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Foreword

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
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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 LASI1 field workshops started in October 2002 in Freiberg (Saxony,

1LASI stands for Laccoliths, sills and dykes—Physical geology of shallow-level magmatic
systems
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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).2

LASI II 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

2https://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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Physical Geology of Shallow-Level
Magmatic Systems—An Introduction

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

3 km.1 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 SiO2-
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

S. Rocchi (&)
Università di Pisa, Pisa, Italy
e-mail: sergio.rocchi@unipi.it

C. Breitkreuz
TU Bergakademie, Freiberg, Germany
e-mail: cbreit@geo.tu-freiberg.de

13 km depth has been quoted as maximum emplacement
depth for the laccolith complex in the Henry Mtns.
(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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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-Sørenssen 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”)

2 S. Rocchi and C. Breitkreuz
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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.1. Initial sill/laccolith
formation with lateral expansion of a subhorizontally
oriented magma disk or ellipse. Upon magmatic inflation,

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

Physical Geology of Shallow-Level Magmatic Systems … 3



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-Sørenssen 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

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 Mtns., 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.1a–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.1d,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 SiO2-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 2009).
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

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.
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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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Geometric Scaling of Tabular
Igneous Intrusions: Implications
for Emplacement and Growth

A.R. Cruden, K.J.W. McCaffrey and A.P. Bunger

Abstract
The horizontal (L) and vertical (T) 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 T (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, T, and horizontal length, L, of
laccoliths and plutons described by

T ¼ bLa; ð1Þ

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 T and
intrusion volume, V, can also be proposed:

T ¼ dVc ð2Þ

where c 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.

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 = pT(L/2)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) L/T a b (m) References

Batholiths 4 95–600 3–15 20–90 – – Cruden (2006)

Plutons 61 3.5–86 1–10 1.5–17 0.81 ± 0.12a 1.08 ± 1.38a Cruden (2006),
McCaffrey and
Petford (1997),
Cruden and
McCaffrey
(2001)

Layered Mafic
intrusions

8 8–550 3–13 2.3–68.7 – –

Laccoliths 131 0.3–80 0.03–3 2–50 0.92 ± 0.11 0.12 ± 0.02 McCaffrey and
Petford (1997),
Corry (1988)

Henry Mtns 38 0.8–7.2 0.03–2.5 1.8–25.8 1.77 ± 0.36 0.07 ± 0.02 Corry (1988)

La Sal Mtns 10 0.8–5.6 0.2–1.0 3.8–12.3 1.52 ± 0.39 0.12 ± 0.04 Corry (1988)

Sleeping Ute Mtns 14 0.8–3.6 0.06–0.76 2.6–17.8 1.83 ± 0.77 0.09 ± 0.03 Corry (1988)

Abajo Mtns 32 0.3-6.4 0.1–0.78 1.9–13.3 1.06 ± 0.20 0.21 ± 0.02 Corry (1988)

Elba Island 9 1.6–10 0.05–0.7 11.8–33.3 1.41 ± 0.17 0.03 ± 0.01 Rocchi et al.
(2002)

Average for groups 1.52 ± 0.31b 0.02 ± 0.07b

Horizontal Sheet
Intrusions

68 0.001-450 0.0001–0.6 1.9–2400 0.57 ± 0.02 0.4 ± 0.22

Mafic sills
(L > 1 km)

31 1–450 0.01–0.6 10–2400 0.85 ± 0.1 0.01 ± 0.02 Bunger and
Cruden (2011a)

Mesoscale
intrusions

13 0.14–1.6 0.0005–0.025 37–290 0.49 ± 0.13 0.47 ± 0.33 Corazzato and
Groppelli
(2004)

Minor Intrusions
(Skye)

17 0.001–
0.004

0.0001–0.0005 1.9–9.2 0.91 ± 0.25 0.27 ± 0.04 Walker (1993)

aRMA regression for plutons and layered mafic intrusions, excluding the Bushveld complex
bAverage 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 than99%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. 1a; 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

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 T * 10–
30 m. The log T versus log V plot also shows a
similar bifurcation between the data arrays,
occurring where V * 1 � 107−1 � 108 m3

(0.01–0.1 km3) and between slopes of c * 0.3
for sills and c * 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 c * 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
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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-Sørenssen et al. 2004; Galland et al.

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

(a)

(b)

(c)

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

700 m high. c 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
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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 * 10 m 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 a * 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

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

that are not captured in the geometric scaling
data. For example, some laccoliths are distinctly
asymmetric in cross section bounded by a steep

(a)

(b)

(c) 10

0

-10

-20

0

2

4

0 10 20 30

G
ra

vi
ty

 (
m

G
al

s)
D

ep
th

 (
km

)

Distance (km)

North South

D = 2.59 D = 2.59

Gotemar Granite Uthammar Granite

Observed
Model
RMS Error

Profile 1 - Gotemar and Uthammar Gravity 

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

laccolith and faulted southeast margin. c Residual gravity
anomaly profiles (above) over the Mesoproterozoic
Götemar 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)
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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

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 b = 0.37 and 3.13 (Fig. 1a). 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. 1a), 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. 1a), 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

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 T 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 KI = KIc, where KI is the mode I
stress intensity factor and KIc is the mode I
fracture toughness of the rock, LEFM predicts
(e.g. Olson 2003):

T ¼ KIc 1� v2ð Þ ffiffiffi
8

p

E
ffiffiffi
p

p ffiffiffi
L

p
; ð3Þ

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, KIc

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 KIc = 300–3000 MPa m1/2 whereas typical
laboratory rock toughness values range from 0.5
to 2 MPa m1/2. 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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length (Fig. 5). Therefore, LEFM accounts sat-
isfactorily for the scaling of these intrusion types
if large effective KIc 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. 1a. 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

saucer-shaped intrusions in shallow sedimentary
basins (Malthe-Sørenssen 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

(a) (b)

(c) (d)

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). c 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
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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. 6c). 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

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, fluidflowwithin 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, Qo, 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, q, to equivalent dimensionless values
X, c, p, and W, respectively. The equations are
simplified by using the alternative host rock and
magma parameters:

E0 ¼ E

1� v2
; l0 ¼ 12l; K 0 ¼ 4

2
p

� �1
2

KIc;

ð4Þ

where l is magma dynamic viscosity. Two
dimensionless groups, or evolution parameters,
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and two characteristic times describe the beha-
viour of the model:

Gm ¼ E02H3l0

K 02t
; G ¼ qmgQ0t

H3=2K
; ð5Þ

tm ¼ E02H3=2l0

K 03 ; tp ¼ H3=2K 0

qmgQ0
; ð6Þ

where Gm describes the behaviour when magma
viscosity dominates the dynamics and G de-
scribes the dynamics when magma weight,
qmg dominates, and tm and tp are the corre-
sponding characteristic times.

When tm is large in comparison to time, t, Gm

is also expected to be large, indicating that fluid
pressure gradients will be large and the system
will be “viscosity dominated.” When t � tm, Gm

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
tm. Simultaneously t will increase relative to tp,
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
u = tm/tp can be defined, which plays the role of
a dimensionless viscosity. u 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 u on the
dimensionless opening profile of the model
intrusion are illustrated in Fig. 7b, where q =
r/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 u is to slow down the transition from
the bell jar shaped plate solution to the flat-topped
solution. Corrected numerical solutions for X and
G are tabulated in Bunger and Cruden (2011b) for
values of u = 10−1 and u = 10−6.

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

w ¼ GK 02

E0gqm

 !1
2

X; R ¼ GE0H3

gqm

� �1
4

c: ð7Þ

By equating T = 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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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
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the initial solution, which corresponds to the elastic plate
solution illustrated in Fig. 6d. With increasing time and
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uniform thickness
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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 Qot = V, intrusion
growth times can be estimated for different vol-
umetric flow rates and host rock properties and
emplacement depths; conversely, if t is known
independently (e.g., from geochronology) then
volumetric flow rate can be estimated for differ-
ent conditions. Usually both Qo and t 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).

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, KIc,
and E′ 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, KIc, 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 consistentwith 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, Te. Pollard and Johnson (1973) intro-
duced Te 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 Te * 1/7H to
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2/3H for examples studied in the HenryMountains,
Utah. Evidence for layer parallel sliding and
detachments has since been documented in the roof
rocks of laccoliths in the HenryMountains (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.

WhenKIc 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 KIc, 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, qm, is also a factor in Eq. 7 and higher
values will shift growth curves downwards.
However, the effect of qm is minor compared to
that of KIc 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 KIc

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 KIc and E′ as close as possible to
accepted values (Fig. 8, Table 2). For reference,
the typical range of laboratory-derived values of

KIc and E′ are 0.5–2 MPam0.5 and 1.04 � 103–
8.3 � 104 MPa, respectively (Olson 2003).
Delaney and Pollard (1981) and Olson (2003)
report values estimated from the Ship Rock dyke,
Colorado Plateau, of KIc = 40–4000 MPam0.5

and E′ = 2.5 � 103–2.5 � 104 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 KIc within the
range of laboratory values. In this case the
desired dimensions are reached when KIc = 1.2
MPam0.5 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 Te = 0.15
H = 375 m and find that the correct dimensions
can be achieved when KIc = 20 MPam0.5 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 KIc = 400 MPam0.5

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 Te * 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 Te 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 KIc =
20 MPam0.5. For these parameters we find
that that the effective depth must be 55 m or
Te = 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

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 KIc = 15–150 MPam0.5 but
require low values of E′ = 1.5–10 MPa. Higher
values of E′ could be offset by Te < H and larger
KIc as in scenario 2 for San Martino 1 (Table 2).
In this case Te = 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 km3 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 KIc = 700 MPam0.5 (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 KIc and E′
if H = 600 m. The latter corresponds to Te =
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

estimated or minimum emplacement depths and
for reasonable field-scale values of KIc (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 Te, 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 T and L we also can assess likely
emplacement times by assuming typical magma
volumetric flow rate values (Qo). These times can
be compared to independent estimates of
emplacement duration from geochronology or
thermochronology and cooling calculations. The
value of Qo = 0.1 m3/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 *5000 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 � 10−3 m/s. Increasing Qo to 5 m3/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 km3/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 Qo * 0.04 m3/
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, Qo 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 Qo * 10 m3/s
(*0.3 km3/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

regard. However, it is clear that both intrusion
types follow different evolutionary pathways
with laccoliths forming in a thickening (roof
lifting, a > 1) dominated regime and large mafic
sills forming in a lengthening (horizontal propa-
gation, a < 1) dominated regime. Below
L * 500 m 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

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 a > 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

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 a < 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.

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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Plumbing Systems of Shallow Level
Intrusive Complexes

Dougal A. Jerram and Scott E. Bryan

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-
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 level chambers, are
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Fig. 1 Conceptual evolution of our understanding of the
complexities of the subvolcanic plumbing system. a The
classic ‘Balloon and Straw’ model, with a balloon-like
magma chamber feeding a volcano; b realisation of

multiple magma storage zones and a complex plumbing
system; c 3D distribution network of magma plumbing
from deep to shallow levels in the crust feeding a variety
of volcanoes
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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

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 km3 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. 1c) (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;
Ernst 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:

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
erosionwhichpartly exposes theplumbing system,
and fromwhich we can gain insight into the nature
and evolution of the system (e.g., Jerram and
Widdowson 2005). Examples such as the Siberian
Traps, Paranã-Etendeka province, North Atlantic
igneous province, Antarctic Ferrar-South African
Karoo provinces, Columbia River and Deccan

Traps, are some of the more well-known and
studied examples.Due todiffering 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 themstarts to identify almost all possible typesof
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 toproduceaschematicpictureof the styles
of magma plumbing. Bryan et al. (2010), consid-
ered the largestknowneruptions that haveoccurred
onEarth, and constructed a simplified end-member
diagram to highlight the relative journey that
magmas of all volumes can have from themantle to
the surface (Fig. 2). The general plumbing under
CFBPs is normally characterised by that depicted
in Fig. 2a, b. Here, sometimes magma plumbing

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

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 103–104 km3 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 residingwithin the upper crust, but also
a highly efficient transport network allowing
magma to readily evacuate from holding chamber
(s).This includes the existenceof largevolumesills
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

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 Eyjafjallajökull 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 103–107

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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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

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 km3) and short-lived (100–103

years) magma batches but which have no sim-
ple time–composition relationships between

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

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); c 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)
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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

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 (Martí 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

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. 6c), 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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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

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

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

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
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Fig. 6 Internal plumbing of the Skye volcanic centre;
a artistic impression of the plumbing at the time of
eruption, (Reproduced and based on Stephenson and
Merritt 2006, with the permission of the British Geological

Survey©NERC. All rights reserved’ and Scottish Natural
Heritage© Scottish Natural Heritage 2006), b present-day
erosion level removed, c edge of the volcanic edifice as
seen from the boat trip into the Cullins for Elgol
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lava sequences themselves (e.g., the Faroe Islands
in the North Atlantic Igneous Province, Hansen
et al. 2011).

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

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. c The Peneplain Sill follows and intrudes along the
Kukri Peneplain between the basement and the Beacon

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
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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 tomap 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

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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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.

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.,

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

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). c 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)
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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

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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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

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).

Fig. 9 Detail of volcanic cycles on Santorini (adapted
from Martin et al. 2010). a Location map of Santorini,
b Stratigraphy of Minoan cycle (terminology and ages
from Druitt et al. 1999), c 87Sr/86Sr values for the
different volcanic events showing whole rock vs separate

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)

Plumbing Systems of Shallow Level Intrusive Complexes 55



Fig. 10 Examples of complexity locked up within
crystal populations as tracers of magma plumbing
systems. a Highlight of the Minoan eruption showing
complex relationships of different magma components
that help provide detail of the complex plumbing and
recycling of crystals at depth beneath the volcano.

b Kamchatka example where differing crystal types
(phenocrysts/antecrysts) and mixed crystal populations
help reveal the complexities of the magma plumbing
syatem (adapted from Cashman and Sparks 2013, image
curtesy of Kathy Cashman)
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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 Paranã-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

intrusion, from complex forms in volcanic
centres, plugs, laccoliths/lopoliths, through
dyke swarms, to nested sill complexes.

