temperature sheets, effects are
decidedly less than for plutonic units of similar
size. However, contact effects are particularly
important and well documented for mafic sills
intruded into organic-rich sediments and sedi-
mentary rocks, with aureole thicknesses gener-
ally equal the thickness of the sill (Aarnes et al.
2010). Other studies of contact effects in
thinly-bedded laminated carbonate mudstones
and organic-rich siltstones report aureoles whose
full thickness is recognized only by C and O
isotope variations (Dutrow et al. 2001).

At the base of mafic sills intruding wet sedi-
ments such as in the Karoo and Newark Basins,
spherulitic nodules with bullseye patterns have
been observed, with pronounced elemental
transfer across bleached zones to the newly stable
mineral assemblage in the center. In other set-
tings, heated and sintered clastic host sediments
can develop cooling columns oriented perpen-
dicular to the contact plane (Fig. 4d; Adamovic
2006). Around most SLI, however, evidence for
heated host rock is not visible, perhaps because
heat transport away from the SLI contact in
porous/permeable host sediments is advective
and rapid such that signs of thermal overprint are
limited. As an example, vitrinite reflectance from
coal seams in the vicinity of large SLI in the
Halle Volcanic Complex decreases from values
as high as 9% at the contact to background level
within 1.5 m of the contact (Schwab 1962).
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Fragmentation structures seen as intrusion
contact breccias (Fig. 4e) can develop along the
propagating fracture beyond the limits of a sill
(Tweto 1951), but more commonly they are
found in contact with the intrusive rock (Morgan
et al. 2008). These fragmented zones can include
the intrusive material, the host material, or both
(Schmiedel et al. 2015). Igneous breccia made
primarily of intrusive material can develop mar-
ginally with fragments cemented by sets or net-
works of quartz and calcite veins (Awdankiewicz
et al. 2004). Breccias at the contact can contain
shear bands that conform to the overall direction
of magma emplacement (Morgan et al. 2008).
These breccias are generated by shear strain at
the contact during magma sheet emplacement in
response to outward translation of individual
sheets, with a large degree of frictional coupling
between the overlying layers leading to final
brecciation.

Pyroclastic dykes (Fig. 4f) have been descri-
bed as emplacements in volcanic edifices, as well
as in country rock. They may resemble tabular
feeding systems of explosive eruptions with the
exposure level of the dyke being located above
the fragmentation level (Almond 1971; Ekren and
Byers 1976). “Ignimbritic dykes” have been
documented from high-volume caldera com-
plexes of the Sierra Madre Occidental in Mexico
(Aguirre-Diaz and Labarthe-Herndndez 2003).
Common to these is a vertical orientation of
pyroclastic welded domains (fiamme) parallel to
the attitude of the dyke, resembling a flow folia-
tion. The typically welded pyroclastic rock forms
by lateral aggradation during upwardly directed
flow of a dispersion of hot melt fragments and
gas. Presumably, these feeding systems are being
closed due to deflation of the volcanic complex;
otherwise, the lack of porosity in these welded
pyroclastic dykes is difficult to comprehend.

Other quite frequent types of clastic dykes are
phreatic and phreatomagmatic dykes that are
cross-cutting lava flows, pyroclastic deposits or
country rock. They display vertically aligned,
non-welded domains of fine- to coarse-grained
volcanoclastic and non-volcanic fragments
(Fig. 4g). These dykes are related to phreatic
explosions of water bodies (creeks, lakes, wet
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substrate) covered by hot lava or pyroclastic flow
deposits. Phreatomagmatic dykes may form in
the periphery of phreatomagmatic explosions, in
and around volcanically active diatremes or
emplacing sills and dykes (Martin and Nemeth
2007).

On Elba Island, chaotic breccia zones are
preserved with angular fragments of the intruding
porphyry and the rigid limestone host material,
all ‘swimming’ in fluidized shale. These types of
mixtures can escape the contact zone to form
clast-supported breccia dykes (Fig. 4h) in which
fragmented intrusive rock mixes with fragmented
host rock and intrudes with parallel contacts both
into the host and vice versa.

Other pyroclastic systems related to a volcanic
vent and formed below the surface may have
cone- or pipe-shaped geometry. They range from
phreatomagmatic maar-related diatremes to vents
related to explosive eruptions of volatile-rich
mafic mantle melts (Kano et al. 1997; Reedman
et al. 1987). Caution is advised in assuming an
intrusive origin when such textures are observed.
For example, in the study of a Late Paleozoic
silica-rich magmatic system in Burkersdorf,
Germany, a detailed 3D data set on orientations
of flamme and cooling columns has been used to
justify the interpretation for a welded fall-back
breccia in a vent situated on a rhyolitic dyke that
propagated subhorizontally through metamorphic
country rocks (Winter et al. 2008).

Several variables at the site of emplacement
strongly influence the range of disruptive tex-
tures that develop in either the intrusive unit or
the host, or in both. Foremost among these is the
role of fluids, primarily water present in the host,
but also as released magmatic fluids. Peperite
(Fig. 4i) often forms in adjacent host material
when any of a variety of magma types comes in
contact with wet sediments, producing a myriad
of forms all related as reaction textures that have
been well described and illustrated (Martin and
Nemeth 2007; Skilling et al. 2002). Peperitic
textures are also reported for interactions of
magma and both hydrous salt in the Werra-Fulda
Basin, Germany (Schofield et al. 2014) and coal
in the Raton Basin, Colorado, USA (Schofield
et al. 2012b).
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Emplacement of sills and laccoliths into the
unconsolidated part of the crust occurs by
non-brittle opening of the plane of emplacement,
initially dominantly as fingers or lobes with a
range of interface fabrics and structures pro-
duced (Schofield et al. 2012b). Activation of this
emplacement mechanism is apparently restricted
to the upper 2 km of the crust and is, in most
cases, dependent on induced fluidization by
buoyant hot water or vapor producing dispersed
grains (Fig. 4j), controlled primarily by fluid
volume, host strength, vapor velocity, and clast
size (Busby-Spera and White 1987). Fluidization
can occur as (i) thermal fluidization, a continu-
ous process with flash boiling of pore-fluids
within fluidized material flowing along the
magma contact, or (ii) triggered fluidization,
when heated pore-fluids are rapidly released by a
process not directly related to the magma
emplacement, such as a fault, leading to rapid
expansion of the pore-fluids (Schofield et al.
2010, 2012b). These two processes represent
end-members and it is likely that in a given
intrusion there will be a combination of both
processes operating. Such fluidized mixtures of
materials can escape to make dykes or pipes that
migrate considerable distance into the overlying
host (Platten 1984), or if the available fluids and
driving forces are sufficient, to form hydrother-
mal vent complexes (Fig. 4k) that pierce the
overlying strata and sometimes then collapse
(Svensen et al. 2006).

As was noted early in this section, chilled
margins are characteristic of most SLI, due to the
strong temperature contrast with the surrounding
host and the generally small volume of many
SLI. For similar reasons, formation of
post-magmatic, intrusion-scale columnar joints is
also common when sheets of solidified magma
continue to cool inward from the walls to form
parallel prismatic columns. Sets of curved cool-
ing columns can form controlled by non-planar
isotherms, parallel to the outer surface of the
magma body. Others have examined the detailed
fracturing of such jointed rocks in relation to
their enhanced porosity in the context of evalu-
ating unconventional hydrocarbon reservoirs
(Bermtdez and Delpino 2008).
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2,5 Examining Multiple Approaches

Although the above descriptions attempt to
simplify the range of conditions and textures,
complexity is more likely the norm. Evidence
exists for coalescing fingers during dyke and sill
formation, and differential rates of flow within a
sheet that effectively create magma-magma
interface zones in which simple shear and
resulting imbrication may occur. Each intrusion
needs to be carefully examined to see how the
sum of the observations can best be interpreted.
As an example, the emplacement history of a
giant diabase feeder dyke in Connecticut is
reported where seven flow-direction indicators
(imbricated phenocrysts, broken and sheared
phenocrysts, granophyre wisps emanating from
wall rock, granophyre wisps folded by backflow,
granophyre segregations attached to phenocrysts,
Riedel shears, and ramp structures) have been
used to unravel a three-stage model that included
back flow (Philpotts and Asher 1994), later
confirmed by detailed study of deformed vesicles
and AMS analysis (Philpotts and Philpotts 2007).

3 Example of Elba Laccoliths:
A Case for Coherence

Many igneous rocks, occurring in dykes and sills
in particular, preserve SPO fabrics. However,
before concluding that such fabrics are caused by
magma flow, other alternatives need to be con-
sidered and excluded. If all other reasonable
options to generate a fabric are found wanting,
then an origin from magma flow becomes most
likely. It is worth repeating that the observed
fabric mostly represents the flow pattern in the
waning stages of movement, and that interpola-
tion to determine earlier patterns during initial
emplacement and filling needs to be done with
care. On the other hand, given that fabrics are all
related to the flow of magma during the waning
stage of emplacement, the data describing their
geometries should be coherent, as shown by the
example of laccoliths from Elba Island.
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3.1 Interior Fabrics and Flow

As with many laccoliths and sills, the laccoliths
at Elba Island, Tuscany, formed at the transition
to horizontal flow following vertical flow in
feeder dykes. In such situations, the feeder dykes
are characterized by relatively fixed cross sec-
tional area and non-coaxial flow generated by the
higher velocity toward the interior, leading to an
imbricated fabric. On the other hand, the
cross-sectional area of the laccolith bodies con-
tinuously increased as the radius and thickness of
intrusion increased. Such a transition reoriented
the linear and planar fabrics as magma exited the
constricting conditions of the dyke and emerged
into expanding subhorizontal sheets, a transition
similar to that shown experimentally (Kratinova
et al. 2006). This observation further underlines
that stress fields reconstructed on the basis of
mineral fabrics are not sufficient to determine the
whole history of flow, because such fabrics rep-
resent just the closing stages.

As an example, for the Elba San Martino
laccolith, the great coherence between stress
fields reconstructed from both (i) orientations of
biotite platelets as determined from AMS studies
and (ii) aligned tabular K-feldspar megacrysts
determined by field analyses (Roni et al. 2014) is
nevertheless insufficient to reconstruct the direc-
tion and sense of flow. Indeed, the AMS and SPO
data provides information about diverging flow
lines much like the information provided by
simple glacial striations: you know the direction
(a line) along which the magma (or ice) moved,
but you don’t know the sense. Thus, the case of
the San Martino laccolith required an initial
assumption of overall divergent flow as the lac-
colith expanded laterally from its feeder dyke,
followed by a two-step interpretation. First, the
orientation of the flow lines in map view of the
laccolith sheets could be determined from the
directions of the short axes of the tabular crystals
and the weakest AMS direction (K3). Deter-
mining the sense of flow along those lines
required a second step, namely recognizing that
such axes plunged toward or away from flow
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Fig. 5 Elba Island laccoliths—a Stretching lineations
given by extremely deformed crystals on the exposed
outer contact surface of the Portoferraio laccolith; coin for
scale. b Strongly stretched crystals of quartz and feldspars
in the outer “skin” (ca. 2 cm) of the Portoferraio laccolith,

depending on whether magma was directed
toward the base or roof of the laccolith, respec-
tively. The result proved to be a coherent and
internally consistent ‘geo-logical’ pattern, com-
patible with the original position of the primary
feeder dyke (Roni et al. 2014), that is known
thanks to the post-emplacement lateral displace-
ment of the laccolith layers that left the feeder
dyke and laccolith exposed side by side
(Westerman et al. this volume).

3.2 Ornamented Waveforms
and Disrupted Contacts

A number of well-exposed intrusive contact
surfaces in the Elba laccolith complex provides
an opportunity to evaluate the relationship of
magma flow to the development of waveforms
that are ornamented with cataclastically gener-
ated mineral lineations in the outer skin of the
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as seen in cross section on a polished slab. ¢ Fluidized
black shale amidst lobelets of Portoferraio laccolith in the
contact zone; coin for scale. d Log-log plot of wavelength
and wave height of contact waveform sets, measured at
five different locations on Elba Island

porphyries. Observations of these surfaces for
both the San Martino and Portoferraio laccoliths
show the presence of severely stretched (up to
40:1) phenocrysts of quartz and feldspars
(Figs. 3c and 5a). Bookshelf structures in quartz
preserve the sense of motion during strain
(Fig. 3b5), while feldspar crystals occasionally
show similar patterns but are generally charac-
terized by the development of both symmetrical
and asymmetrical cataclastic tails of crumbled
grains (Roni 2012).

All of these solid-state deformation features,
as well as ductile bending of associated biotite
microphenocrysts, are restricted to the outer 1—
2 cm of the porphyry (Fig. 5b). The groundmass
between the deformed crystals shows no evi-
dence of shearing, appearing only slightly finer
grained than the groundmass in the interior of the
sheets where the phenocrysts are undeformed.
Stretching lineations are commonly present on
the upper contacts, but are also seen on basal
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contacts. Similar structures are reported for
shallow intrusions in the Henry Mountains
(Horsman et al. 2005; Morgan et al. 2005; de
Saint-Blanquat et al. 2000).

All examples of these cataclastic lineations on
Elba are seen as ornamentation on waveforms
that occur along intrusive contact surfaces of
porphyry against highly disrupted, or ‘fluidized,’
shale and serpentinite that has temporarily lost its
competence (Fig. 5¢). Most commonly, the
structures have rounded ‘crests’ and ‘troughs’
best described as sinusoidal, but some sets are
characterized by pointy crests and/or troughs
(Figs. 2b, 3c.3 and 5b); elsewhere, crests form
with an appearance of having ‘overrun’ the
troughs, producing a small-scale ropy structure
with a ‘pahoehoe’ appearance (Fig. 2d).

Exposures at Elba Island allow also more
detailed observation: where host rocks became
fluidized, wave sets occur across a range of
geometries with wavelengths from 1-2 cm up to
1.5 m, and heights from 0.3 to 33 cm. The lar-
gest waveforms are associated with thicker
sheets, however smaller waveforms can occur
either alone or superimposed to produce sets of
waveforms of different orders of magnitude.
Relationships of wavelength to amplitude tend to
be organized and consistent, displaying a
power-law relationship (Fig. 5d).

Additionally, these waveforms on contacts of
both the Elba Island and Henry Mountains lac-
coliths (Horsman et al. 2010), show solid-state
phenocryst lineations that are characteristically
orientated perpendicular to the axes of the
waveforms (Figs. 3c.3 and 5a), independent of
the regularity of the waveform patterns. And
because the lineations wrap on the undulating
surfaces, they define the plane perpendicular to
those axes. For the Elba laccoliths, the stretching
lineation fabric has also been investigated using
AMS in the outer 2.5 cm at several contacts,
finding that the AMS magnetic lineation (K1) is
consistently parallel or sub-parallel to the
stretching direction shown by the solid-state
fabric on the contacts (Roni 2012). In addition,
both of these lineations, whether measured
together or alone, are arranged nearly perpen-
dicular to the axes of associated wave crests.
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Because the lineation defined by cataclastically
stretched crystals is always associated with sur-
face waveforms, and because they invariably
occur together, we consider them as directly
related to magma flow, with wave crests and
troughs aligned perpendicular to flow direction.

Our scenario for the development of these
surface features focuses on four elements:
fluidization of host rock, sharpness of the contact,
freezing the marginal magma, and persisting
magma flow. More completely, porphyritic
magma enters a brittle fracture, carrying phe-
nocrysts. Host rock is locally fluidized along the
fracture but remains “cold” relative to the adja-
cent, immiscible magma. Magma freezes instan-
taneously to form a thin skin with embedded
phenocrysts. Viscous drag from magma moving
against the skin brittlely stretches the phe-
nocrysts. The chilled margin thickens incremen-
tally with viscous drag increasing as the sheet also
thickens. Crystal stretching extends into the solid
and warmer part of the margin, decreasing in
intensity. Continued forceful emplacement fur-
ther thickens the sheet with transpressive forces
generating “standing waves” between the warm-
ing contact zone and the “soft” host.

With regard to the multiple sets of waveforms,
other than having a fluidized host, the main
variable most likely controlling both their
occurrence and scale is the velocity differential
along the flow path, with obstruction of the
forward-moving magma causing waveforms to
set up behind. In our scenario, lateral propagation
was followed by vertical inflation, with two or
more episodes during the earliest part of the
inflation process. During propagation of the ini-
tially thin sheet, the contact surfaces become
decorated by centimetric waveforms preserved in
the frozen outer skin of the sheet. Then, subse-
quent inflation stages superimpose decimetric-
and even metric-scale waveforms on the contacts
of the intrusion.