4. In predominantly rifted settings, the magma
flux through the system has a marked effect
on how complex the plumbing system is.

5. Polygenetic volcanoes represent centralised
venting of magma over time scales of 103–107

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.

6. 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.

7 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.

8. 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.

9. 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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The Volcanic-Plutonic Connection

Allen F. Glazner, Drew S. Coleman and Ryan D. Mills

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:

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

• mechanical problems with rapid assembly of
such bodies

• short thermal lifetimes of such systems
• field evidence for incremental emplacement
• 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;

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; Schöpa 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

probably echo Justice Potter Stewart of the U.S.
Supreme Court, who in 1964 famously said, “I
know it when I see it,”1 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.

1Justice 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-SiO2-H2O 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

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 km3 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% SiO2

at the top to 64 wt% SiO2 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

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 sampleswith SiO2

<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% SiO2 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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secondary shoulder at 50–55 wt% SiO2. Volcanic
rocks from both datasets are more bimodal, with a
primary mode at 50–55 wt% SiO2 and a secondary
mode at 70–75 wt% SiO2. 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 SiO2 bins. For each 5 wt%
bracket in SiO2 (e.g., 50–55), a random sample

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% SiO2.

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 ofwhole-rock samples and individual
phases for major and trace elements (Bachmann
et al. 2002, 2005) allow the composition of the

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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subsampling procedure). For Sr and Ba, calculated
cumulate compositions are shown for extraction of
0–50 wt% rhyolite (74 wt% SiO2) from Pagosa Peak
Dacite, using crystal proportions from the dacite and
distribution coefficients as specified in Glazner et al.

(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 Eun=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Smn � Gdn
p

,
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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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 SiO2 from the
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starting composition; Fig. 4 shows calculated
enrichments for extraction of 0–50 wt% rhyolite
(74 wt% SiO2) 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
P2O5 display boomerang-shaped patterns that
could be interpreted as a liquid line of descent
showing saturation in zircon and apatite at
*60 wt% SiO2 (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-SiO2, 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

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
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the patterns show great similarity, Eu/Eu* is slightly
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expected if a significant fraction of the plutons are
cumulates; this difference passes the rank sum signif-
icance test (p < 10−5). 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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rocks, as predicted by the mush hypothesis. In c most of
the plutonic rocks are richer in SiO2 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)

72 A.F. Glazner et al.



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.

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

Fish Canyon Tuff
glasses

Cenozoic rhyolites from
Colorado and New Mexico

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%
SiO2) extracted from NAVDAT

The Volcanic-Plutonic Connection 73



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.

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 km3) 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 km3 both volcanic and plutonic rocks
suggest fluxes <0.005 km3/a. For total volumes
above 500 km3, 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.
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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 km3/a (5000 km3/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 km3/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

the zircon systematics of the two (Fig. 9). Zircon
U/Pb geochronologic data for plutons with vol-
ume estimates greater than 1000 km3 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 km3; Lipman 2000) and
Bishop (*700 km3; 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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for the Mount Givens pluton (blue; Frazer et al. 2014)—
note that several multi-grain fractions reported in this
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(red; Wotzlaw et al. 2013). Age is on the vertical axis.
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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 Tuff 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 (Frazer et al. 2013;Wotzlawet al. 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

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 McIntosh
(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
McIntosh 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 km3 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

Arelationship between volcanic andplutonic 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 onmetasomatism 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 rhy-
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

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 a review of the plutonic-volcanic connection,
de Silva and Gosnold (2007) used as a starting
point “the canon that large silicic volcanicfields 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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Structures Related
to the Emplacement of Shallow-Level
Intrusions
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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.
l.). 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 situ 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

Description Location Figure Interpretative notes Examples References

Steps Steps are offsets in
propagating and
transgressing
fractures occupied
by magma

Leading edge
of sills

1a Helps
reconstructing the
magma
propagation
direction and sense

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

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

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

Across a dyke
or sill

1b Gives info on
brittle propagation
of magma-filled
fractures

Theron Mts
(Antarctica)

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

Broken
bridges

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

In place of a
former bridge

1c Gives info on
brittle propagation
of magma-filled
fractures

Theron Mts
(Antarctica)

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

Multiple
sheeting

Apparently unique
intrusion made of
two or more
intrusive sheets

Whole
intrusion

1d Evidence for
multiple tabular
magma pulses in
dykes, sills, and
laccoliths of any
composition

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

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

Internal
contacts

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

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

1e Evidence for
multiple magma
pulses in dykes,
sills, and laccoliths
of any composition

Henry Mts
(Utah)

Horsman et al.
(2005)*

Magmatic
contact

Diffuse, subplanar
surface

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

1f Evidence for short
time span between
successive
intrusions of
magma batches

Henry Mts
(Utah), Elba
Island
(Tuscany)

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

Fingers Discrete, narrow
magma-filled
fractures developed
alongside each
other

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

1g Evidence for
multiple magma
batches in the form
of fingers in
mafic/intermediate
sills

Golden
Valley
(Karoo),
Raton Basin
(Colorado)

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

(continued)

86 D. Westerman et al.



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. 1a, b and c) collectively constrain

Table 1 (continued)

Texture
type

Description Location Figure Interpretative notes Examples References

Boudins
(apparent)

Beads or boudins
as seen in
cross-section

Dykes or sills 1h Local inflation
and/or collapse
during or
immediately
following
emplacement in
hot country rocks

Cap de
Creus
(Spain)

Bons et al.
(2004)*

Tongues Bulbous geometry
of the lateral
termination of
igneous rock layer

Sill or
laccoliths

1i Give informations
on the number of
magma batches
and their lateral
termination

Henry Mts
(Utah)

Horsman et al.
(2005), Morgan
et al. (2008)*

Lobes Large elongate
lobes, similar to
lava flow units

Large
intrusions

1j Evidence for
multiple magma
batches in the form
of lobes in
mafic/intermediate
sills

Trawenagh
Bay
(northern
Ireland)

Stevenson et al.
(2007a)*

Marginal
faults

High-angle faults At the border
of an intrusion

1k Lifting of the
country rock,
generating a
bysmalith

Henry Mts
(Utah)

de
Saint-Blanquat
et al. (2006)*

Plumose
structures

Plume-like
fractures flanked
by one or two
fringe zones of
small en échelon
fractures

Joint surfaces 1l Formed during
early fracture
opening by local
stress at fracture
tip; indicates
direction and sense
of fracture
propagation

S Bohemia
(Czech
Republic)

Simón et al.
(2006)*

Host
foliation
drag folds

Deflected foliation
in the wall rock

Wall rock at
the intrusion
contact

1m Flow direction and
sense

Henry Mts
(Utah)

Correa-Gomes
et al. (2001)*

Riedel and
P fractures

Fractures at
high/low angle
with the contact

Chilled margin
of the intrusion

*asterisk indicates the paper from which the artwork or photo in Fig. 1 is derived
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Table 2 Emplacement-related structures of shallow-level intrusive bodies—Magmatic flow-related structures

Texture type Description Location Figure Interpretation Examples References

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

Along
intrusion-host
rock contact

2a
(1m)

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

Troodos
(Cyprus)

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

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

Intrusion’s
outer skin

2b
(1m)

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

Elba Island
(Tuscany),
Henry Mts
(Utah)

Tweto (1951);
this work*

Lobelets Mesoscopic
ornamentations
on contacts:
dm-size lobes

Intrusion’s
outer skin

2c Formed in felsic
sills and
laccoliths;
interference of
disrupting waves

Elba Island
(Tuscany)

This work*

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

Intrusion
surface

2d Observed in
felsic laccoliths;
rope axes
orthogonal to
flow direction

Elba Island
(Tuscany)

This work*

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

In large
vesicle, close
to the
intrusion outer
contact

2e 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

Holy Island—
Harkess Rock
(NE England)

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

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

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

(Stronger near
contacts)

2f
2g
2h

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

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

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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Table 2 (continued)

Texture type Description Location Figure Interpretation Examples References

MME, xenoliths,
autholiths trains/
elongation/
alignment

Elongate
microgranular
enclaves (crystals
not deformed) or
fragments of host
rock/ autholiths,
sometimes
organized in
trains, sometimes
with flow
foliation around
them

Most common
in the central
part of dykes

(1m)
(3d)

Evidence for
magma flow
from visible
markers

Sandfell
(Iceland)

Correa-Gomes
et al. (2001)*

Flowage
differentiation

Increasing
abundance of
phenocrysts from
the border to
interior of a
tabular intrusion

Most common
in the central
part of dykes

2i Generated by
magmatic flow,
that concentrates
particles in the
zones of highest
velocity-lowest
shear

Rockport
(Massachusetts)

Ross (1986),
Mock et al.
(2003)*

Magmatic folds Bent planes of
markers already
existing before
the end of flow

Anywhere in
the intrusion

2j Formed late Elba Island
(Tuscany),
Sandfell
(Iceland)

Paterson et al.
(1998), Eriksson
et al. 2011; this
work*

Crystallographic
anisotropy;
foliation,
lineation

Anisotropy of
magnetic
susceptibility
(AMS)

Anywhere in
the intrusion

2k Evidence for
magma flow,
also in the
absence of
visible markers
(e.g. in
microcrystalline
rocks)

Henry Mts
(Utah), Elba
Island
(Tuscany)

Horsman et al.
(2005), Roni
et al. (2014);
this work*

* 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 Description Location Figure Interpretation Examples References

Chilled
margin

Fine-grained to
glassy intrusion’s
outermost zone

Intrusion border 4a Rapid magma
cooling

Scrabo
(Northern
Ireland),
Magdeburg
(Germany)

This work*

Phenocryst
distribution

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

Intrusion’s
interior (bottom)

4b Thermal decay,
gravity settling

Gulf of Ajaccio
(Corsica)

Galerne and
Neumann (this
Volume)

Miarolitic
cavity

Small cavity into
wich crystals
protrude

Intrusion’s
interior

4c Evidence for
accumulation of
volatiles

Henry Mts
(Utah)

de
Saint-Blanquat
et al. (2006)*

Cooling
columns

Columns oriented
perpendicular to
the contact
surface

Country rock 4d Effect of heating
then cooling of
host rock

W Magdeburg
(Germany)

This work*

Intrusion
contact
breccia

Breccia
composed of clast
of the host rock(s)

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

4e Generated by
shear strain at the
contact during
magma sheet
emplacement

Elba Island
(Tuscany)

Morgan et al.
(2008),
Awdankiewicz
et al. (2004);
this work*

Breccia dyke Clast-supported
small dykelets

In the intrusion
surroundings

4f Phreatic local
explosion

Elba Island
(Tuscany)

This work*

Pyroclastic
dyke

Similar to tabular
feeding systems
of explosive
eruptions

Volcanic
edifices, country
rock

4g Welding of
pyroclastics occur
during upward
flow of a
dispersion of hot
melt fragments
and gas

W Dresden
(Germany)

Winter et al.
(2008); this
work*

Peperite Disintegrated
magma mingled
with country rock
materials

Carapace around
the intrusion

4h Generated by
fragmentation of
magma during
intrusion in wet
sediments, coal
and hydrous salt

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

Skilling et al.
(2002),
Awdankiewicz
et al. (2004),
Schofield et al.
(2014); this
work*

Fluidized
material

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

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

4i 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

Whin Sill
(England),
Witkop
(Karoo), Raton
Basin
(Colorado),
Herfa-Neurode
(Germany)

Martin and
Nemeth (2007)
Schofield et al.
(2012b)*,
Schofield et al.
(2014)

(continued)
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fragmentation or cataclasis (Fig. 1e). 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. 2006).

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,

Table 4 (continued)

Texture type Description Location Figure Interpretation Examples References

Hydrothermal
vent complex

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

In the intrusion
surroundings, up
to significant
distance

4j Generated by
phreatic explosion
following heating
of sedimentary
pore fluids in
thermal aureole
around a sill, that
leads to
fragmentation and
collapse and/or
upward
movement of the
overlying rock
fragments

Witkop
(Karoo)

Jamtveit et al.
(2004),
Svensen et al.
(2006)*,
Svensen et al.
(this volume)

Columnar
joints

Parallel prismatic
columns

Sills 4k Generated during
subsolidus
cooling; columns
forms orthogonal
to the cooling
surface

Colca (Peru),
Isle Skye
(Scotland)

This work*

* asterisk indicates the paper from which the artwork or photo in Fig. 4 is derived
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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. 1i). 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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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. 2006).

Under conditions when tensile fractures
migrate by brittle failure in a rigid host material,
plumose structures (Fig. 1l) 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 (Simón 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. 1m) (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

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 Elba 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

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). c 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

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. l 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

c
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examination of their contact surfaces occasionally
shows ornamentation such as raised or indented
linear features (Fig. 2a; see also Fig. 1l). 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.

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. 1l; 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
(ii) “flow folds” (Blanchard et al. 1977),
“millimetre-high wrinkles projecting out from
the glassy surface” (Walker 1987), and

Fig. 1 (continued)
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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. 2c), 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 asmagma 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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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. 1l; 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

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

b 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. c 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

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. lMagnetic
fabric types. l1: Dominantly linear magnetic fabric
(similar to an L tectonite). l.2: Both magnetic foliation
and lineation discerned. l.3: Magnetic foliation fabric
dominant (similar to an S tectonite). m Foliation/lineation
patterns. m.1: 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. o 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
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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. 1l 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; Martín--
Hernández 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

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. 2l). 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. 2l.1; Flinn 1962). With K1 > 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. 2l.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 0 field
(Fig. 2l.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;

102 D. Westerman et al.



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; Orlický 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

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. 2o 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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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

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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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. 3b1, 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

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).

b Fig. 3 Solid-state 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. c Brittle textures as
seen in plan view on the contact surface. c.1: Solid-state

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
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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).