What remains to be fully understood are the
fluid mechanics of the coupled system that con-
trol the waveform parameter such that wave
height and wavelength correlate. Rheological
properties of the fluids vary with distance from
the contact and with time, and the forms are
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visualized to have formed as stationary features
that never propagated.

3.3 Coherence

If fabrics defined by the preferred orientations of
undeformed phenocrysts, by waveforms, and by
stretched crystals on contacts are all related to the
flow of magma, the data describing their
geometries should be internally consistent. These
relationships are considered here for a diverging
set of particle paths with decelerating magma,
such as would occur during growth of a laccolith
sheet from a central feeder dyke.

On Elba Island, the observed fabrics present a
coherent pattern. First, orientations for tabular
K-megacrysts (SPO field measurements) and
biotite plates (AMS measurements) within the
magmatic sheets are similarly aligned and pro-
vide a geologically logical (‘geo-logical’) pattern
of overall magma flow in the interior of sheets
(Roni et al. 2014). Second, highly elongated
phenocrysts in the skin of the intrusions are
stretched parallel to the overall flow lines and are
in concordance with AMS lineations measured in
cores from exposed contacts. Third, waveforms
on intrusive surfaces are aligned perpendicular to
those interpreted flow lines, suggesting com-
pression in the direction of flow.

Many of the features described above can
offer information about magma flow, but when
all of them are available, they provide a coherent
geometry of fabrics. For the San Martino lac-
colith system, expanding sheets of magma were
being emplaced under conditions of lateral
divergence from a feeder dyke resulting in
(1) poles perpendicular to aligned tabular crystals
defining the flow direction, (ii) fold axes of
wave-like structures aligning perpendicular to
flow, and (iii) stretched crystals defining a plane
that contains the flow direction which is oriented
perpendicular to those fold axes.
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4 Concluding Summary

Over the past 200 years, a lot of nomenclature has
been introduced to describe structures and features
of SLIs, often with genetic implications. We have
attempted here to organize much of this body of
information using logical breaks in the timing of
magma emplacement, independent of the scales of
features. We started with Intrusion-related struc-
tures that formed as the magma was initially
making space and then developing into its char-
acteristic form. This is followed by a discussion of
Magmatic flow-related structures that develop as
magma moves with suspended crystals that are
free to rotate, recognizing that only the final
‘snapshot’ of this process is preserved. The next
set of features were the Solid-state flow-related
(syn-magmatic, non-tectonic) that
formed in portions of the intrusions impacted by
continuing flow of nearby magma. Our final dis-
cussion concerned Thermal and fragmental
structures, less constrained by time of formation
than the other features, but related by their asso-
ciation with creation of space and impact on host
materials. While this is not the only scheme pos-
sible, we find this reasoned and rational organi-
zation to be helpful in describing and interpreting
the myriad observations that have been reported.
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Abstract

Subvolcanic systems are characterized by complex combinations of
intrusive units (dykes, sills, saucer-shaped sills, cone sheets, etc.) for which
genetic relationships are unclear. This chapter explains how whole-rock
geochemistry may be used to resolve the genetic relationships of such
subvolcanic (and volcanic) systems. We start with a short introduction of
the geochemical fingerprinting method with particular emphasis on the
statistical refinement method called Forward Stepwise-Discriminant
Function Analysis (FS-DFA). Combined with field mapping and structural
analysis, geochemical fingerprinting based on major and trace elements
and isotope ratios, is a very powerful tool to distinguish between igneous
units (lavas, sills, dykes) with subtle (or not so subtle) geochemical
differences. Different geochemical fingerprinting or signatures indicate
derivation from distinct magma batches. The results from FS-DFA
analyses may be used to reveal genetic relationships between geological
units, or lack of such, which again may be used to throw light on
subvolcanic plumbing systems, the feeding system in sill-dyke complexes,
as well as other problems. The method is illustrated by studies of the
Golden Valley Sill Complex in the Karoo Basin (South Africa).

1 Introduction

Comprehension of the processes that give rise to
different types of units (dykes, sills, lavas) in
magmatic domains (flood basalts, sill complexes
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in sedimentary basins, dyke-lava-sill relation-
ships in volcanoes, etc.) depends strongly on
information about the genetic relationships
between different units. Important information
may be obtained from field observations and
geophysical imaging (e.g. seismic analyses).
However, although the physical relationships
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between units may be identified by these meth-
ods, their genetic relationships are not ascer-
tained. This is true for units that appear to be in
direct physical contact, as well as for units that
are not. An important additional method is to
establish the geochemical signatures of the geo-
logical units in the area in question. Different
geochemical signatures of two units imply deri-
vation from different magma batches, whereas
identical signatures imply derivation from the
same, or chemically identical, magma batches.
Further analysis of the geochemical signatures of
the units in an area may be used to establish the
evolutionary histories of the magmatic rocks (the
causal mechanisms for observed compositional
variations), and possible genetic relationships
between the units.

This chapter gives a presentation of different
methods for geochemical fingerprinting; the sta-
tistical method Forward Stepwise-Discriminant
Function Analysis (FS-DFA) is described in
some detail. The methods are illustrated by
examples from the Karoo Large Igneous Prov-
ince (South Africa), with emphasis on the results
obtained in the Golden Valley Sill Complex
(GVSCO).

The chapter ends with a discussion of how
geochemical fingerprinting may be used to throw
light on feeding mechanisms between different
units (sill-sill, dyke-lava, dyke-sill), and subsur-
face plumbing systems.

2 Chemical Fingerprinting

2.1 Element Ratios

Chemical fingerprinting was originally devel-
oped in order to map distinct lava flows in
igneous provinces dissected by erosion and/or
poorly exposed. The basic method is to use ratios
between incompatible trace elements to identify
different magmatic units (lavas, dykes, sills). The
term “incompatible trace elements” is generally

C.Y. Galerne and E.-R. Neumann

used for elements that fit very poorly into the
minerals in the mantle (where basaltic magmas
are formed) and in minerals forming in a basaltic
magma (e.g. Rb, Th, U, Nb, Ta, Zr, P, rare earth
elements [REE], Zr, Ti, Y). In a magma, ratios
between pairs of strongly and moderately
incompatible or pairs of moderately and mildly
incompatible trace elements will therefore not
change during moderate degrees of fractional
crystallization. This means that samples derived
from the same magma reservoir will have similar
ratios, whereas different batches generally will
have different ratios. Other processes (contami-
nation, assimilation, mixing between chemically
distinct magmas, separation of a fluid phase,
etc.), will generally modify ratios between
incompatible trace elements.

Figures 1 and 2 show the use of geochemical
fingerprinting on lavas in the Lesotho Lava Pla-
teau (the Drakensberg Group) in the Karoo Basin
(Marsh et al. 1997). Whole-rock analyses on la-
vas from numerous isolated sections (Fig. 1a)
show slightly different ratios between pairs of
incompatible elements, i.e. different geochemical
fingerprints. These differences are expressed in
ratio-ratio diagrams in Fig. 2. In ratio-ratio dia-
grams samples from the same unit are expected
to plot in a tight cluster. Samples from different
units may overlap in one diagram, but be sepa-
rated in another, revealing different geochemical
characteristics. By the help of several ratio-ratio
diagrams it may be possible to distinguish the
chemical identities of different magmatic units
within the same area. Fig. 2 shows the results for
lavas in the Lesotho Formation and in the Barkly
East Formation in the Drakensberg Group. Lavas
in the Barkly East formation form separate
clusters in the two ratio-ratio diagrams, demon-
strating different geochemical signatures. The
chemical variations among the Lesotho lavas
(Fig. 2), however, are too subtle to be differen-
tiated in the ratio-ratio diagram and overlap in the
grey field in Fig. 2. Based on ratio-ratio diagrams
Marsh et al. (1997) were able to correlate lavas in
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Fig. 2 Plots of ratio between strongly incompatible
elements (Ti/Zr vs. Zr/Nb, Z1/Y vs. P/Zr) for lavas from
the Lesotho Formation (grey field) and Barkley East

the Lesotho Formation and in the Barkly East
Formation from one outcrop to the next (Fig. 1b).
In this way they managed to map the extent of
different lava flows, as well as time-related
compositional variations.

Although ratios between highly incompatible
elements are useful in revealing chemical con-
trasts in some cases, they clearly do not resolve
subtle chemical contrasts. A more robust method
is to use a statistical approach.