2.4 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

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.

b 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. cMiarolitic
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

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 fiamme 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. l 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
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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 (Słodczyk 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).

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-Díaz and Labarthe-Hernández 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 fiamme 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).

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
(Bermúdez 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.

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 (Kratinová
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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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

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

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,

as seen in cross section on a polished slab. c 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
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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. 2006).

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. 5c). 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.

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
(i) 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.

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
structures (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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Geochemical Fingerprinting
and Magmatic Plumbing Systems
Christophe Y. Galerne and Else-Ragnhild Neumann

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
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

C.Y. Galerne (&)
GeoModellingSolutions GmbH,
Hardturmstraße 120, 8005 Zurich, Switzerland
e-mail: christophe.y.galerne@googlemail.com

E.-R. Neumann
Physics of Geological Processes,
University of Oslo, Oslo, Norway
e-mail: e.r.neumann@geo.uio.no

Advs in Volcanology (2018) 
DOI 10.1007/11157_2014_4

Published Online: 09 January 2015

119–130

© Springer International Publishing Switzerland 2014 

https://doi.org/10.1007/978-3-319-14084-1_4


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
(GVSC).

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

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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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.

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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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, n 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, themore 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 themost
discriminative predictor variables, m (<p),
weighted by the coefficients,W, that maximize the
variance between the populations relative to the

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 inTable 3 inGalerne et al. (2008).The
general formulation of the discriminant (or prin-
cipal component) function is:

Si ¼ Ci þW1
i � X1

i þW2
i � X2

i þ � � � þWm
i � Xm

i

ð1Þ
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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(2008). a, b and c show the best results for the sample
populations used as input data. The applications of these

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)
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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 km3 (Svensen et al. 2014). The Golden
Valley Sill Complex (GVSC) consist of large and
small sills and dykes within a limited area
(*850 km2) 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

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 (Encarnación 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. 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

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)
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All the rocks in the GVSC are basaltic to
basaltic-andesitic (Fig. 5b) and the compositional
range is generally small (Fig. 5b–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

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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elements (Fig. 6) show clear distinctions between
some of the populations. It is particularly evident
that the geochemical characteristics of the HS and
theGVD are different from those of the other units.
However, the FS-DFA statisticalmethod, based on
47 major and trace elements, reduced to 19 most
discriminative predictor variables (m) 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

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 GSmust 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
87Sr/86Sr and 143Nd/144Nd 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,

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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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

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, L7 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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magma forms a network of interconnected (nested) sills.
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Geochemical Fingerprinting and Magmatic Plumbing Systems 127



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

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.

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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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

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

Layered sediments - coal, shale,

sandstone, carbonates and/or salt

Sill

P
ip

e

Crater

Thermal aureole

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

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

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 Vøring Basin
offshore mid-Norway, where extensive Paleo-
gene breakup-related sill complexes intrude
dominantly Cretaceous sequences.

Outer Sill

Inner Sill

Inclined Sheet 
Transgressive Sill

Dyke

Minor Sill

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)
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2 Seismic Reflection Method

A high-quality 2-D seismic reflection profile
across the northern Vøring 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 Någrind Syncline,
whereas the Lower Sill is less-well imaged in the
Utgard High but can be correlated with S2 in the
Någrind 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.

(a)

(b)

Dyke

Sill

Dyke

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
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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

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/m3, whereas the porosity is very low, typi-
cally <5 %. The deep resistivity is very high
(2,000 Ω-m; ca. 1–5 m depth of investigation),
whereas the medium resistivity is somewhat lower
(300–1,000 Ω-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. 4 Seismic reflection profile across the north Vøring
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. c Wire
line log data of the Upper Sill. d Normalized amplitude of
transmitted and reflected normal incidence wave based on

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/m3. Modified from
Planke et al. (2005). S sill; US upper sill; LS lower sill; TP
top palaeocene; BT base tertiary
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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 Någrind 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

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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Fig. 6 Seismic wide-angle velocity-depth profiles in the
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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

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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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).

2.3 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. 7 Plot of 1-D synthetic seismograms for sills with
systematically increasing thicknesses from 0 to 205 m.
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orange lines. The section corresponds to perfectly

migrated reflection data. Calculations were done using a
20 Hz zero-phase Ricker wavelet and no transmission
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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):
• 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:
• high positive reflection amplitudes,
• abrupt reflection terminations,
• saucer shape, and/or

• 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 merging
sheets, and conventional horizon picking is
therefore complicated. Normally, numerous
horizons must be generated representing individ-
ual sill segments. In contrast, sill reflections are
well suited for 3D visualization methods because
of their high amplitudes and complicated shapes.
Proper scaling of the data is obviously important,
and true amplitude data or scaling using a long
time window is useful for 3D visualization of sills.

Figure 10 shows the 3D interpretation of the
Gleipne Sill Complex in the Outer Vøring Basin.
Two saucer-shaped, positive high-amplitude
reflections with abrupt terminations, SA and SB,
are well-defined on seismic cross-sections and
time slices (Fig. 10a). Two sub-horizontal high-
amplitude events, SC and SD, are identified
above the saucers. Both events are locally cross-
cutting the uppermost Cretaceous and Palaeocene
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sequences below the Top Palaeocene (TP) pa-
leosurface. These events are also interpreted as
sills. A few discontinuous, high-amplitude layer-
parallel events are also present in the Palaeocene
sequence. No clear cross-cutting relationships are
identified, and these events are therefore possibly
sedimentary reflections.

The result of automatic horizon mapping of the
two elliptical saucers, SA and SB, and the SC
event, is shown in Fig. 10b. Semi-transparency
amplitude voxel rendering reveal the saucer shape
of SA and SB (Fig. 10c). These two saucers are

locally connected with an outer sill (green arrow).
A visualization of the Stetind Sill Complex in the
central Vøring Basin is shown in Fig. 11. Indi-
vidual sills are picked and plotted as horizons. The
sills are shown together with numerous vertical
pipe structures terminating at kilometre-sized
craters on the paleosurface. Mound structures are
commonly present above the craters, both as
domes near the Top Palaeocene horizon and in the
overlying Eocene sequences.

Detailed sill interpretation, attribute analy-
ses, and volume rendering techniques have
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SC
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SB
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BT

(a)

(b)

(c)

Fig. 10 3-D visualization
and interpretation of the
Gleipne Sill Complex,
outer Vøring Basin.
a Seismic profiles showing
two well-defined saucer-
shaped sills (SA and SB)
and shallow sub-horizontal
sills (SC and SD). The
saucer-shaped sill SB is
approximately 3 × 4 km
wide and 0.5 km high.
b Horizon interpretation of
three sills. c Semi-
transparent voxel rendering
of reflection amplitudes.
High amplitudes are shown
in red. Green arrow
possible link between SA
and SB. Yellow arrow
shallow sills
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particularly been applied to 3D seismic data in the
Northeast Atlantic to gain a better understanding
of sill geometries and emplacement processes.
Flow morphologies, magma tubes, and feeding
systems have been mapped in detail (e.g., Trude
2004; Thomson 2004, 2007; Hansen et al. 2004;
Cartwright and Hansen 2006; Hansen and
Cartwright 2006a; Thomson and Schofield 2008;
Smallwood and Harding 2009; Miles and
Cartwright 2010; Schofield et al. 2012; Holford
et al. 2012). The data document that sill complexes
may form inter-connected plumbing systems with
outward flowofmagma in tubes and lobes. The sill
emplacement leads to doming and deformation
of sediments above saucer-shaped sills, forming

so-called forced-folds (Trude et al. 2003; Hansen
and Cartwright 2006b). The Tulipan well in the
Outer Møre Basin offshore mid-Norway made a
small gas discovery in such a dome above a sau-
cer-shaped sill (Polteau et al. 2008).

Sill reflections display a range of characteris-
tic geometries that can be classified and mapped
as facies units (Fig. 12; Planke et al. 2005).
Saucer-shaped sills are formed when magma is
injected into layered sedimentary basins due to
uplift and elastic deformation of the overburden
sediments (Polteau et al. 2008). The size of the
saucer is a function of the emplacement depth,
with small saucers or cone sheets formed at
shallow depths whereas large saucers with minor
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Fig. 11 3-D visualization
of the Stetind Sill Complex
in the central Vøring Basin.
The interpreted sills (S) are
associated hydrothermal
vent complexes (P pipe;
C crater/mound), and rms
amplitudes of an Eocene
time horizon. Vizualization
of Audun Groth, Statoil
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Fig. 12 Sketch showing
the geometries of sill facies
units 1–9 in the Vøring
Basin. Modified from
Planke et al. (2005)
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transgressive sheets are found at larger depths.
Magma may also exploit weak sediments layers
(e.g., shales) and fractures (e.g., faults) forming
layer-parallel tabular sheets (Magee et al. 2013).
Sub-horizontal invasive or hybrid flows and
associated peperites are formed when magma
intrudes unconsolidated sediments at very shal-
low emplacement depths (e.g., the yellow arrow
shows high-amplitude shallow sills in Fig. 10c
and Miles and Cartwright 2010).

Dykes and laccoliths are rarely identified in
seismic data, even in high-quality 3D cubes.
Dykes are frequently thin and steeply dipping
(Fig. 3a) and are therefore difficult to image by
the seismic reflection method. However, dyke
swarms would be easily visible as linear ampli-
tude anomalies on 3D time and horizon maps if
they were abundant in the imaged areas. Lacco-
liths are mainly formed by low-volume injection
of andesitic and felsic melt batches. Up to 500 m
thick laccoliths are present in the Neuqúen Basin,
Argentina (Rodriguez Monreal et al. 2009). The
laccoliths form an integrated part of the petro-
leum system in this basin, both by influencing the
maturation of intruded immature source rocks
and by forming fractured hydrocarbon reservoirs.
Unfortunately, few seismic profiles are published
from this region.

3 Other Geophysical Methods

The confidence of interpreted sill reflections can be
increased through integration with other geophys-
ical methods such as gravity, magnetic, wide-angle
velocity and electromagnetic methods, and geo-
logical data. However, the resolution and detection
limit of these data types are often insufficient to
identify sheet intrusions in volcanic basins.

3.1 Integrated Seismic, Gravity,
Magnetic Interpretation

Mafic igneous intrusions are characterized by
high magnetic susceptibilities and densities.
However, sheet intrusions are normally quite
thin, and give rise to small potential field

anomalies, particularly when the sheets are dee-
ply buried in sedimentary basins. Anomalies are
typically associated with rapid thickness varia-
tions or are edge effects. However, it is possible
to image steeply dipping intrusions, such as
dykes, or thick laccolith intrusions with high-
resolution magnetic data.

Integrated seismic, gravity, and magnetic
interpretation is done in a seismic workstation
environment. High-pass filtered potential field
data are scaled to two-way travel time, and
imported as grids. This approach allows for
plotting of the data as maps and curves on the
seismic reflection data.

A seismic profile and 50-km high-pass filtered
Bouguer gravity and magnetic anomaly maps are
shown in Fig. 13. The profile is located in the
Gjallar Ridge region in the outer Vøring Basin.
Strong northeast trending magnetic anomalies,
M1 and M2, are associated with the kilometre
high Vøring Escarpment where subaerially em-
placed basalt thins rapidly (Fig. 13a, b). The
gravity anomaly displays a major sub-rounded
positive anomaly associated with the Gjallar
Ridge (Fig. 13c). Gravity modelling suggests that
this anomaly is related to a deep density increase
across the T-Reflection (Planke and Myklebust
1999; Gernigon et al. 2003). There is no good
correlation between the gravity and magnetic
anomaly, suggesting the body is non-magnetic.
The interpretation of this high-density body is
controversial, and several different models have
been proposed including serpentinized mantle, a
lower-crustal sill complex, a massive gabbroic
magmatic underplate, and retrograde high-grade
metamorphic rocks (Gernigon et al. 2004).

The seismic reflection data reveal several
transgressive planar sheet intrusions climbing
towards the Gjallar Ridge from the south and east.
A deep sill intrusion is also imaged just northwest
of the ridge. A minor magnetic anomaly, M3, is
associated with the western edge of the sills in the
Vigrid Syncline. The northeast trending anomaly
extends along the eastern flank of the Gjallar
Ridge for >10 km (Fig. 13b). Magnetic modelling
suggests that the transgressive sills may the cause
of the M3 anomaly. Note that no gravity anomaly
is associated with the sill terminations.
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3.2 Wide-Angle Seismic
and Electromagnetic Data

High-velocity and high-resistivity sill complexes
can be imaged bywide-angle seismic profiling and
electromagnetic data. However, the intrusions are
commonly too thin to be detected by these meth-
ods, especially when they are deeply buried in
sedimentary basins. A high-velocity sill complex
is identified by wide-angle data in the northern
Vøring Basin (Fig. 6), supporting the igneous
interpretation of the high-amplitude reflections in
the Hel Graben. A major sill complex below thin
basalts is similarly imaged on electromagnetic
data on the Vøring Marginal High (Fig. 14).

3.3 Satellite Images
and Topography

Satellite images and topographic data can be used
to identify erosional resistant igneous intrusions.
The mafic intrusions have different mechanical and
chemical properties than the intruded host rocks,
and sills and dykes form characteristic erosional
highs in arid and Arctic environments (Fig. 3a).
Google Earth images from the Karoo Basin, South
Africa, and the Sverdrup Basin, Arctic Canada,
reveal numerous well-defined saucer-shaped sill
intrusions (Fig. 15). The mafic nature of these
outcrops is confirmed by field studies (e.g., Polteau
et al. 2008; Evenchick and Embry 2012).
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4 Summary

Igneous intrusions such as sills, dykes, and lac-
coliths are abundant in sedimentary basins, and
are often associated with continental and volca-
nic rifted margin Large Igneous Provinces. Mafic
igneous intrusions are characterized by high
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. Deeper sills are more difficult to
image as the wave amplitudes decay across the
uppermost sill due to transmission losses across
the high-impedance boundaries at the top and the
base of the sills. Offset-dependent tuning is
expected for high-velocity sills due to the high-
velocity of the intrusions. The velocity of intru-
sions in sill-sediment complexes can be derived
from wide-angle ocean bottom seismometer data
if the sills are sufficiently abundant.