Drakensberg flood basalts. b Summary of the stratigraphic
columns in each location based on geochemistry after
Marsh et al. (1997)

.Ba.rl.(ly .Ea.s.t. .
Formation
Wonderkop

] Letele
g ] Roma
[ sani
|[E&] Golden Gate

E Moshesh's

~ Ford

zZrlY

25
4

P/Zr

formation within the Drakensberg lava sequence (Marsh
et al. 1997). See text for discussion

2.2 Statistical Methods

Statistical methods have proven to be excellent
tools for distinguishing different geochemical
signatures among magmatic rock units with small
compositional contrasts (e.g. Duncan et al. 1984;
Sheth et al. 2004). One such method is the For-
ward Stepwise-Discriminant Function Analysis
(FS-DFA; Hill and Lewicki 2007; StatSoft 2013).
Discriminant function analysis is a statistical
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Fig. 3 Principal Component diagrams obtained from the
FS-DFA method applied to the GVSC after Galerne et al.
(2008). a, b and ¢ show the best results for the sample
populations used as input data. The applications of these

analysis to predict a categorical dependent vari-
able (called a grouping variable) on the basis of a
set of independent variables (called predictor
variables). Discriminant analysis is used when
groups are known a priori (unlike in cluster
analysis). It works by creating one or more linear
combinations of predictors, called discriminant
functions (or principal component functions). The
number of discriminant functions possible is
either n — 1 (n = number of groups), or p (the
number of predictors), whichever is smaller. The
first function created maximizes the differences
between groups on that function. The second
function maximizes differences on that function,
but also must not be correlated with the previous
function. This continues with subsequent func-
tions with the requirement that the new function is
not correlated with any of the previous functions.

In geological fingerprinting by the FS-DFA
method, 7 is a set of known sample populations or
groups (i.e. lavas, dykes, sills); the predictor vari-
ables, p, are chemical variables within each pop-
ulation (major elements, trace elements, isotope
ratios). The higher p, the more detailed and reliable
are the results. Using such input information the
FS-DFA evaluates the compositional variations
within each sample population, and the geochem-
ical differences between the sample populations.
The resulting basis functions are based on the most
discriminative predictor variables, m (<p),
weighted by the coefficients, W, that maximize the
variance between the populations relative to the

10

I
discriminant functions on samples from localities with too
few samples to use statistics gave additional details on the
GVSC geochemical architecture (see Fig. 10 d-f in
Galerne et al. 2008)

variance within them. These weighted variables
are combined in n — 1 basis functions (assuming
that n <m). An example of such statistical analysis
canbe found in Table 3 in Galerne et al. (2008). The
general formulation of the discriminant (or prin-
cipal component) function is:

Si=Ci+W X'+ W} XP 4+ W X"
(1)

where C is a constant specific to the ith dis-
criminant function S; X is the measured concen-
tration of a given element, weighted by the
coefficient W specific to that element X in the ith
discriminant function. The subscript i refers to
the relative importance of the discriminant
functions, 1 giving the best discrimination, n — 1
the poorest; the superscripts 1 to m refer to the
predictors (elements, isotope ratios) included in
the final model. The statistical method has the
advantage that it can deal with large data sets and
produce quick and robust results (see Fig. 11 in
Galerne et al. 2008).

The result may be presented in two-dimen-
sional plots using the best discriminative func-
tions as main axes (Fig. 3). It is also possible to
show the populations in a hierarchical diagram
which displays the relative compositional differ-
ences between the populations (Fig. 4). Below
we show the use of the FS-DFA method on the
Golden Valley Sill Complex in the Karoo Basin,
South Africa.
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Fig. 4 Hierarchical diagram representing Single Linkage
Euclidean distances between the eight main units in the
GVSC (i.e. saucer-shaped sills, sills and dykes). The
distance along the Y-axis shows the relative differences in
chemistry between the centres of the populations. These
values are computed using the “nearest neighbours”
across the population groups (units) to determine the
relative difference between them. The GS, MVS and GVS

3 Application to the Golden
Valley Sill Complex (GVSC),
Karoo Basin, South Africa

Outside the Lesotho Lava Plateau, erosion has
exposed a large number of sills and numerous
dykes that represent the uppermost part of the
plumbing system in the Karoo Large Igneous
Province (LIP). Estimates suggest that sills in the
Karoo Basin make up a total volume of
277,000 km?® (Svensen et al. 2014). The Golden
Valley Sill Complex (GVSC) consist of large and
small sills and dykes within a limited area
(~850 km?) in the Karoo Basin. The area is
representative of the Karoo Basin outside the
Lesotho Plateau (Fig. 5a). Structural units (i.e.
sills and dykes, each represented by a specific
sample population), may be easily distinguished
in a map view, but their genetic relationships are
unknown. Few physical contacts exist between
sills and dykes in the GVSC, thus numerous
genetic relationships may be imagined: from (a)
all units originate in the same, or identical,
magma batches, to (b) all units are derived from

lv] [Ms] [Gs_Mavs| Gvs]

groups show no compositional difference and are there-
fore attributed with a single linkage distance value close
to 0. The chemically distinct HS group has the highest
single linkage distance value. The different levels of
relative chemical differences are reflected by the distinct
branches of the hierarchical tree highlighted here with
different grey scale colours. Figure modified after Galerne
et al. (2008)

separate magma batches (Galerne et al. 2008,
2010). The genetic relationship has important
bearing on our understanding of the intrusion
mechanisms and feeding systematics of sill
complexes.

The Karoo LIP was emplaced between 184
and 177 Ma (Encarnacion et al. 1996; Le Gall
et al. 2002; Jourdan et al. 2004, 2005, 2007;
Svensen et al. 2012) with a peak of activity at
183 Ma, corresponding to the main period of
emplacement of the Karoo sills and dykes
(Svensen et al. 2012). The GVSC is located in the
southern part of the Karoo Basin, SW of the
Lesotho Lava Plateau, and consists of four major
elliptical saucer-shaped sills and a major dyke
(Fig. 5a; Galerne et al. 2008). The GVSC area
also includes the Golden Valley Dyke (GVD;
<15 m thick, 17 km long) and several small dykes
(d1-d4) and short sill segments (e.g., L1, L2 and
L3). The large sills are emplaced in two strati-
graphic levels: the Morning Sun Sill (MSS) and
the Harmony Sill (HS) at the deeper level, and the
Golden Valley Sill (GVS) and the Glen Sill (GS)
at a slightly higher level. Each sill at the higher
level is located above a sill at the lower level.
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Fig. 5 al Location of the GVSC in the Karoo Basin,
South Africa. a2 Simplified geological map of the GVSC
showing sample locations (after Galerne et al. 2008). a3
Schematic illustration of saucer-shaped sill in three-
dimensional cross-section. b Total Alkali Silica (TAS)

All the rocks in the GVSC are basaltic to
basaltic-andesitic (Fig. 5b) and the compositional
range is generally small (Fig. Sb—e). The samples
show essentially parallel trace-element patterns
which might be explained by different degrees of
fractional crystallization from a common initial
magma. The southern part of the Karoo Basin is

diagram c—e Trace element concentrations (normalized to
Primitve mantle, PM, as given by McDonough and Sun
1995) for rocks in the golden valley Sill Complex
(Galerne et al. 2008)

underlain by the Namaqua-Natal Mobile Belt in
which the lithosphere acquired an arc-like signa-
ture (enriched Sr—Nd isotope ratios, negative
Nb-Ta anomalies) during former orogenic events
(e.g., Catuneanu 2004); Strong enrichment in Pb
indicates crustal contamination (Fig. 5d—e). How-
ever, plots of ratios between pairs of incompatible
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Fig. 6 Plots of strongly incompatible element ratios
(Ti/Zr vs. Zr/Nb, Ti/Zr vs. P/Zr, and Zr/Y vs. P/Zr) in
dolerites from the GVSC (modified after Galerne et al.
2008, 2011). Data published in Fig. 15 of Galerne et al.
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(2008) are completed with the data published as supple-
mentary material by Galerne et al. (2008). The colored
fields represent the distinct magma batches involved in the
emplacement of major sills and dykes of the GVSC
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Fig. 7 a Variations in initial Sr—Nd isotopes among the
GVSC units (after Neumann et al. 2011), assuming the
age of 183 Ma determined for sills in the Karoo Basin
(Svensen et al. 2007, 2012). The trend is estimated on the
basis of the EC-RAFC model of Spera and Bohrson
(2004) using dyke SA.20.1 from southern KwaZulu-
Natal, South Africa (Riley et al. 2006) as initial-melt

elements (Fig. 6) show clear distinctions between
some of the populations. It is particularly evident
that the geochemical characteristics of the HS and
the GVD are different from those of the other units.
However, the FS-DFA statistical method, based on
47 major and trace elements, reduced to 19 most
discriminative predictor variables (1) by the PCA
algorithm, gives an excellent separation of the
populations (Fig. 3). Although some populations
overlap in some diagrams, they are separated in
others, showing that the units, or sample popula-
tions, are separated in m-dimensional space. The
results are presented in map view in Fig. 7b. The

model and a combination of the Proterozoic mafic
granulite xenoliths HCA28 and HCA35 from the northern
Lesotho/central Cape province (Huang et al. 1995).
b Map view of the Geochemical architecture of the
GVSC (Galerne et al. 2008). Different colors reflect
different chemical signatures

degree of chemical diversity among the popula-
tions is shown in the hierarchical diagram, Fig. 4.
Two units, the Golden Valley Sill (GVS) and the
Glen Sill (GS) overlap in all diagrams, and are
shown as identical in the hierarchal diagram, the
other units have different chemical fingerprinting.
This means that GVS and GS must originate in the
same, or identical, magma batches, whereas the
other populations in the GVSC were derived from
separate magma batches.

The FS-DFA method also helped in the study
of the GVSC regarding some units for which
there were too few analyses to give a statistical
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basis. Once the basis functions were established,
it was possible to estimate the positions of sam-
ples from these units in the Principal Component
diagrams and thus test their possible affinity to
the other units (and magma batches; see Fig. 10
in Galerne et al. 2008). This increased the details
of known genetic relationships in the GVSC. The
overall result is the comprehensive geochemical
architecture shown in map view in Fig. 7b.

In the GVSC the results obtained by the FS-
DFA method were later confirmed by Sr—Nd
isotope data (Fig. 7a; Neumann et al. 2011). Each
unit that was given a unique geochemical identity
by the FS-DFA method based on major and trace
element data, covered a very limited range in
8751/30Sr and "*Nd/"**Nd ratios, defining a small
domain different from those of the other units.
Furthermore, like in the Principal Component
diagram (Fig. 3), the GVS and GS showed iden-
tical Sr—Nd isotope ratios, confirming derivation
from the same (or identical) magma batches.

4 Implications
4.1 Genetic Relationship
and Evolutionary History

Geochemical fingerprinting can reveal details
about the genetic relationships between mag-
matic rocks in an area, and about their evolu-
tionary history. Based on major and trace
element and Sr—Nd isotope data Neumann et al.
(2011) concluded that the different geochemical
signatures in the different units in the Golden
Valley Sill Complex were caused by a combi-
nation of interaction with the lithospheric mantle
and fractional crystallization and contamination
in the deep crust. The ascending magmas lost
their buoyancy when passing from the dense
upper mantle into the less dense lower crust, and
ponded there. The hot magmas heated the crustal
wall-rocks beyond their solidus temperatures,
causing partial melting. At the same time the
magmas cooled and started to crystallize.
Different degrees of hybridism of crustal melts
with strong arc-type geochemical signature,
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accompanied by fractional crystallization (AFC
processes) changed the major and trace element,
and the Sr-Nd isotope compositions of the
magmas, thus causing their different geochemical
fingerprinting (Figs. 6 and 7). Hybridism of
lower crustal melts led to different degrees of
enrichment in strongly incompatible elements,
enriched Sr-Nd isotopic ratios, and relative
depletion in Nb and Ta relative to REE. In
summary the different magmas appear to be
derived from a common, or identical, primary
melt(s). Entering the lower crust the melt(s)
formed magma chambers where they were sub-
jected to different degrees of fractional crystalli-
zation and contamination. This gave rise to
magma batches with different chemical finger-
printing which have given very important infor-
mation about the feeding mechanisms and
plumbing system in the upper crust.

4.2 Emplacement Mechanism

of the GVSC Plumbing System

Saucer-shaped sills are tabular intrusions
observed worldwide in volcanic margins and
sedimentary basins (e.g., offshore Norway, Ka-
roo Basin). Although they are common, their
feeding mechanisms are poorly known, mainly
because the relationships between sills and their
feeders are rarely exposed (e.g., Hyndman and
Alt 1987), and difficult to image on seismic data.
The emplacement mechanism of sills and saucer-
shaped sills in sedimentary basins are therefore
mostly debated on the basis of theoretical mod-
els. Some models propose that sill intrusions
occur along the level of neutral buoyancy of the
magma, and the feeders are expected to be
located below the outer sill at one side of the
saucer (Fig. 8a; e.g., Bradley 1965; Francis 1982;
Chevallier and Woodford 1999; Goulty 2005);
other models propose that saucers are fed from
below through a central feeder dyke (Fig. 8b;
Galland et al. 2009, and references therein). In
the latter models, the feeders are expected to be
situated beneath the central part of the inner sills
(Fig. 8b).
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Fig. 8 a and b are theoretical models of saucer-shaped
sill emplacement mechanisms. Numbers (/) and (2)
indicate the steps of emplacement. a. Model of emplace-
ment controlled at the level of neutral buoyancy (LNB),
modified from Francis (1982). Sills are fed laterally from
one part of the outer sill. b Model of emplacement along
horizontal discontinuity, modified after Malthe-Serenssen

The application of the geochemical finger-
printing method to saucer-shaped sill complexes
may help deciphering which of these theoretical
models works in nature. The problem is refor-
mulated as follows: are the sills in saucer-shaped
sill complexes formed by a single magma batch
through an interconnected network (Model A;
Fig. 8c), or is each unit in such a complex fed by
an individual magma batch (Model B; Fig. 8d)?
The first hypothesis implies that the sills fed each
other through an interconnected sill network
(Fig. 8c); the second hypothesis implies that each
sill is fed through a distinct conduit (Fig. 8d).

In the GVSC a small part of the vertical sec-
tion is exposed, revealing part of the 3-D rela-
tionship between sills and dykes. Combined with
field relationships, structural observations and
mechanical considerations, the application of
chemical fingerprinting provides an important
tool to establish the architecture of the upper
parts of plumbing systems and the feeding rela-
tionship between different units.

As shown above, the FS-DFA statistical
method revealed that in the GVSC the two major
saucers at the upper stratigraphic level (GVS and
GS) have identical chemical fingerprinting
(Figs. 4 and 5). This indicates that, although they
are not presently in physical contact, they

et al. (2004). Sills are fed radially from the inner sill. ¢ and
d are geochemical end-member plumbing system scenar-
ios for sill complexes. ¢ Model A: a single batch of
magma forms a network of interconnected (nested) sills.
d Model B: each saucer-shaped sill represents a geo-
chemical distinct magma batch that has entered the upper
crust through separate channels

originate from the same, or identical, magma
batches. All other major intrusions yield dis-
tinctive geochemical signatures. This implies that
the sills at the upper (GVS and GS) and lower
levels (HS and MSS) were not connected in a
sill-feeding-sill relationship while emplaced in
the Karoo Basin (Fig. 9a, b).

Some minor sills are in physical contact with
major sills or dykes (L3-GVD, L4-GVS, L7-GS
and L8-GS; Fig. 7b), suggesting sill-feeding-sill
relationships. However, the FS-DFA results
show that L4, L'7 and L8 consist of two parts, an
upper part with GVS-GS geochemical signature
and a lower part with MSS signature (Galerne
et al. 2008). These locations reveal that the MSS
at the lower stratigraphic level locally came into
contact with the GVS-GS at the higher strati-
graphic level, but there is no sill-feeding-sill
relationship (Figs. 8 and 9).

There are, however, close associations
between one elliptical sill (the GVS) and a small
dyke (d4): the dyke is exposed underneath the
southern tip of the sill, and is parallel to the long
axis of the GVS sill (dashed line in Fig. 7b).
Unfortunately only two analyses with signifi-
cantly fewer trace elements than in the main data
set were available on d4. To determine their
geochemical relationship the GVS and dyke d4
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Fig. 9 Geological cross-sections a A-A"" and b B-B'.
Figure after Galerne et al. (2011), see Fig. 6 for colour
legend. ¢ Example of seismic image showing contact
between two saucer-shaped sills, interpreted as feeding
relationship by Hansen et al. (2004). A comparison

data were compared on the basis of element
ratios (Fig. 6). In all diagrams d4 falls within the
field defined by the GVS-GS magma batch.
Having the same geochemical signature as the
GVS, the d4 dyke covers all fundamental criteria
required for being the feeder of the overlying
saucer-shaped GVS sill: it is stratigraphically
below the GVS, aligned along the long axis of
the sill, and has identical geochemical signatures.