Sill reflections are interpreted based on char-
acteristic features such as high amplitude reflec-
tions with saucer-shaped geometries. Sill
complexes are well-suited for 3D visualization
techniques and abundant new information about
sill geometries and emplacement dynamics have
been obtained by such methods over the past
decade. Potential field and electromagnetic data
may improve sill interpretation; however such
data have a poor resolution if sills are buried
below more than a few kilometres of sediments.
In contrast, field studies of volcanic basins such
as the Karoo Basin in South Africa have pro-
vided a lot of complementary information about
intrusive sill complexes. Dykes and laccoliths are
less abundant than sills in volcanic basins, and
few well-documented geophysical interpretation
studies of such intrusions are published. Geo-
physical interpretation studies of andesitic and
felsic intrusions are also rare.
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Laboratory Modelling of Volcano
Plumbing Systems: A Review

Olivier Galland, Eoghan Holohan,
Benjamin van Wyk de Vries and Steffi Burchardt

Abstract
We review the numerous experimental studies dedicated to unravelling the
physics and dynamics of various parts of a volcanic plumbing system.
Section 1 lists the model materials commonly used for model magmas or
model rocks. We describe these materials’ mechanical properties and
discuss their suitability for modelling sub-volcanic processes. Section 2
examines the fundamental concepts of dimensional analysis and similarity
in laboratory modelling. We provide a step-by-step explanation of how to
apply dimensional analysis to laboratory models in order to identify
fundamental physical laws that govern the modelled processes in
dimensionless (i.e. scale independent) form. Section 3 summarises and
discusses the past applications of laboratory models to understand
numerous features of volcanic plumbing systems. These include: dykes,
cone sheets, sills, laccoliths, caldera-related structures, ground deforma-
tion, magma/fault interactions, and explosive vents. We outline how
laboratory models have yielded insights into the main geometric and
mechanical controls on the development of each part of the volcanic
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plumbing system. We conclude with some perspectives on the limitations
of past and current analogue modelling approaches, and on challenges to
be addressed by future research.

1 Introduction

Volcanic plumbing systems set the stage for
volcanic eruptions, by controlling the flow of
magma into the vent. The term ‘volcano
plumbing system’ is here broadly defined as the
structural framework of pathways and storage
regions through which magma travels on its
journey from its source region to the Earth’s
surface. As the metaphor of a plumbing system
suggests, the focus here is primarily on the
transport and storage of magma within relatively
solid or brittle Earth materials that characterise
the upper part of the Earth’s lithosphere.

The huge scale ranges that characterise vol-
cano plumbing systems represent a challenge for
unravelling the complexity of underlying pro-
cesses. These processes act at length scales of
microns to thousands of kilometres, and over time

scales of milliseconds to millions of years. Our
observational range is limited, e.g. to the human
life (and working) time and the geological pro-
cesses are often hidden under ground (Fig. 1).
Earth scientists try to overcome these obstacles by
studying geological systems as observed in the
field. However, field examples are commonly the
compound result of a series of past and/or
on-going geological events and processes. This
aggregation of effects can make it difficult to grasp
clearly the roles of individual physical processes
in the geological system’s evolution as a whole.

One way to tackle these obstacles is to repli-
cate geological processes in controlled laboratory
experiments. Hall (1815) conducted one of the
first such experiments to provide a qualitative
physical explanation (horizontal shortening) for
folded rock strata observed in Scotland. By
designing experiments to study the formation of

Fig. 1 Schematic drawing
illustrating the main
characteristics of volcano
plumbing systems. These
include dykes (Sect. 4.1),
cone sheets (Sect. 4.2), sills
(Sect. 4.3), laccoliths
(Sect. 4.4), caldera-related
structures and intrusions
(Sect. 4.5), magma-fault
interactions (Sect. 4.7), and
explosive volcanic vents
(Sect. 4.8). See text for
details
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diatremes, Daubrée (1891) first simulated pro-
cesses underlying the development of volcano
plumbing systems. Since then, laboratory models
have been a key tool for scientists seeking to
unravel the physical processes that control the
development and behaviour of volcanic and
magmatic systems (Fig. 2).

In this chapter, we provide a review of how
laboratory models, also called analogue models,
have been designed and adapted to unravel the
dynamics of shallow magmatic systems. We also
describe and discuss the application of the labo-
ratory results to various features and stages in
these systems’ evolution. As with other disci-
plines in Earth Sciences, laboratory modelling
has evolved to become increasingly quantitative
in recent years. As we highlight below, this has
drastically increased the capacity of analogue
models to aid the interpretation of not only
intrusive and structural relationships in ‘fossi-
lised’ field examples, but also geodetic and
geophysical data from active volcanoes.

2 Model Materials

An important technical aspect of laboratory
models of volcanic plumbing systems is a rele-
vant choice of model materials. Before starting
an experimental project, it is very important to
know exactly the mechanical properties of the
model materials to be used. This step is crucial
for: (i) designing the experimental apparatus,
(ii) setting the initial and boundary conditions of
the models, and (iii) quantitatively interpreting
the model results. A wide range of materials with
known mechanical properties is available from
the literature, both for model magmas and model
host rocks (Figs. 3 and 4; Tables 1, 2, 3 and 4).

2.1 Model Magma

In nature, magma viscosity depends on many
factors, such as chemical composition, tempera-
ture, dissolved volatile content (e.g. water), and
total crystal content. Magma viscosity hence has a
wide range, within which a lowest viscosity end

member would be a high temperature,
crystal-poor, ‘wet’ mafic magma (η * 10–
100 Pa s) (Dingwell et al. 1993), and a highest
viscosity end member be a low-temperature,
crystal-rich, ‘dry’ granite magma (η up to 1017−18

Pa s) (Scaillet et al. 1997). Such wide range means
that different materials are required to simulate
magmas of high or low viscosity (Table 2).

2.1.1 “High” Viscosity Magma
The most commonly used material for simulating
high viscosity magma is a silicone polymer or
putty called Polydimethylsiloxane (PDMS;
Figs. 3 and 4a). The advantage of PDMS is that it
is a Newtonian fluid at typical laboratory strain
rates and temperatures (Weijermars 1986; ten
Grotenhuis et al. 2002; Boutelier et al. 2008).
This means that the relationship of the applied
shear stress to resultant shear strain rate follows a
power law of exponent of 1 (i.e. is linea). Its
viscosity is hence a constant at a given temper-
ature and has been measured at *1–3 × 104 Pa s
at room temperature (Table 2; e.g. Weijermars
1986; Corti et al. 2005). As temperature varies,
the viscosity of PDMS follows an Arrhenius law
(Hailemariam and Mulugeta 1998; Cagnard et al.
2006), i.e., it decreases exponentially with
increasing temperature. The viscosity of PDMS
can be easily measured by using a cylindrical
viscometer, as described by e.g. Cobbold and
Jackson (1992) and Reber et al. (2013), or a
capillary (extrusion) viscometer, as described by
e.g. Hailemariam and Mulugeta (1998).

According to experimental requirements, the
viscosity of PDMS can also be increased or
decreased by the addition of other materials.
Increasing PDMS viscosity is achieved by mix-
ing it with different proportions of small mineral
particles (inert fillers). The resulting mixture is a
suspension of particles within a viscous matrix,
the viscosity of which follows the
Einstein-Roscoe law (Einstein 1906; Weijermars
1986). Depending on the specific gravity of the
particles used, the bulk density of such a mixture
can be increased or decreased with respect to
pure PDMS. For example, addition of BaSO4

increases the bulk density (ten Grotenhuis et al.
2002), whereas addition of fine hollow glass
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Fig. 2 a Drawing of the pioneering experimental appa-
ratus designed by Hans Ramberg, at the University of
Uppsala, Sweden. 1 model in centrifuge cup; 2 strobo-
scopic light reflector; 3 TV camera; 4 TV receiver;
5 stroboscope; 6 temperature and speed control cabinet;
7 motor; 8 refrigerator unit. b Sections through Ramberg’s
centrifuged model of silicone putty with powdered-wax
layer above, embedded in painter’s putty with sheets of
modelling clay. Run 10 min at 1300 g, the experiment
was intended to model diapir rise. Nevertheless, the

similarity between the model outcome and igneous
laccoliths suggests that such models can be applied to
these igneous features. c Ramberg’s model of magma rise
due to buoyant forces. Left Initial arrangement of model.
Centre and right Cross-sections through vent of a KMnO4

solution through overburden in model shown in left. The
vent runs vertically from one edge of the collapsed
original “magma” chamber. Run less than 1 min at some
1000 g. After Ramberg (1967)
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beads (Boutelier et al. 2008) decreases it. For
large contents of inert fillers, however, the mix-
ture becomes non-Newtonian and its stress to
strain relationship may instead follow a power
law with an exponent greater than 1. At very
large contents of fillers, the mixture may become
visco-elastic (i.e. display substantial elastic or
recoverable strains). Decreasing the viscosity of
PDMS is achieved by mixing it with oleic acid,
such as described by e.g. Corti et al. (2005) and
Reber et al. (2013), although the PDMS-oleic
acid mixture becomes sticky and challenging to
handle. These two procedures provide an
enlarged analogue magma viscosity range of
between *7 × 103 and *5 × 105 Pa s, i.e.
almost two orders of magnitude.

In addition, the commonly-used stiff PDMS
putty is an end member of a suite of silicone oil
products of variable, controlled viscosities
(Takada 1990, 1994b; de Bremond d’Ars et al.
2001; Watanabe et al. 2002). Those used by
these authors range between 0.8 × 10−3 and
1.337 Pa s, but products with a still-broader
viscosity range are available on the market.
Given their wide range of viscosities, silicone
oils can hence be used to simulate both high
viscosity and low viscosity magmas without the
need for adding other materials (cf. Table 2).

2.1.2 “Low” Viscosity Magma
During the last two decades, several experimen-
tal techniques have been developed to simulate
low-viscosity magmas. The simplest model
magma is water; it has been mostly used for
simulating dyke and sill emplacement in gelatine
(Tables 1 and 2; Hyndman and Alt 1987;
McLeod and Tait 1999; Menand and Tait 2002;
Walter and Troll 2003; Kavanagh et al. 2006;
Menand 2008; Kervyn et al. 2009; Le Corvec
et al. 2013). Water is an incompressible Newton
fluid of viscosity *10−3 Pa s. It is often dyed,
such that an intruding dyke can be optically
tracked through models made of transparent
gelatine. In these models, the density of the
intruding water is very similar to that of the
hosting gelatine. Consequently, an internal fluid
pressure imposed by the experimentalist is
required to trigger the propagation of the neu-
trally buoyant intrusion.

To study buoyancy-driven fracturing, air is
used as the intruding fluid (Table 2; Figs. 3 and
4d–e). Air has a density of 1.2 × 10−3 kg m−3 and
a viscosity of *2×10−6 Pa s at room temperature
(e.g. Rivalta et al. 2005; Rivalta and Dahm
2006). In addition to being much less dense than
the host materials, air is compressible, such that a
rising experimental dyke is subject to pressure
decrease, and so to volume increase. In nature,
magma compressibility (Rivalta 2010) and fluid
exsolution (Menand and Tait 2001; Rivalta and
Dahm 2006; Taisne and Jaupart 2011) are
expected to lead to volume increase of propa-
gating dykes, which is likely to affect their
propagation dynamics. At the scale of the
experiments, however, Rivalta and Dahm (2006)
estimated that this effect is negligible.

Air has also been used to study the formation
of shallow magma conduits resulting from
explosive processes due to rapid gas exsolution
of the rising magma (Haug et al. 2013; Galland
et al. 2014b), with applications to maar-diatremes
(e.g. Woolsey et al. 1975) (see also Table 1;
Figs. 3 and 4e), kimberlite pipes (e.g. Gernon
et al. 2009), hydrothermal vent complexes
(Nermoen et al. 2010a), and mud volcanoes (e.g.
Mazzini et al. 2009).
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Fig. 3 Qualitative diagram representing the mechanical
properties of the main model materials that have been
used in laboratory models of volcano plumbing systems
(see Tables 1, 2, 3 and 4). Note that for model rocks, the
elastic, elasto-plastic and viscous/plastic rheologies cor-
respond to the dominant behaviours of the corresponding
model materials. See Sect. 2.2 for explanations
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Model rocks in some models are made of
granular media (see below and Table 4). In these
models, very low viscosity fluids like air and
water are unsuitable for the simulation of magma
intrusion, because they flow through the pores
between the grains in addition to intruding the
model. Moreover, the most commonly used
granular media are made of silica, which is
hydrophilic, such that the percolation of water
through the pores is enhanced by surface tension.
Therefore, other fluids such as oil (Grout 1945),
honey, or Golden Syrup, have been used in this
case (Table 2; Figs. 3 and 4b). The latter’s vis-
cosity is 50 Pa s at room temperature, and its
density is 1400 kg m−3 (Mathieu et al. 2008;
Kervyn et al. 2009; Abdelmalak et al. 2012).

Limiting the percolation of model magma in
its host granular medium requires the use of a
fluid that is chemically incompatible with its
host, i.e. high surface tension. Good examples
are greases (Johnson and Pollard 1973; Pollard
and Johnson 1973), which are hydrophobic, such
as the vegetable oil sold in France under the
name Végétaline (Table 2; Figs. 3 and 4c)
(Galland et al. 2006, 2009; Galland 2012). This
fluid offers several advantages:

• its viscosity is low (η = 2 × 10−2 Pa s at 50 °
C), such that it is suitable for simulating low
viscosity magmas (Galland et al. 2006);

• it is solid at room temperature, and its melting
temperature is 31 °C. It hence can be injected
at molten state at a relatively low temperature
(50 °C), that is technically easy to handle;

• it percolates very little into a very
fine-grained granular host medium;

• at the end of the experiments, it solidifies after
15–30 min such that (i) the intrusions can be
excavated and their shapes analysed in 3D
(Galland et al. 2009; Galland 2012), or (ii) the
models can be cut to reveal how intrusions
relate to surrounding structures and overlying
surface morphology (Galland et al. 2003,
2007a, 2008).