The above discussion shows that the plumb-
ing system in the GVSC closely resembles
Model B in Fig. 9d with each unit being fed by a
separate batch of magma (Galerne et al. 2008,
2011). However, their identical geochemical
signatures leave the possibility that GVS fed GS
through a lateral overflow and that a former
contact between the two sills has been erased by
erosion (Galerne et al. 2008). This possibility
was, however, made unlikely by laboratory
experiments combined with recent field work in
the GVSC (Galerne et al. 2011). Experiments on
the relationships between type of feeder (one-
dimensional or dyke) and the shape of saucer-
shaped sills suggest that the most likely feeder to
an elliptical saucer-shaped sill is a dyke located
underneath the sill, oriented parallel to the long
axis of the elliptical sill (Galerne et al. 2011). The
experimental results show strong similarities to
the GVS-d4 relationships and thus support the
proposition that dyke d4 is the feeder to the GVS
sill (Galerne et al. 2011). Also the other saucer-
shaped sills in the GVSC are elliptical. Based on

between this image and the geological cross section of the
GVSC suggests that the contact between the two sills may
not reflect a feeding relationship, but is accidental, as
suggested by the different colors in this hypothetical re-
interpretation

these experiments it seems likely that all the
GVSC sills are fed by separate dykes. Despite
identical geochemical signatures of the GVS and
GS, these two sills may also have had separate
feeder dykes in the upper crust.

The experimental technique and apparatus
used in the laboratory experiments that gave rise
to the dyke-feeding-elliptical-sill hypothesis were
developed by Galland et al. (2009). Details on
this method may be found in “Laboratory
experiments” in the present volume (Galland
et al. 2014). This is important information also
when it comes to interpreting saucer-shaped sills
that appear to be nested in images based on
seismic data (Fig. 9c). Saucer-shaped sills
showing contact in seismic images are generally
interpreted in terms of sill-feeding-sill (Hansen
et al. 2004). However, the results from the GVSC
strongly suggest that such contacts may be
accidental, and have no bearing on the genetic
relationship between the sills. The alternative
interpretation of two sills in contact but geneti-
cally unrelated are suggested in Fig. 9c.

5 Summary and Perspectives

Chemical fingerprinting is an old method in geo-
chemistry. Since the work of Pearce and Cann
(1971, 1973) this method has kept evolving as the
resolution of chemical analyses increase. Tech-
nical improvements have brought geochemical
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fingerprinting into a new era where it can be used
to distinguish magmatic units emplaced or erupted
in restricted areas within a given tectonic setting
on the basis of subtle geochemical contrasts.
Theoretical models based on mechanistic
approaches and/or observations often result in
numerous competing models. Geochemical fin-
gerprinting provides a tool to identify the geo-
chemical architecture of magmatic systems. This
technique appears to be a robust method to
support or reject theoretical models. We have
provided two examples of successful application
of the geochemical fingerprinting method to
flood basalts and a sill complex emplaced in
sedimentary basin. In the case of the flood bas-
alts, the results provided the possibility of cor-
relating lavas in stratigraphic sections that are
separated by erosion and spread over distances of
100s of km. The results gave information on
time-related compositional variations on the
same scale, and confirmed the large extent of
surface eruptions of the same magma batch,
either through continuous connection or separate
co-eruptive fissures. In the case of sill complex
emplacements in a sedimentary basin, geo-
chemical fingerprinting showed that a large
complex of apparently interconnected sills (sau-
cer-shaped sills) were not feeding one another
but formed from separate magma batches, and
that one of the major sills was fed by a dyke.
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Abstract

Igneous sheet intrusions such as sills, dikes, and laccoliths are abundant in
volcanic basins. Mafic intrusions are characterized by high P-wave
seismic velocities in the range from 5.0 to 7.0 km/s. Velocity aureoles
with a thickness comparable to the sill intrusion are commonly identified
on sonic log data above and below the intrusions. Sills as thin as 10 m
may be detected by conventional seismic reflection data, whereas sills
with a thickness above about 40 m are resolvable. Offset-dependent tuning
of sill reflections is expected due to the high velocity of the intrusions.
Deep sills are difficult to image by reflection methods but can be identified
from wide-angle seismic data. Sill reflections are interpreted based on
characteristic features such as their high amplitudes and saucer-shaped
geometries. Sill complexes are further well-suited for 3D visualization
techniques. Potential field and electromagnetic data may improve the
reliability of the igneous intrusion interpretation; however such data have
poor resolution if sills are buried below more than a few kilometers of
sediments. Andesitic and felsic intrusions and laccoliths are less abundant
than sills in volcanic basins, and few well-documented geophysical

interpretation studies of such intrusions or dykes are published.
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1 Introduction (F1-3)

Igneous sheet intrusions are commonly present in
sedimentary basins world-wide, and are associ-
ated with continental and volcanic rifted margin
Large Igneous Provinces (LIPs). The intrusions
are dominantly mafic in composition, however
ultramafic, andesitic, and felsic LIPs are also
identified (Bryan and Ernst 2008; Bryan and
Ferrari 2013). The subvolcanic intrusions in
sedimentary basins are dominantly tabular in
shape, whereas laccoliths and plutons are less
abundant. Smaller volume igneous intrusions are
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Fig. 1 Sketch of a volcanic basin showing a sill complex
(red), thermal aureoles and associated hydrothermal vent
complexes. The vent complexes are typically located

also present in sedimentary basins and sedimen-
tary sequences above oceanic crust.

The emplacement of magma into sedimentary
basins causes heating and deformation of the
host rocks. Metamorphic reactions may lead to
the formation of large volumes of greenhouse
gases such as methane and carbon dioxide, or
ozone-depleting gases such as chlorinated and
brominated halocarbons if evaporite basins are
intruded. It has been suggested that rapid release
of such gases to the atmosphere may have trig-
gered rapid global warming and mass-extinction
events several times during Earth history (e.g.,
Svensen et al. 2004). The igneous intrusions also
have an impact on the petroleum and mineral
prospectivity of sedimentary basins. The sill
complexes may represent long-lasting barriers to
fluid flow, whereas fracture contact zones and
hydrothermal vent complexes may lead to
focused fluid flow. The permeable zones are
good targets for water exploration drilling in dry

above the tip of transgressive sills, and consist of a
vertical pipe and a crater at the seabed

regions such as the Karoo of South Africa
(Chevallier and Woodford 1999).

Volcanic basins are sedimentary basins with
major components of intrusive and/or extrusive
igneous rocks. Figure 1 shows a sketch of a
subvolcanic complex in a typical volcanic basin.
Deep seated sills are dominantly layer parallel,
whereas saucer-shaped sills are more common in
the shallow intervals. The sills may form inter-
connected complexes, whereas dykes are less
common. Metamorphic aureoles develop around
the cooling intrusions. The heating causes
devolatilization reactions, leading to overpres-
sure by the formation of gases such as methane,
carbon dioxide, and/or boiling of water below the
critical pressure. Hydrothermal vent complexes
are formed if sufficiently large pressures are
generated to fracture the overburden in low-
permeability sequences. The vent complexes
commonly originate from the upper terminations
of transgressive sill segments, and consist of a
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Fig. 2 Morpho-structural
diagram of a typical
saucer-shaped dolerite sill
of the Karoo Basin. Note
that the feeder dykes are
often difficult to identify in
the field. Modified from
Chevallier and Woodford
(1999)

Inclined Sheet
Transgressive Sill

pipe connecting the aureole to a crater at the
paleo-surface.

The sills commonly display a saucer-shaped
geometry in layered sedimentary basins (Polteau
et al. 2008). Field and borehole studies in the
Karoo Basin reveal that the saucer-shaped sills
consist of three main components: a sub-
horizontal inner sill, inclined sheets (transgres-
sive sills), and outer sills (Fig. 2). Minor sills and
dykes are sometimes also present, but the feeding
relationships of dykes and sills are often difficult
to document. Figure 3 shows small-scale out-
crops of near-vertical dykes and a rare occur-
rence of a sill-dyke connection in the Nuussuaq
Basin, west-central Greenland.

Sub-horizontal sheet intrusions are well
imaged on seismic reflection data as the sill-
sediment contacts are high-impedance bound-
aries. Major sill complexes were identified on 2-D
seismic data in the Northeast Atlantic in the 1980s
and 1990s (e.g., Gibb and Kanaris-Sotiriou 1988;
Skogseid and Eldholm 1989; Skogseid et al.
1992). During the past decade numerous detailed
3-D seismic studies of sill complexes have been
published, in particular from the West of Shetland
region (e.g., Bell and Butcher 2002; Trude 2004;
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Hansen et al. 2004; Thomson 2004; Smallwood
and Harding 2009). Saucer-shaped sill complexes
are now identified in numerous sedimentary
basins world-wide, including offshore West
Africa (e.g., Rocchi et al. 2007) and Australia
(Schofield and Totterdell 2008; Magee et al.
2013). In contrast, identification of dykes or
intrusive bodies such as laccoliths, stocks and
plutons is less common.

The aim of this contribution is to show how
igneous intrusions are identified and interpreted
on remote sensing geophysical data. The focus of
the paper is on seismic imaging and interpreta-
tion of mafic sill complexes, as mafic intrusions
are abundant in sedimentary basins and the
seismic reflection method represents the most
useful geophysical method currently available.
However, potential field data (gravity, magnetic),
wide-angle velocity data, electromagnetic data,
and satellite imaging data are occasionally used
to identify and interpret subvolcanic intrusions
and will therefore also be briefly discussed. The
examples are mainly from the Vering Basin
offshore mid-Norway, where extensive Paleo-
gene breakup-related sill complexes intrude
dominantly Cretaceous sequences.
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Fig. 3 Paleogene sills and
dykes intruding sandstones,
shales and coals of the
deltaic Cretaceous Atane
Formation at Atanikerluk
on the Nuussuaq Peninsula,
west-central Greenland.
The dykes in a are about
3.5 m wide. The sill in b is
about 1 m wide

2 Seismic Reflection Method

A high-quality 2-D seismic reflection profile
across the northern Vering Basin is shown in
Fig. 4a. This profile reveals an extensive, domi-
nantly layer-parallel sill complex that was inter-
sected by exploration well 6607/5-2 on the
Utgard High in 1991. The well drilled a 91 m
thick Upper Sill (US) and terminated 50 m into a
Lower Sill (LS). In addition, a 3 m thick sill was
penetrated 370 m above the US. The Upper and
Lower sills are accurately dated by the TIMS
zircon U-Pb method at 55.6 + 0.3 and
56.3 £ 0.4 Ma, respectively (Svensen et al.
2010). A detailed geochemical study of borehole
cuttings shows that the dolerites were formed by
fractional crystallization of melt in the lower

crust with minor assimilation of crustal melts,
leaving a >320 m thick unit of ultramafic
cumulates (Neumann et al. 2013).

The Upper Sill correlates with a high ampli-
tude reflection, S1, in the N&grind Syncline,
whereas the Lower Sill is less-well imaged in the
Utgard High but can be correlated with S2 in the
Nagrind Syncline. Two deeper levels of sills, S3
and S4, are interpreted in the central part of the
syncline. The imaging is not sufficiently good to
determine if any deeper sills are present. Thin and
small sills are also difficult to image, and the
uppermost 3 m thick sill drilled in 6607/5-2 is too
small to be imaged on available data. The vertical
resolution limit of sills is discussed in Sect. 2.2.
Note that no sills were intersected by the nearby
well 6607/5-1, about 10 km to the southeast. No
sill reflections are identified in this area.
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(a) Vema Dome

Négrind Syncline Utgard High
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Fig. 4 Seismic reflection profile across the north Vering
Basin in the Norwegian Sea. a 2D seismic reflection
profile. b Location map; selected wells and seismic profile
in a shown as circles and a grey line, respectively. ¢ Wire
line log data of the Upper Sill. d Normalized amplitude of
transmitted and reflected normal incidence wave based on

2.1 Petrophysics

The wire line logs from well 6607/5-2 document
the characteristic petrophysical properties of
dolerite intrusions. The sonic log shows a box
like character, with a rapid increase of P-wave
velocity at the top of the sill and a correspond-
ingly rapid decrease at the base of the sill
(Fig. 4c). The sill velocity is very high, about
7.0 km/s, and fairly constant throughout. A few
zones of lower velocities correlate with increase
in borehole size measured by the caliper log, and
is likely related to hole washout, possibly related
to fracturing of the dolerite.

The P-wave velocity of the intruded Upper
Cretaceous sediments in the Utgard well is about
3.0 km/s. However, there is a distinct increase of
P-wave velocity towards the sill both from the
top and the bottom, reaching more than 4.0 km/s
near the contact. The thickness of the interval
with increased P-wave velocity is about 100 m
both above and below the Upper Sill, defining a

Zoeppritz equations. Velocities of the host rock and sill
are 3.0 and 5.5 km/s, respectively, whereas the corre-
sponding densities are 2.5 and 2.9 Mg/m>. Modified from
Planke et al. (2005). S sill; US upper sill; LS lower sill; TP
top palaeocene; BT base tertiary

high velocity contact metamorphic aureole
around the intrusion (MA).

The entire suite of conventional log curves
from the well is available from the Norwegian
Petroleum Directorate (www.npd.no). Other
porosity-dependent logs (bulk density, neutron
porosity, resistivity) reveal the same general trend
as the sonic log. The dolerite density is as high as 3.
0 Mg/m>, whereas the porosity is very low, typi-
cally <5 %. The deep resistivity is very high
(2,000 Q-m; ca. 1-5 m depth of investigation),
whereas the medium resistivity is somewhat lower
(300-1,000 Q-m). Shear wave velocity logs are
not available, but Vp/Vs ratios of 1.8-2.0 are
assumed based on downhole measurements of
massive basalts in Ocean Drilling Program bore-
holes offshore southeast Greenland (Planke and
Cambray 1998). The natural gamma ray log cor-
relates well with the box-like velocity response,
with a typical value of 30 GAPI in the dolerite. In
the host rocks there is a well-defined intermediate
resistivity aureole both above and below the
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Fig. 5 a Average P-wave wireline log velocities of 83
sills drilled West of Shetland. The average sill thickness is
35 m. b, ¢ Sill versus metamorphic aureole (MA)
thickness of the same sills. The sill and aureole
thicknesses are interpreted from log data. Red circles

intrusion. No aureoles are identified on the gamma
ray, density, and porosity logs.

Well log data from 83 sills drilled in the
West of Shetland region reveal sonic velocities of
4.5-6.2 km/s, and a mean velocity of 5.55 km/s
(Fig. 5a). These velocities are significantly lower
than the Utgard sill velocities. The difference is
possibly related to thickness, grain size, and
compositional variations, with the Utgard sills
being thicker and more iron-rich (Berndt et al.
2000). A plot of the sill versus the aureole
thicknesses in the West of Shetland area displays
a broad 1:1 correlation, however there is a large
scatter of data and several intrusions with no
detectable velocity aureoles.

Sill velocities may also be measured by wide-
angle seismic experiments. A multi-layered sill
complex, similar to the one in the Nagrind Syn-
cline, is found in the Hel Graben, about 50 km to
the northwest. Berndt et al. (2000) modelled
ocean bottom seismometer data across the Hel
Graben, and obtained P-wave velocities of
7.4 km/s at ca. 5 km depth (Fig. 6), which is even
higher than the 7.0 km/s sonic velocity of the
Upper Sill of the Utgard well.

In summary, mafic sills represent high-velocity
and high-density sheets in sedimentary basins.
Seismically, they can be viewed as homogenous,
isotropic layers. The intrusions are commonly
associated with a velocity aureole of similar
thickness to that of the sills, as confirmed by both
mineralogical and thermal modelling (Aarnes
et al. 2010). A caveat is that shallow sills and

MA (m)

100
Sill (m)

150

fine-grained clastic host rocks; blue circles limy fine-
grained clastic host rocks. The symbol sizes are scaled
according to the host rock velocity (mean of 3.55 km/s).
Modified from Skogly (1998)
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Fig. 6 Seismic wide-angle velocity-depth profiles in the
Hel Graben, about 50 km NW of the Vema Dome (Fig. 4).
A layered sill complex intruded into Cretaceous sediments
is associated with high P-wave velocities. OBS ocean
bottom seismometer. Modified from Berndt et al. (2000)

invasive flows emplaced into unconsolidated
sediments may have significantly lower velocities
due to intense fracturing or the development of
peperitic layers.