The vegetable oil’s viscosity was measured
via a rotary viscometer (Galland et al. 2006),
which is a standard device to measure fluids of
relatively low viscosities.

Finally, room temperature vulcanization
(RTV) silicone (Gressier et al. 2010) has also
been used as a model magma (Table 2). Its vis-
cosity is 25 Pa s. RTV silicone solidifies after
approximately five hours, such that the simulated
intrusions can be excavated.

2.1.3 Conceptual Magma
Chambers

Some experimental studies of volcanic plumbing
systems do not focus on the magma emplacement
mechanisms, but on the deformation patterns
induced by inflating or deflating magma bodies
(Table 1). In these cases, an inflating/deflating
magma chamber is conceptually simulated with a
balloon (Martí et al. 1994; Walter and Troll 2001;
Troll et al. 2002; Geyer et al. 2006) or a moving
piston (Acocella et al. 2001; Burchardt and
Walter 2010). Although these experiments do not

Fig. 4 Characteristic examples of laboratory models of
volcano plumbing systems made by using various model
materials. a Schematic drawing of experimental setup (top)
and photograph of model cross section (bottom) of the
sand + silicone experiments of Román-Berdiel et al.
(1995). b Side view photograph of ignimbrite + Golden
Syrup experiment (Mathieu et al. 2008). Ignimbrite
powder simulates elasto-plastic rocks, whereas Golden
Syrup simulates magma of intermediate viscosity. c Pho-
tograph and corresponding drawing of a cross-section of
silica-flour + vegetable oil model (Galland et al. 2007a).
The silica flour simulates the behaviour of the brittle crust,
and exhibits faults, whereas the oil simulates magma of
typical viscosity. The cohesion of the silica flour allows the
oil to form sheet intrusion. Note that the oil solidifies, such

that it becomes possible to make cross-sections through the
models. d Time series of side- and front-view photographs
of gelatine + air experiments (Rivalta and Dahm 2006).
The gelatine simulates elastic rock, whereas the air
simulates low viscosity magma. These experiments only
simulate sheet intrusions (dyke and sills). e Time series of
side-view photographs of silica flour + air 2D experiments
(Haug et al. 2013). The silica flour represents brittle
cohesive rock, and the air represents rapidly degasing
magma or phreatomagmatically-generated water vapour.
f Surface view photograph of model using conceptual
magma chamber (Troll et al. 2002). The inflation/deflation
of a balloon represents the replenishment and draining of a
magma chamber, and the deformation induced in the
overburden is observed at the surface of the models

b
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Table 1 List of analog ‘rock’-‘magma’ combinations used in the experimental studies referenced in this chapter

Rock analogue Magma
analogue

Part of plumbing system and
dynamic regime modelled

References

Gels

Gelatin Air Ascent of low viscosity dykes
(buoyancy driven)

Takada (1990), Bons et al. (2001),
Menand and Tait (2001), Muller
et al. (2001), Ito and Martel (2002),
Rivalta et al. (2005), Rivalta and
Dahm (2006), Le Corvec et al.
(2013)

Hexane Interactions between two
ascending dykes

Ito and Martel (2002)

Water Propagation or ascent of
intermediate viscosity dykes and
sills (internal pressure driven)

Fiske and Jackson (1972),
McGuire and Pullen (1989),
Takada (1990), McLeod and Tait
(1999), Menand and Tait (2001,
2002), Walter and Troll (2003),
Kavanagh et al. (2006), Menand
(2008); Kervyn et al. (2009),
Tibaldi et al. (2014), Daniels and
Menand (2015)

Water-gelatin
solution

Dyke, sill and laccolith
emplacement under volcanic cone

Hyndman and Alt (1987)

Mud Hydraulic fracturing in different
stress fields

Hubbert and Willis (1957)

Water-Natrosol
solution

Dyke nucleation from model
magma reservoir

McLeod and Tait (1999)

Water-Sugar
solutions

Propagation and arrest of
buoyancy-driven dyke

Taisne and Tait (2009), Taisne
et al. (2011)

Water-Glycerin Dyke propagation and nucleation,
and composite dyke emplacement

Koyaguchi and Takada (1994),
McLeod and Tait (1999), Takada
(1999)

Molten wax Cooling effects on dyke
propagation

Taisne and Tait (2011)

Vegetable oil Cooling effects on dyke and sill
emplacement

Chanceaux and Menand (2014)

Silicone oils Dyke propagation and nucleation Takada (1990, 1994b), McLeod
and Tait 1999), Watanabe et al.
(2002)

Grease Sill and laccolith emplacement Johnson and Pollard (1973),
Pollard and Johnson 1973)

Silicone putty Dyke nucleation Cañón-Tapia and Merle (2006)

Acryl gel Air Dyke propagation driven by
magma pulses

Maaløe (1987)

Oil Dyke propagation Maaløe (1987)

Agar-sugar gel Water-glycerol
solution

Dyke propagation along level of
neutral buoyancy

Lister and Kerr (1991)

(continued)
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Table 1 (continued)

Rock analogue Magma
analogue

Part of plumbing system and
dynamic regime modelled

References

Granular materials

Sand or sand
with silicone
layers

Silicone putty Inflating or deflating laccoliths or
stock-like intrusions, driven by
internal overpressures or
underpressures

Merle and Vendeville (1995),
Román-Berdiel et al. (1995, 1997),
Benn et al. (1998, 2000),
Román-Berdiel (1999), Acocella
et al. (2000, 2001, 2004), Roche
et al. (2000, 2001), Girard and van
Wyk de Vries (2005)

Rigid piston Deflating stock-like or sill-like
intrusions

Burchardt and Walter (2010)

Balloon Deflating sill-like or laccolithic
intrusions

Walter and Troll (2001), Lavallée
et al. (2004), Geyer et al. (2006)

Silicone-Oleic
acid mix

Magma emplacement in deforming
crust

Corti et al. (2005), Musumeci et al.
(2005), Mazzarini et al. (2010),
Montanari et al. (2010a, b), Ferré
et al. (2012)

Glycerol Magma emplacement in tectonic
extension

Bonini et al. (2001), Corti et al.
(2001)

Air Explosive fragmentation of near
vent region

Walters et al. (2006)

Wheat flour Balloon Deflating and/or inflating (cyclic)
sill-like or laccolithic intrusions

Walter and Troll (2001)

Glass beads Air Formation of hydrothermal vent
complex

Nermoen et al. (2010a)

Air + glass
beads

Diatreme formation Ross et al. (2008a, b)

Crushed
cohesive sand

Sleeve + plates Opening of dyke and associated
surface deformation

Trippanera et al. (2014)

Sand-plaster
mix

Golden syrup Caldera collapse and dyke
propagation

Roche et al. (2001), Kervyn et al.
(2009), Delcamp et al. (2012b)

“Creamed”
honey

Deflating sill-like intrusions Holohan et al. (2008a, b, 2013)

Ignimbrite
powder

Golden Syrup Propagation and inflation of dykes,
sills, and saucer-shaped intrusions
driven by internal pressure

Mathieu et al. (2008), Mathieu and
van Wyk de Vries (2009)

Sand-flour mix Silicone putty Inflating intra-edifice stock-like
intrusions (cryptodomes), driven
by internal overpressures. Deflating
sill or stock-like magma chambers

Donnadieu and Merle (1998),
Roche et al. (2000), Merle and
Donnadieu (2000)

Balloon Deflating laccolithic magma
chambers

Holohan et al. (2005)

Fused alumina
powder

Balloon Deflating and/or inflating
laccolithic magma chambers

Martí et al. (1994)

Diatomite
powder

RTV silicone Dyke and sill propagation in the
presence of pore fluid overpressure

Gressier et al. (2010)

(continued)
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simulate the complexity of volcanic plumbing
systems, the phenomenological results can be
very inspiring for understanding geological
structures observed in the field (Figs. 3 and 4f).

2.2 Model Rocks

Like magmas, rocks exhibit various mechanical
behaviours depending on their lithology and on
the scales (both length and time) of the simulated
processes (Tables 3 and 4). Natural rocks exhibit
complex rheologies, which combine elastic, vis-
cous and plastic properties. Elastic deformation is
reversible and usually occurs at low
stresses/strains. If the stress/strain exceeds the
rocks’ elastic limit, they deform in an irreversible

manner. They can do so by viscous behaviour,
where the strain rate is a linear or power law
function of the applied stress, or by plastic
behaviour where the strain is a function of the
applied stress. Various rheological laws describ-
ing these end member behaviours exist (Turcotte
and Schubert 2002; Jaeger et al. 2009). In nature,
rock rheology combines these different end
members in a non-trivial manner, such that the
complete rock behaviour is extremely challenging
to characterise. Nevertheless, under given pres-
sure and temperature conditions, length-scales
and time-scales (strain rates), rock behaviour is
dominated by one or the other end member. Dif-
ferent laboratory materials are available to simu-
late these dominant rock-mechanical behaviours.

Table 1 (continued)

Rock analogue Magma
analogue

Part of plumbing system and
dynamic regime modelled

References

Silica powder Air Explosive fragmentation of near
vent region

Haug et al. (2013), Galland et al.
(2014b)

Vegetable oil Propagation and inflation of dykes,
sills, and saucer-shaped intrusions
driven by internal pressure

Galland (2005, 2012), Galland
et al. (2003, 2006, 2007a, 2008,
2009, 2011, 2014a), Ferré et al.
(2012)

Golden Syrup Propagation and inflation of dykes
driven by internal pressure

Abdelmalak et al. (2012)

Sand-Powdered
clay mix

Rigid body Deflating or inflating intrusions
(idealised as sphere)

Komuro et al. (1984), Komuro
(1987)

Balloon Deflating and/or inflating (cyclic)
sill-like or laccolithic intrusions

Walter and Troll (2001), Troll et al.
(2002)

Clay Aqueous
KMnO4

Buoyancy-driven dyke ascent
through brittle crust

Ramberg (1970, 1981)

Others

Rigid walls Air + glass
beads

Mixing of materials in vents and
conduits by gas-driven fluidization

Gernon et al. (2008, 2009)

Wet plaster AMS analysis on analogue
intrusion

Závada et al. (2006, 2009, 2011)

Rigid piston Aqueous
corn-syrup
solutions

Ring dyke intrusion and internal
flow synchronous with a deflating
sill-like intrusion

Kennedy et al. (2008)

Plasticine-wax Silicone putty Laccolith formation Dixon and Simpson (1987)

Wet clay Air Diatreme formation Grout (1945)

Water-corn
syrup mix

Air Diatreme formation Grout (1945)
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Table 2 Types and mechanical properties of analogue ‘magmas’ used in laboratory models of volcanic plumbing
systems

Model magma Macroscopic behaviour Viscosity Density References

Silicone polymers

PDMS
(silicone putty)

Stiff Newtonian fluid
at low strain rates
(power law fluid at high
strain rates)
Rigidity (shear)
modulus
G = 2.6 × 105 Pa

1–3 × 104 Pa s
(at room
temperature)

965–1140 kg m−3 Weijermars (1986),
Acocella et al. (2001);
ten Grotenhuis et al.
(2002), Corti et al. (2005)

PDMS + inert
fillers

Stiff Newtonian fluid if
low filler content
Stiff non-Newtonian
fluid if high filler
content

3 × 104 to
5 × 105 Pa s

Variable Weijermars (1986),
Boutelier et al. (2008),
Reber et al. (2013)

PDMS + oleic
acid

Sticky Newtonian fluid 7 × 102 to
1 × 104 Pa s

1060 kg m−3 Corti et al. (2003, 2005),
Reber et al. (2013)

RTV silicone Viscous fluid
Solidifies in contact
with air

25 Pa s 1500 kg m−3 Gressier et al. (2010)

Silicone oil Viscous Newtonian
fluid
Incompressible

Used:
0.8 × 10−3 to
1.337 Pa s (can
cover broader
range of
viscosities)

800–965 kg m−3 Takada (1990, 1994a, b),
de Bremond d’Ars et al.
(2001), Watanabe et al.
(2002)

Water-sugar solutions

Corn-syrup Viscous Newtonian
fluid

81 Pa s at 26 °C 1425 kg m−3 Kennedy et al. (2008)

“Creamed”
honey

Intermediate viscosity,
non-Newtonian
(thixotropic) fluid

150–400 Pa s at
20 °C,
decreasing with
increased rotary
shear rate

1350 kg m−3 Holohan et al.
(2008a, b)

Golden syrup Sticky viscous fluid
Incompressible
Near Newtonian fluid

30–500 Pa s 1400 kg m−3 Mathieu et al. (2008),
Kervyn et al. (2009),
Beckett et al. (2011),
Schellart (2011),
Abdelmalak et al. (2012),
Delcamp et al. (2012b)

Aqueous
corn-syrup
solutions

Low viscosity
Newtonian fluid

0.0155–
0.127 Pa s

1211–1305 kg m−3 Kennedy et al. (2008)

Glycerin–water
solutions

Low viscosity
Newtonian fluid

10−3 to 10 Pa s 1000–1260 kg m−3 Takada (1990), Koyaguchi
and Takada (1994), Bonini
et al. (2001)

Concentrated
sugar-water
solutions

Low viscosity
Newtonian fluid
Incompressible

– 1102–1373 kg m−3 Taisne and Tait (2009)

Water Low viscosity
Newtonian fluid
Incompressible

10−3 Pa s 1000 kg m−3 Hyndman and Alt (1987),
Takada (1990), Menand
and Tait (2002), Kavanagh
et al. (2006)

(continued)
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2.2.1 Plasticity-Dominated
Materials (Weak Materials)

The most commonly used material for simulating
model rocks is dry, loose, quartz sand (Tables 3
and 4; Figs. 3 and 4). Its cohesion is negligible
(Schellart 2000; Mourgues and Cobbold 2003),
such that (i) it fails along shear zones (mode II
fractures), thereby simulating faults, and (ii) it
does not allow open fractures (mode I fractures) to
form. Failure of cohesion-less dry sand occurs
according to a Mohr-Coulomb criterion that is

defined, in theory, only by the angle of internal
friction (ϕ). Dry sand is most applicable for sim-
ulating: (i) relatively low cohesion host materials
in nature, such as unconsolidated or weakly lith-
ified sediments or tuffs, and/or (ii) large-scale
(several to 100s of km) processes involving
regional-tectonic deformation (Corti et al. 2001,
2003, 2005; Musumeci et al. 2005; Mazzarini
et al. 2010; Montanari et al. 2010a, b), whereby
the material strength is assumed to decrease rela-
tive to the increasing length-scale (Schultz 1996).

Table 2 (continued)

Model magma Macroscopic behaviour Viscosity Density References

Oils and waxes

Grease Viscous fluid – – Johnson and Pollard (1973)

Molten
vegetable oil

Low viscosity
Newtonian fluid
Solid at room
temperature
Incompressible

2 × 10−2 Pa s at
50 °C

890 kg m−3 Galland et al. (2006)

Molten wax Low viscosity
Newtonian fluid
Solid at room
temperature
Incompressible

4 × 10−4 to
7 × 10−2 Pa s

1100–1335 kg m−3 Taisne and Tait (2011)

Others

Mud Viscous fluid, non
Newtonian

– – Hubbert and Willis (1957)

Wet plaster Bingham pseudoplastic
fluid

0.8–6 Pa s – Závada et al. (2009)

Water–
Natrosol
solution

Low viscosity fluid 0.001–0.5 Pa s – McLeod and Tait (1999)

Aqueous
KMnO4

solution

Low viscosity dyed
Newtonian fluid
Incompressible

10−3 Pa s – Ramberg (1970, 1981)

Aqueous
methylene
blue-sodium
polytungstate
solution

Low viscosity dyed
Newtonian fluid,
Incompressible,
adjustable density

10−3 Pa s 996–1010 kg m−3 Hallot et al. (1994, 1996)

Hexane Low viscosity
Newtonian fluid
(toxic for long-term
exposure)

3 × 10−4 Pa s 1330 kg m−3 Ito and Martel (2002)

Air Low viscosity gas
Compressible
Low density

2 × 10−6 Pa s 1.2 × 10−3 kg m−3 Takada (1990), Rivalta
et al. (2005)

158 O. Galland et al.



Ta
b
le

3
T
yp

es
an
d
m
ec
ha
ni
ca
l
pr
op

er
tie
s
of

no
n-
gr
an
ul
ar

vi
sc
oe
la
st
ic

an
d
vi
sc
op

la
st
ic

m
at
er
ia
ls
us
ed

as
an
al
og

ue
‘r
oc
k’

in
la
bo

ra
to
ry

m
od

el
s
of

vo
lc
an
ic

pl
um

bi
ng

sy
st
em

s

R
oc
k

an
al
og

ue
M
ac
ro
sc
op

ic
be
ha
vi
ou

r
E
la
st
ic

pr
op

er
tie
s

Fr
ac
tu
re

to
ug

hn
es
s

D
en
si
ty

V
is
co
si
ty

R
ef
er
en
ce
s

G
el
s

G
el
at
in

V
is
co
el
as
tic

so
lid

Pr
op

er
tie
s
de
pe
nd

on
:

te
m
pe
ra
tu
re
,
ge
la
tin

co
nc
en
tr
at
io
n,

st
ra
in

ra
te
,

an
d
ag
e
(t
im

e
el
ap
se
d

af
te
r
se
tti
ng

)

E
=
39

0–
16

,0
00

Pa
ν
=
0.
5

28
–

20
0
Pa

m
1/
2

10
00
–

10
10

kg
m

−
3

C
om

pl
ex

vi
sc
os
ity

at
co
nc
en
tr
at
io
n
of

2.
5

w
t%

,
te
m
pe
ra
tu
re

of
10

°C
(g
el
-s
ta
te
),
an
d

st
ra
in

ra
te

of
10

−
2
s−

1
is
c.

50
Pa

s.
A
t
30
–

40
°C

(s
ol
-s
ta
te
),
th
e
vi
sc
os
ity

lie
s
be
tw
ee
n

0.
36
–
0.
00

15
Pa

s,
de
cr
ea
si
ng

w
ith

in
cr
ea
se
d

st
ra
in

ra
te

in
th
e
ra
ng

e
0.
01
–
12

s−
1

D
ja
bo

ur
ov

et
al
.

(1
98

8b
),T

ak
ad
a
(1
99

0)
,

R
iv
al
ta

an
d
D
ah
m

(2
00

6)
,
D
i
G
iu
se
pp

e
et

al
.
(2
00

9)
,
K
av
an
ag
h

et
al
.
(2
01

3)

A
cr
yl

am
id

ge
l

G
el

of
va
ri
ab
le

rh
eo
lo
gy

fr
om

ne
ar
ly

liq
ui
d
to

ne
ar
ly

br
itt
le

m
at
er
ia
l

(p
oi
so
no

us
)

–
–

–
–

M
aa
lø
e
(1
98

7)

A
qu

eo
us

su
ga
r-
ag
ar

ge
ls

V
is
co
el
as
tic

so
lid

Pr
op

er
tie
s
de
pe
nd

on
:

te
m
pe
ra
tu
re
,g

el
an
d
su
ga
r

co
nc
en
tr
at
io
ns
,
w
ai
tin

g
tim

e

E
=
10

00
Pa

20
Pa

m
1/
2

10
66
–

13
10

kg
m

−
3

−
L
is
te
r
an
d
K
er
r
(1
99

1)

W
at
er

N
ew

to
n
vi
sc
ou

s
fl
ui
d

−
−

10
00

kg
m

−
3

10
−
3
Pa

s
G
ro
ut

(1
94

5)

O
th
er
s

Si
lic
on

e
pu

tty
N
ew

to
n
vi
sc
ou

s
fl
ui
d

G
=
3
×
10

4

to
2.
6
×
10

5

Pa

−
10

4
Pa

s
R
am

be
rg

(1
98

1)
,

R
om

án
-B
er
di
el

et
al
.

(1
99

5)
,
C
or
ti
et

al
.

(2
00

3)
,
B
ou

te
lie
r
et

al
.

(2
00

8)

Pl
as
tic
in
e

Po
w
er

la
w

m
at
er
ia
l

(e
xp

on
en
t
n
=
6–
9.
5)

−
−

17
70

kg
m

−
3

–
M
cC

la
y
(1
97

6)
,

W
ei
je
rm

ar
s
(1
98

6)
,

D
ix
on

an
d
Si
m
ps
on

(1
98

7)

W
ax

Po
w
er

la
w

m
at
er
ia
l

(e
xp

on
en
t
n
=
2)

E
=
2
×
10

6

to
10

7
Pa

−
95

0
kg

m
−
3

−
D
ix
on

an
d
Si
m
ps
on

(1
98

7)

W
at
er
-C
or
n

sy
ru
p
m
ix

V
is
co
us

fl
ui
d

T
em

pe
ra
tu
re
-d
ep
en
de
nt

vi
sc
os
ity

−
−

12
11
–

13
05

kg
m

−
3

0.
3–
20

Pa
s

G
ro
ut

(1
94

5)
,
K
en
ne
dy

et
al
.
20

08
)

W
et

cl
ay

V
is
co
-e
la
st
o-
pl
as
tic

m
at
er
ia
l

−
−

−
−

G
ro
ut

(1
94

5)

Laboratory Modelling of Volcano Plumbing Systems … 159



Note that although dry sand is very weak, it
does not exhibit a purely or ideally plastic
behaviour. At low stresses and strains, it holds
some reversible, elastic deformation, as demon-
strated by the measurements of, e.g. Lohrmann
et al. (2003) and Panien et al. (2006). Moreover,
under loading conditions typical of laboratory

experiments, dry sand fails in a semi-brittle
fashion characterised by a stress drop that reflects
a difference in static and dynamic friction coef-
ficients. Such properties can become important
in, e.g. models made of dry rice, which intend
to simulate stick-slip faulting (Rosenau et al.
2010).

Table 4 Types and mechanical properties of granular materials used as analogue ‘rock’ in laboratory models of
volcanic plumbing systems

Rock analogue Macroscopic
behaviour

Cohesion
(estimated)

Friction
angle

Density References

Sand Loose
Coulomb
material

12–123 Pa 25–35° 1300–1700 kg m−3 Schellart (2000),
Lohrmann et al.
(2003), Mourgues
and Cobbold (2003)

Wheat flour Slightly
cohesive
Coulomb
material

40–50 Pa
(likely
underestimated)

33° 570 kg m−3 Walter and Troll
(2001), Holohan
et al. (2008a)

Sand-Plaster
mix

Slightly
cohesive
Coulomb
material

40–100 Pa
(likely
underestimated)

36° 1360–1560 kg m−3 Roche et al. (2001),
Kervyn et al. (2009,
2010)

Glass beads Loose
Coulomb
material

64–137 Pa 20° 1547–1905 kg m−3 Schellart (2000),
Nermoen et al.
(2010a, b)

Ignimbrite
powder

Cohesive
Coulomb
material

100–230 Pa 38° 1400 kg m−3 Mathieu et al.
(2008)

Sand-flour mix Cohesive
Coulomb
material

200 Pa 40° 1200–1400 kg m−3 Donnadieu and
Merle (1998),
Holohan et al.
(2005)

Fused alumina
powder

Cohesive
Coulomb
material

200 Pa 38° – Martí et al. (1994)

Diatomite
powder

Low density
cohesive
Coulomb
material

300 Pa – 400 kg m−3 Gressier et al.
(2010)

Silica flour Cohesive
fine-grained
Coulomb
material

300–400 Pa 40° 1050–1700 kg m−3 Galland et al. (2006,
2009), Abdelmalak
et al. (2012)

Sand-powdered
clay

Cohesive
Coulomb
material
Likely
anisotropic

500–1300 Pa
(likely
overestimated)

26–31° 1500–1700 kg m−3 Komuro (1987),
Walter and Troll
(2001)
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2.2.2 Elasticity-Dominated
Materials (Strong Materials)

While sand is a weak end member of model
rocks, the strong end member is gelatine
(Table 3; Figs. 3 and 4d). At the scales of labo-
ratory models, gelatine fails through the forma-
tion of open cracks (mode I fractures). In these
models, gelatine behaves elastically, except
locally at the tips, where complex viscoelastic
processes occur. Hence gelatine is suitable for
simulating: (i) natural host rocks of relatively
high cohesion, such as well-consolidated sedi-
mentary rocks or crystalline igneous or meta-
morphic basement rocks, and/or (ii) relatively
small-scale processes (10s of m to a few km).
Another advantage of gelatine, and gels in gen-
eral, is that they become birefringent when
strained (e.g. Dupré and Lagarde 1997; Dupré
et al. 2010). When the models are placed
between crossed polarizers, the strained domains
of the models appear as coloured fringes,
whereas unstrained domains appear dark (Rich-
ards and Mark 1966; Pollard and Johnson 1973;
Taisne and Tait 2009, 2011).

The stiffness (Young’s modulus, E) and the
strength (fracture toughness, Kc) of gelatine can
be jointly tuned by varying the gelatine concen-
tration (Di Giuseppe et al. 2009; Kavanagh et al.
2013), while the Poisson’s ratio is constant at
ν = 0.5 (Djabourov et al. 1988a, b). Kc can be
calculated by measuring the fluid pressure
required to propagate an existing crack (Menand
and Tait 2002; Kavanagh et al. 2013). Systematic
measurements show that E is a linear function of
the gelatine concentration (Kavanagh et al.
2013). Nevertheless, for a given gelatine con-
centration, E is also time-dependent (Kavanagh
et al. 2013), as the gelification process continues
long time after the gelatine becomes solid. The
value of Kc is a function of

ffiffiffiffi
E

p
, and therefore of

the gelatine concentration also (Kavanagh et al.
2013). This means that the preparation of gela-
tine models must follow a rigorous procedure,
during which the waiting time between the
preparation of the model and the experimental
run is constant to ensure repeatable mechanical
properties of the models.

2.2.3 Elasto-Plastic (Intermediate
Strength) Materials

Dry sand and gelatine are the endmembers of rock
mechanical behaviours, being plasticity- and
elasticity-dominated, respectively. Nevertheless,
it is known that complex processes, in which
elastic and plastic behaviours are balanced, can
govern natural rock deformation. Therefore, other
model materials are needed to explore the effects
of such complex rock rheology on magma
emplacement in the Earth’s crust. Good examples
are cohesive granular materials (Table 4; Fig. 4b,
c, e, f), such as ignimbrite powder (Mathieu et al.
2008, 2011;Mathieu and vanWyk deVries 2011),
fine-grained silica flour (Galland et al. 2006, 2009;
Galland 2012), diatomite powder (Gressier et al.
2010), or sand-plaster mixtures (Roche et al.
2001), among others. When deformed, these
materials typically exhibit both open (mode I) and
shear (mode II) fractures at shallow and deep
levels, respectively (Holland et al. 2006; Ketter-
mann and Urai, 2015). Although their elastic
properties remain challenging to estimate, these
granular materials thus appear to be most suitable
for reproducing the complex elasto-plastic
mechanical behaviour of natural rocks.