2.2 Seismic Imaging

High velocity tabular sill intrusions emplaced in
low velocity host rocks represent easy targets for
seismic imaging. Sub-sill imaging is, however,
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more difficult, partly due to transmission loss
across high-impedance contrast boundaries. This
is clearly illustrated in Fig. 4a where the Upper
Sill is much better imaged than the Lower Sill
even though the sill-sediment impedance con-
trasts and the sill thicknesses are similar. The
sketch in Fig. 4d shows the sub-sill decrease of
reflection amplitude of a normal incidence plane-
wave with a relative amplitude of 100. Based on
Zoeppritz equations, the amplitude of the
reflected wave from the top of the upper sill is six
times greater than the amplitude of the reflected
wave from the top of the lower sill. The figure
shows that the relative amplitude of the wave
reflected from the top of the lower sill is only 6 %
of the amplitude of the incoming wave at the top
of the upper sills.

Other factors influencing the seismic imaging
are related to the geometry of the sills (e.g.,
thickness, areal extent, and dip). Additionally,
the seismic acquisition parameters, such as the
source pulse and streamer length, as well as
seismic processing have an important impact on
the imaging.

The seismic detection and resolution limits of
sills depend on the signal/noise ratio and band-
width of the data. In simple terms, detection is
the ability to identify a sill, whereas resolution is
the ability to determine the thickness of the
intrusion. The vertical detection limit is perhaps
as low as 1/30 of the dominant wavelength, or ca.
6 m for a 30 Hz wavelet and a sill velocity of
5.5 km/s. The horizontal detection limit is
somewhat more difficult to assess. Pant and
Greenhalgh (1989) used physical 2D seismic
modelling to determine that targets as small as
1/30 of a wavelength are detectable, but the
amplitude, polarity and frequency of the event is
modified if the reflecting layer is less than one
wavelength. The nature of the reflection is
dependent on a volume integration of the prop-
erties of the media above and below the sill
interface. The lateral extent of the integration
volume corresponds to the first Fresnel zone at
the sill-sediment interface (approximately 400—
700 m radius for a 30 Hz reflection at 2—6 s depth
and an average velocity of 3 km/s) (Favretto-
Cristin et al. 2009). 3D migration is very
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important for improved horizontal resolution,
essentially for collapsing the Fresnel zone to a
much smaller area.

The vertical seismic resolution of a thin bed is
often determined by the classic quarter wave-
length criterion. Thus, the vertical resolution of a
sill with a velocity of 5.5 km/s is 46 and 69 m for
a 30 and 20 Hz Ricker wavelet, respectively.
However, thinner layers may be resolved down
to 1/16 of a wavelength using spectral inversion
methods (Puryear and Castagna 2008; Zhang and
Castagna 2011). For real data, it is often the
signal/noise ratio and the wavelet spectrum that
determine the obtainable resolution limit.

Sill tuning and resolution aspects are explored
using the classic wedge model of Widess (1973)
and a 20 Hz zero-phase Ricker wavelet (Fig. 7).
Note strong interference and tuning effects for
sill thicknesses up to 120 m with destructive
interference of <20 m thick sills and a maximum
constructive interference for ca. 50 m thick sills.

Sills in volcanic basins are thin, high-velocity
layers which lead to source-receiver offset
dependent tuning of reflected waves. The tuning
effects can be explored by full elastic wave-
equation modelling of simplified Earth models
and typical seismic acquisition parameters
(Fig. 8). A 100 m thick sill is clearly resolved at
short offsets for a 30 Hz Ricker wavelet. However,
strong tuning effects are observed at offsets
>2 km, and only one reflection is visible beyond
3 km offset. There is a clear amplitude-versus-
offset (AVO) increase, with a peak near the critical
offset. The tuning effects are similar for the sill
and the sill+aureole models (Fig. 8c, d), however
the maximum amplitude and the critical offset are
slightly different with a lower near-offset ampli-
tude and a greater critical distance of the sill
+aureole model. Similar wave-equation model-
ling of 15-50 m thick sills show only one reflec-
tion at all offsets, and a clear AVO decrease.

Kinematic ray-tracing can be used to show how
the distance between the top sill and base sill tra-
vel-time curves is reduced towards the critical
point (Fig. 9). The decreasing separation between
the two travel-time curves makes it more difficult
to distinguish individual reflections with increas-
ing offset and leads to offset-depending tuning.
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Fig. 7 Plot of 1-D synthetic seismograms for sills with
systematically increasing thicknesses from 0 to 205 m.
The top and bottom sill contacts are shown by dashed
orange lines. The section corresponds to perfectly

migrated reflection data. Calculations were done using a
20 Hz zero-phase Ricker wavelet and no transmission
losses. Velocities of the host rock and sill are as in Fig. 4d
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Fig. 8 Synthetic wave-equation seismograms for a sim-
plified 1-D Earth model showing strong source-receiver
offset dependent tuning for a 100 m thick sill using a 30 Hz
Ricker source wavelet. a P-wave velocity (Vp) models of a
100 m thick sill with and without a metamorphic aureole
(MA). Sediment layers p = 2.2 Mg/m®, Qp = Qs = 250;
Vp/Vs = 1.8 in upper sediment layer, 1.75 otherwise. Sill

The wide-angle data from the Hel Graben
(Fig. 6; Berndt et al. 2000) documents that suf-
ficient seismic energy to be detected is trans-
mitted through a sill-sediment complex with a
wave velocity representing the high-velocity end-
member (>7 km/s). The measured high velocity
of the layered sill-sediment complex suggests
that lower-crustal high velocity bodies imaged by
wide-angle seismic data may not represent mas-
sive underplated material, but rather a complex
of lower crustal intrusions mixed with sedimen-
tary rocks (White et al. 2008).

intrusion p = 2.9 Mg/m3, Qp = Qs = 1,000, Vp/Vs = 1.9.
b Synthetic seismograms of the sill model. Red arrow
critical offset (4.8 km). The data are plotted after applying
a static time-shift operator to align the sill reflections (i.e.
no moveout stretching). ¢, d Instantaneous amplitude
response of the sill model and sill + aureole model,
respectively (red is high, blue is low; y-axis in seconds)

23 Seismic Interpretation

The determination of lithology from seismic
reflection data is challenging, in particular in
frontier volcanic basins with limited well control.
Igneous intrusions are, however, good imaging
targets and have some deterministic features that
make it possible to interpret them with high
confidence in many basins. However, it is
important to have consistent and reliable criteria
to interpret intrusions and to avoid misinterpre-
tation of similarly imaged geological features
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Fig. 9 Kinematic ray-tracing of a four-layer Earth model
(see Fig. 8a) with a 200 m thick sill. Note that the time-
difference between the reflection curves from the upper

such as high-velocity carbonate layers, sediment
intrusions, or gas-charged sandstones. Thin or
small intrusions, dykes and other steeply dipping
sheet intrusions, and intrusions below the
uppermost igneous unit are also difficult to
identify in many basin provinces.

A combination of methods is commonly used
for interpretation of sill complexes in volcanic
basins (Planke et al. 2005):

e horizon and attribute mapping,

interpretation of sill reflections,

3D voxel visualization,

seismic facies analyses, and

integration with well, geological and other
geophysical data.

The seismic interpretation is normally done in
a workstation environment using software such
as the Kingdom Suite (www.ihs.com) and Petrel
(www.software.slb.com). These software pack-
ages are well-suited for conventional mapping of
time horizons and reflection attributes. Such data
form an important stratigraphic framework for
subsequent mapping of igneous intrusive units
and associated hydrothermal vent complexes and
lava flows.

Sill reflections are characterized by four dis-
tinct features:

e high positive reflection amplitudes,
e abrupt reflection terminations,
e saucer shape, and/or

and lower surfaces decreases with offset. The critical
offset for the top sill reflection is 4.8 km. Vertical length
of 10 and 30 Hz wavelets shown

e cross-cutting of layered sedimentary sequences

(“transgressive sheets”).

The most diagnostic features are the high
amplitude and the saucer-shape or transgressive
nature of the sill reflections. 3D seismic data or
grids of 2D seismic data are important to increase
the confidence of the interpretation. An improved
reliability can also be obtained by borehole cal-
ibration (e.g., Fig. 4), integration with other
geophysical data (Sect. 3), and the identification
of related igneous features in the basin.

Sill complexes consist of splitting and mer