Such cohesive granular materials also fail
according to a Mohr-Coulomb criterion, but one
that is defined by the material’s tensile strength
(T), cohesion (C) and its angle of internal friction
(ϕ). These parameters control the depth of the
transition from Mode 1 to Mode 2 fracturing.
The cohesion and the angle of internal friction
are properties that are measured indirectly.
Firstly, a Mohr-Coulomb failure envelope is
constructed via numerous shear tests conducted
by using either a Hubbert-type shear box (Hub-
bert 1937; Mourgues and Cobbold 2003; Galland
et al. 2006) or a Casagrande shear box (Rossi and
Storti 2003). These apparatuses measure the
shear strength τ of the tested material for variable
normal stress σn. In a diagram displaying τ as a
function of σn, many measurements exhibit a
positive correlation. By fitting a function or
‘failure envelope’ to the data, it is possible to
calculate C as being the intercept of the fitting
function with the shear stress axis (typically the

Laboratory Modelling of Volcano Plumbing Systems … 161



y-axis in such a diagram; e.g. Schellart 2000;
Mourgues and Cobbold 2003). The slope of the
envelope, which is typically linear for most of its
length, is the tangent of Φ. The tensile strength
can be measured directly (Schweiger and Zim-
mermann 1999), but this requires specific devi-
ces, such that tensile strengths are rarely reported
(Galland et al. 2006; Holland et al. 2006).

The degree of compaction (or closeness of
packing) of a granular material strongly influ-
ences its mechanical properties (Lohrmann et al.
2003; Galland et al. 2006; Schreurs et al. 2006).
Increased compaction leads to an increased
density, cohesion and friction coefficient. The
degree of compaction is controlled by the pro-
cedure of emplacing the material in the experi-
mental apparatus. Compaction can be increased
by shaking the model before running it, espe-
cially if the material is cohesive (Galland et al.
2009; Galland 2012), or by sifting the material if
it is cohesionless (Lohrmann et al. 2003; Maillot
2013). Simply pouring the granular material in
the experimental box is to be avoided as it leads
to inhomogeneity in initial packing and hence in
mechanical properties (Lohrmann et al. 2003).

2.2.4 Other Materials
Some of the first experiments of magma
emplacement considered the whole crust as a
viscous fluid. Grout (1945) injected air into media
of various viscosities, such as wet clay, corn
syrups and water-diluted syrups in order to sim-
ulate structures related to batholith emplacement.
The rheologies of these pioneering model mate-
rials were not accurately measured, however.
Silicone putty (Fig. 4a) is commonly used to
simulate viscously deforming rock strata or for-
mations, such as evaporite and shale
(Román-Berdiel et al. 1995, 1997; Román-Berd-
iel 1999; Corti et al. 2001, 2003). Nevertheless, it
becomes technically challenging to simulate both
viscous host rock and the injection of viscous
magma in the same experiments.

2.2.5 Summary
Most existing experimental studies of volcanic
plumbing systems have used end member model
rock materials with rheologies that are

elasticity-dominated, plasticity-dominated, or
viscous. Recently, the introduction of cohesive
granular materials has allowed for exploring the
effect of complex elasto-plastic behaviour of host
rock on magma transport and emplacement.
Moreover, although highly concentrated gels are
elasticity-dominated, low-concentration gels (e.g.
laponite, gelatine, agarose) exhibit viscoelastic
behaviour at the length and time scales of labo-
ratory experiments (e.g. Hallot et al. 1996; Di
Giuseppe et al. 2009; Ruzicka and Zaccarelli
2011) and offer the possibility to explore experi-
mentally the emplacement mechanism of magma
into viscoelastic rocks, which is an essential step
toward more geologically realistic models.

3 A Crucial Starting Point: The
Model “Scaling”

The main advantage of laboratory modelling, i.e.
that geological processes are simulated within the
limits of a laboratory and the working time of the
researcher, at the same time represents the
method’s biggest problem: the difference in scale
between natural and laboratory volcanic plumb-
ing systems. It is the scale gap between small
models and huge intrusions that often leads to
scepticism among Earth scientists regarding the
applicability of laboratory models. Following the
pioneering 19th century work that impressively
reproduced natural structures, however, the 20th
century saw a breakthrough with the develop-
ment of the concept of scaling, with particular
application to experimental models.

In 1937, Marion King Hubbert introduced the
“theory of scale models” to the geological com-
munity and thereby shifted phenomenological
analogue experiments from a qualitative to a
quantitative approach. According to Hubbert
(1937) and his followers (e.g. Ramberg 1970,
1981), laboratory models should be geometri-
cally, kinematically, and dynamically similar to
the natural system under investigation. Scaling is
therefore an essential part for any laboratory
study and needs to be considered to justify the
applicability of the model results. Nevertheless,
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there is a lot of confusion among Earth scientists
about correct scaling of laboratory models to
geological systems, and first of all about the
meaning of “scaling”.

The main confusion is related to the misun-
derstanding of the goals of laboratory models.
They are not designed to exactly mimic a given
geological system, as many Earth scientists
think, but to understand underlying generic pro-
cesses, either individually or in combination, and
to identify or demonstrate physical laws gov-
erning these processes. In order to prove that any
physical laws identified in laboratory experi-
ments apply to geological systems, these laws
should be dimensionless, i.e. they are indepen-
dent of the length scale, time scale, etc., which is
why they are often called scaling laws.

The procedure for establishing dimensionless
scaling laws involves two steps: (i) a dimensional
analysis of the considered physical problem, to
identify the dimensionless governing parameters,
and (ii) a comparison of laboratory and geo-
logical values of these dimensionless parameters
to test the geological relevance of the
experimentally-derived physical laws.

3.1 Dimensional Analysis

The principles of dimensional analysis are
described in detail by e.g. Barenblatt (2003). The
first applications of such an approach in labora-
tory experiments of volcanic processes has been
conducted by Tibaldi (1995) and Merle and
Borgia (1996). The approach consists of identi-
fying the dimensionless physical parameters that
govern the processes to be addressed.

The first step is to list the n parameters with
dimensions that are relevant for the processes to be
studied. In mechanical systems, usual dimensions
are those of length [L], mass [M] and time [T]. An
analysis of thermo-mechanical systems requires
the addition of the dimension of temperature [K].

Let us consider a simple conceptual example:
the stability of a volcanic edifice. The aim of the
following paragraphs is only to provide an
illustrative example of dimensional analysis. In
the case of edifice stability, the effect of the

coefficient of friction is obvious, however it is not
suitable for illustrating the implementation of
dimensional analysis. Instead, we will consider
the effect of material cohesion on edifice stabil-
ity, which has not been considered. In the fol-
lowing sections, we will thus assume that the
coefficient of friction is taken as a constant, and it
will be ignored despite its established relevance.
The dimensional analysis developed in the fol-
lowing sections thus only aim at assessing the
effects cohesion on edifice stability.

The edifice has a height h ([h] = L), diameter
D ([D] = L), a density ρ ([ρ] = M L−3), and the
material making the edifice has a cohesion
C ([C] = M L−1 T−2). The square brackets here
represent the dimension, not the unit, of each
parameter. The volcano is exposed to gravita-
tional acceleration g ([g] = L T−2). Again for
illustrative purpose, we consider the coefficient of
friction to be a dimensionless constant and we
will ignore it during the following analysis,
despite its established relevance. From this list of
parameters, the experimentalist should separate
the governing parameters, i.e. those known and
controlled, from the parameters to measure. To
study the stability of a volcanic edifice in the
laboratory, two approaches can be developed.
A first approach (example 1) consists of control-
ling both the height and diameter of the edifice,
such that h, D, ρ, g and C are governing param-
eters. The experimentalist builds volcanic edifices
of controlled sizes using model materials of
varying cohesions, and observes whether they are
stable or not. A second approach (example 2)
consists of controlling the height of the edifice
only, and measuring the diameter, such that h, ρ,
g and C are the governing parameters and D the
measured quantity. The experimentalist gradually
builds the cone with model materials of varying
cohesions at a critically stable slope to a given
height h, and measures the diameterD of the cone,
as in the experiments of Ramos et al. (2009). We
base the following sections on these examples.

The second step is to identify the number k of
the governing parameters with independent
dimensions. A set of parameters has independent
dimensions if their dimensions cannot be
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expressed as a function of each other’s (Bare-
nblatt 2003). For instance, the height of a vol-
canic edifice and the density of the rock have
independent dimensions, because the dimension
of the density ([ρ] = M L−3) cannot be expressed
as a function of the dimension of the depth
([h] = L) only. In contrast, the rock cohesion
([C] = M L−1 T−2), the density ([ρ] = M L−3), the
gravity ([g] = L T−2) and the height of a volcanic
edifice ([h] = L) do not have independent
dimensions, given that the dimension of C is a
function of the dimensions of ρ, g and h:

C½ � ¼ M L�1 T�2 ¼ ½q� � ½g� � ½h�
¼ M L�3

� �� L T�2
� �� Lð Þ ð1Þ

In example 1, it is thus possible to show that
ρ, g, h are governing parameters with indepen-
dent dimensions, whereas the dimensions of
C and D can be expressed as functions of those
of ρ, g, and h. Note that the selection of the
governing parameters with independent dimen-
sions is not unique. For instance, one can choose
ρ, g, and D as governing parameters with inde-
pendent dimensions, C and h being the others.
But in both cases, among the set of n = 5 gov-
erning parameters, k = 3 parameters have inde-
pendent dimensions. In example 2, there is only
one possibility: ρ, g, and h are the governing
parameters with independent dimensions, C is
the other governing parameter, and D is the
measured quantity. Therefore, among n = 4
governing parameters, k = 3 parameters have
independent dimensions.

The third step is to calculate the number m of
dimensionless parameters that characterise the
physical system to be simulated in the experi-
ments. This number is easily calculated by using
the Π-theorem (or Buckingham Π-theorem),
which is the central theorem in dimensional
analysis. It states that “a physical relationship
between some dimensional (generally speaking)
quantity and several dimensional governing
parameters can be rewritten as a relationship
between a dimensionless parameter and several
dimensionless products of the governing
parameters; the number of dimensionless prod-
ucts is equal to the total number of governing

parameters minus the number of governing
parameters with independent dimensions”
(Barenblatt 2003). This means that the number
m of dimensionless parameters to be defined is
given by m = n − k.

In example 1, ignoring the coefficient of fric-
tion, the total number of governing parameters
being n = 5, and the number of governing
parameters with independent dimensions being
k = 3, the number of dimensionless parameters
governing the physics of a volcanic edifice is
m = n − k = 2. If ρ, g and h are chosen as the
governing parameters with independent dimen-
sions, the two dimensionless parameters are:

P1 ¼ C

q� g� h
ð2Þ

P2 ¼ h

D
ð3Þ

In example 2, again ignoring the coefficient of
friction, n = 4 and k = 3, therefore the number of
dimensionless parameters governing the defined
physical system is m = 1. A clear choice for this
parameter is simply:

P1 ¼ C

q� g� h
ð4Þ

In order to test the relevance of the dimen-
sional analysis, the defined dimensionless num-
bers should have a physical meaning. In example
1, the physical meanings of Π1 and Π2 are
straightforward. Π2 expresses the slope of the
volcanic edifice. Π1 expresses whether the vol-
canic edifice is gravity-controlled (Π1 → 0) or
strength-controlled (Π1 → ∞). In the first case,
the material that composes the edifice is macro-
scopically loose, such as sand, and the edifice is
expected to collapse under its own weight along
shear planes (i.e. faults). Conversely, in the sec-
ond case the material is macroscopically cohe-
sive, and the edifice is expected to be stable.

Several widely used dimensionless numbers
are called by the name of their discoverer.
A good example is the Reynolds number (Re),
which quantifies the ratio between the inertial
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forces in a flowing fluid and the viscous forces.
A critical value of the Reynolds number sets the
boundary between the laminar flow regime and
the turbulent flow regime. This number is thus
highly relevant for magma flow. Another exam-
ple is the Rayleigh number (Ra), which quanti-
fies the ratio between the buoyancy forces of a
heated fluid and the viscous forces (i.e. those
forces resisting flow). A critical value of the
Rayleigh number sets the boundary between a
convective system and a non-convective system:
this has high relevance for mantle convection and
the dynamics of magma chambers.

In example 2, we note that the measured
quantity D has not been used in the definition of
the dimensionless parameter Π1. At this stage, we
can define a dimensionless parameter Π, which is
defined as a ratio between the measured quantity
D and a function of the governing parameters
with independent dimensions. Here a definition
is given by Π = D/h. The Π-theorem implies that
a dimensionless quantity Π to be measured in the
experimental study can be rewritten as a function
of the other m Π-numbers, such as:

P ¼ F P1;P2; . . .;Pmð Þ ð5Þ

The function F is the physical law that governs
the simulated processes. This relationship
between the dimensionless output and the
dimensionless input parameters should dictate the
experimental strategy. In order to test the effects
of each dimensionless parameter Πi during an
experimental project, the dimensional experi-
mental parameters should be varied such thatΠi is
systematically varied, while the others are kept
constant. Applied to each Πi-number and so by
constraining the function F, the experimental
results will contribute to deriving the physical
laws that govern the investigated processes.

This strategy can be adapted to two different
approaches depending on the nature of the model
outputs.

If the model output is not a measured quantity,
but contrasting physical behaviours, the aim of
the experimental procedure will be to explore the
parameter space, i.e. to vary systematically the
values of the dimensionless parametersΠi, to map
under which conditions these contrasting physical
behaviours occur (Fig. 5a). This procedure is
equivalent to building a phase diagram, the con-
trasting physical behaviours being physical pha-
ses. Let us illustrate this approach with our
example 1. An experimental procedure would

Π
=

h/
D

α

Π C/ρgh

α

Π
h /

D

Π C /ρgh

Stable
)b()a(

Unstable

Fig. 5 Qualitative diagrams illustrating the two main
experimental strategies defined from dimensional analy-
sis. a Example 1, when the model output is not a
measured quantity but a number of physical behaviours,
each behaviour (here stability or collapse of a volcanic
edifice; see Sect. 3.1 for explanation) is plotted in a
diagram with the dimensionless input parameters as x-
and y-axes. This so-called phase diagram maps the
physical fields, in which the observed behaviours are

expected. The field transitions are commonly described by
power laws of the form P2 / Pa

1. b Example 2, i.e. when
the model output is a measured quantity Π (here the slope
Π = h/D of a volcanic edifice at stability criterion; see text
for explanation), it is plotted as a function of the
dimensionless input parameters (here Π1 = C/ρgh, see
text for explanation). The correlation between Π and Π1 is
usually a power law of the form P / Pa

1
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consist of building a model volcanic edifice of
given and controlled height h and width D, with
materials of given cohesions C (and a constant
coefficient of friction). Once the edifice is built,
one can see if it is stable or unstable (collapses).
The experimental strategy would be to run many
experiments by varying systematically and inde-
pendently Π1 and Π2 to explore how these
parameters control the stability of a volcanic edi-
fice. By plotting all the experiments in a diagram
of Π1 against Π2, and by indicating the corre-
sponding physical behaviour with e.g. different
data point symbols, it is possible to identify
physical fields, or phases, separated by transitions.
The transitions between the fields are mostly
expected to be power laws of the form:P2 / Pa

1.
If the model output is a measured quantity, the

aim of the experimental procedure will be to
establish a correlation between the measured
dimensionless parameter Π and the dimensionless
input parametersΠi (Fig. 5b). In our example 2, an
experimental procedure would consist of gradu-
ally building model volcanic edifices of given
height h with materials of given cohesions C, and
measure the final diameter D of the edifices. The
experimental strategy would be to run many
experiments by systematically varying Π1 to
explore how these parameters control the output
parameter Π. If the parameters Π and Πi are well
defined, they are expected to correlate, and most
likely following a power law. Hence the correla-
tion should appear as a straight line of slope α in a
log-log plot, showing that the physical law linking
Π and Πi is a power law of the form: P / Pa

1.

3.2 Similarity to Geological
Systems

After performing the dimensional analysis,
identifying the Π-numbers, and obtaining the
experimental results, the geological relevance of
the experimentally-defined scaling laws needs to
be tested. In other words, we need to test whether
the processes simulated in the laboratory are
physically similar to the geological processes.
This concept of physically similar phenomena is
central to geological laboratory modelling. “Two
systems are considered similar if the values of

the dimensionless parameters are identical, even
if the values of the governing dimensional
parameters differ greatly” (Barenblatt 2003). It
means that although the scales of the laboratory
models are drastically different to the scales of
the geological systems they aim to simulate, the
laboratory models will be physically similar to
their geological equivalents if their respective Π-
numbers have the same values. Therefore, the
experimentalist must compare the values of each
Π-number in the laboratory with the values of
these numbers in the geological system: if the
ranges of values overlap, the two systems are
similar, and the experimental results are relevant
to the geological system.

The principle of similarity can be also less
strictly applied if we consider the physical
meaning of the Π-numbers. Let us consider the
height-to-diameter ratio of a volcanic edifice
Π = h/D. In geological settings, Π is typically
0.12–0.6 (Grosse et al. 2012). In laboratory
experiments, the resulting values of Π will be
larger or smaller than the geological values of Π,
if the model material is too cohesive or too loose,
respectively. In this case, the laboratory volcanic
edifices are not rigorously similar to the geo-
logical edifices. Nevertheless, in our example 2 if
a plot of the laboratory and geological values of
Π against Π1 = C/ρgh shows an alignment along
the same scaling law (Fig. 6), it would mean that
both edifice types are governed by the same
physical law. Consequently, in both the labora-
tory and geological systems, the physical regimes
are the same, and the law identified in the labo-
ratory model of volcano edifice can be consid-
ered physically relevant to geological edifices. In
our example 1, it is also important to consider the
physical regime (i.e. the physical ‘phase’ in the
phase diagram): if the geological edifice and the
laboratory edifices have different values of Π1

and Π2, but if both are in the stable field, they can
be considered physically equivalent, without
being similar sensu stricto. Likewise, the Rey-
nolds numbers related to magma flow in the
laboratory and its geological prototype can be
different, but if both are way below the critical
value, the flow regimes are both laminar (see
discussion in, e.g. Galland et al. 2009).
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4 Geological Applications

There is an extensive literature on laboratory
experiments of volcanic plumbing systems. We
structure our review of these past studies accord-
ing to the simulated geological structures or pro-
cesses, which include: (1) dykes, (2) cone sheets,
(3) sills, (4) laccoliths, (5) caldera-related struc-
tures and intrusion, (6) ground deformation asso-
ciated with shallow intrusions, (7) magma/fault
interactions and (8) explosive volcanic vents.

4.1 Dyke Formation

Dykes are the most common magma conduits in
the Earth. They are steeply inclined sheet-like
intrusive bodies that are discordant to any
mechanical stratigraphy in their host rocks, and
that usually exhibit a very small
thickness-to-length ratio (between 10−4 and 10−2,
Rubin 1995). The latter characteristic means that
model dykes in experiment set-ups of a few
decimetres in length should theoretically be very
thin (between 1 and 10−3 mm). This is very
challenging to achieve.

Magmatic dykes are commonly assumed to be
emplaced by hydraulic fracturing (Pollard 1987;
Lister and Kerr 1991). One of the first experi-
ments that intended to simulate hydraulic frac-
turing consisted of elastic gelatine as the model
rock, and mud as the model magma (Fig. 7)
(Hubbert and Willis 1957). Although the moti-
vation of these experiments was to simulate
hydraulic fracturing in boreholes, the experi-
mental results are relevant for igneous dykes and
sills. These experiments demonstrated that the
stress field applied to the model controlled the
orientation of hydraulic fractures nucleating from
a vertical pipe: the fracture planes were always
perpendicular to the least principal stress σ3, and
parallel to the (σ1-σ2) plane (Sibson 2003). In
addition, these experiments demonstrated quali-
tatively the strong effect of mechanically layered
host rocks on dyke propagation.

Experiments with gels have since been used
extensively to unravel various aspects of dyke
propagation through the Earth’s crust. Gels are
transparent, so it is possible to track the evolution
of growing intrusions. This has proven very
practical for unravelling the physical processes
governing dyke nucleation and propagation. The
following provides a short summary of our
understanding of the physics of dykes from gel
experiments.

4.1.1 Dyke Nucleation
from a Magma Reservoir

An important aspect of dyke formation is their
nucleation from a magma reservoir. Using gel
+silicone experiments, Cañón-Tapia and Merle
(2006) simulated dyke nucleation from an over-
pressurised magma reservoir made of silicone
putty. The silicone putty was injected at a con-
stant flow rate via a computer-controlled piston.
The results suggest that dykes nucleate in
response to the overpressure in the reservoir,
rather than because of buoyancy forces arising
from the density difference between the silicone
and the gel. Interestingly, these experiments
highlight the discontinuous behaviour of dyke
propagation from a magma reservoir, which
results from a competition between the strain
energy accumulated in the gel and the pressure
evolution in the reservoir.

α

Laboratory
values

Geological
values

Π
=

h/
D

Π C/ρgh

Fig. 6 Schematic diagram illustrating a potential mis-
match between laboratory and geological values of the
slope h/D against C/ρgh for a volcanic edifice (see text for
explanation). The model and geological edifices exhibit
different values, implying that they are not strictly similar.
Nevertheless, they plot on the same scaling law, showing
that they result from the same physical processes.
Therefore, such diagram shows that the laboratory models
are physically equivalent to the geological systems,
without being strictly similar
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Further to the above experiments, McLeod
and Tait (1999) investigated the effects of magma
viscosity on dyke nucleation (Fig. 8a). By con-
trolling the injection pressure rather than the
injection flow rate, McLeod and Tait (1999)
showed that for an instantaneous increase in
model magma pressure, the time delay required
to nucleate a dyke from a reservoir in a gelatine
host increases with increased fluid viscosity
(Fig. 8a). In addition, for gradually increasing
pressure in the reservoir, the critical pressure
required to nucleate a dyke is larger when the
magma is more viscous. These results suggest

that the pressures required to form felsic dykes
are much higher than for mafic dykes.

4.1.2 Dyke Propagation
in a Homogeneous
and Isotropic Medium—The
Effects of Buoyancy

Fundamental mechanisms controlling the propa-
gation of dykes have also been studied by using
simple gel experiments that take advantage of the
gel’s isotropic and homogeneous nature. This
nature means that effects on propagation that are
related solely to buoyancy, i.e. the force arising
from the difference in density between the
magma and its host rock, can be isolated and
understood.

Takada (1990) concluded that the shapes and
velocities of propagating dykes depend largely
on the density difference between the intruding
fluid and the gel—i.e. that they are
buoyancy-controlled (Fig. 8b). In Takada’s
(1990) experiments, the liquid was injected with
a needle, either from the side or the bottom of the
models. Thus, the dykes were of controlled vol-
umes, and neither the applied overpressure nor
the injection flow rate was controlled. Takada
(1990) concluded that: (i) Intrusion shapes are
governed by the balance between the buoyancy
forces and the strength of the gel. If buoyancy is
small, the dykes are symmetrical penny-shaped,
whereas if the buoyancy is large, the dykes are
vertically asymmetrical in transverse section
where they exhibit a tear drop shape with a fat
curved upper tip and a sharp straight lower
tip. (ii) The propagation direction is governed by
the balance between the buoyancy forces and the
strength of the gel: if buoyancy is small, the dyke
propagates in all directions, whereas if the
buoyancy is large, the dyke propagates domi-
nantly upward. (iii) A buoyant crack of constant
volume propagates itself only if it is larger than a
critical length (see also Algar et al. 2011).
(iv) The propagation velocity of the dyke is
correlated to the density difference between the
gel and the injected fluid. (v) When buoyancy
forces are higher, the leading edge of the intru-
sion becomes broad, leading to the splitting of
the dyke tip.

Fig. 7 Characteristic results of pioneering experiments of
Hubbert and Willis (1957) to address the mechanics of
hydraulic fracturing. a Drawing of experimental setup
with anisotropic horizontal stress. A cylinder of gelatine is
compressed in one direction between two plates. Mud is
injected in the gelatine, and form hydraulic fractures.
b Photograph of vertical hydraulic fracture obtained from
experimental setup displayed in a. The fracture is
perpendicular to the least principal stress, which is
horizontal and parallel to the plates. c Drawing of
experimental setup with isotropic horizontal stress. A cyl-
inder of gelatine is compressed horizontally in every
direction by a series of elastic strings. d Photograph of
horizontal hydraulic fracture obtained from experimental
setup displayed in c. The fracture is perpendicular to the
least principal stress, which is vertical
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In addition to examining buoyancy on dyke
propagation, Menand and Tait (2002) investi-
gated the effect of overpressure in a magma
reservoir. They imposed an overpressure by
placing a water reservoir at given vertical dis-
tances above the model. They show that dyke
propagation exhibits two regimes: (i) an initial
overpressure-dominated regime during which the
dyke propagates both vertically and laterally, and
(ii) a subsequent buoyancy-dominated regime
during which the dyke propagates mostly verti-
cally. The transition between both regimes is
controlled by a critical size of the dyke, in
agreement with Takada’s (1990) experiments.

Finally, buoyancy-driven cracks of constant
volume in gelatine experiments accelerate as they

approach the free surface (Rivalta and Dahm
2006). Such a phenomenon has also been
observed in volcanoes, such as Piton de la Four-
naise, Réunion Island (Battaglia 2001), and
appears crucial for forecasting the timing of vol-
canic eruptions by means of dyke-induced seis-
micity (Rivalta andDahm 2006). Interestingly, the
experiments show that the free surface effects are
larger when the fracture is ascending more slowly
(i.e. when the buoyancy forces are smaller).

4.1.3 Effects of Contrasting Magma
Viscosities on Composite
Dyke Propagation

Magma batches of different compositions, and so
of different viscosities, can lead to the formation

Fig. 8 a Schematic drawing of experimental setup
(upper left) and photograph of a characteristic experi-
ments of dyke nucleation from a magma reservoir (upper
right; McLeod and Tait 1999), in which fluids of various
viscosities are injected at controlled pressures in a gelatine
model from a cavity. The lower left graph shows how the
viscosity controls the fluid pressure required to nucleate a
dyke, whereas the lower right graph shows how the
viscosity of the injected fluid controls the time scale of

dyke nucleation from a reservoir. b Experimental setup
(left) of Takada’s (1990) experimental study of dyke
propagation. Liquids of various densities and viscosities
were injected via a syringe, and their subsequent prop-
agation was monitored with photographs. The series of
photographs show profile (left) and front (right) views of
the time evolution of a propagating dyke during a
characteristic experiment
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of composite dykes, the cores of which are felsic
and the rims are mafic (Walker and Skelhorn
1966). A spectacular example is the Streitishorn
dyke, Eastern Iceland (Paquet et al. 2007).
Koyaguchi and Takada (1994) simulated the
propagation of a dyke from a magma reservoir
containing two fluids of contrasting viscosities
within an isotropic gelatine medium. They show
that low viscosity fluid (mafic magma) at the
dyke tip controls the tip’s propagation. This
lower viscosity fluid in the dyke tip lubricates the
subsequent flow of the higher viscosity fluid
(felsic magma) into the middle of the dyke. Such
process may considerably enhance the drainage
of a silicic magma chamber and the flow of
viscous felsic magmas over large distances.

4.1.4 Effects of Mechanical
Heterogeneity (Prexisting
Dykes or Layering) on Dyke
Propagation

The medium through which dykes propagate in
nature, the Earth’s lithosphere, is neither isotro-
pic nor homogeneous. Two first-order planar
heterogeneities that can greatly influence dyke
propagation include pre-existing dykes and sed-
imentary layering. Experiments investigating the
effects of such heterogeneities (Maaløe 1987;
Bons et al. 2001; Rivalta et al. 2005; Kavanagh
et al. 2006) show that they represent fundamental
features controlling the average dyke propagation
velocity, the propagation direction, and possibly
also dyke geometry.

Maaløe (1987) and Bons et al. (2001) con-
ducted gelatin and air/water model experiments
that suggest that dykes propagate in a stepwise
manner due to successive magma batches.
Maaløe (1987) showed that an initial magma
batch forms a dyke, which stops after some dis-
tance. This initial dyke only propagates further if
a new magma batch reaches it. Bons et al. (2001)
simulated dyke propagation in heterogeneous
gelatine, and showed that the path of an initial
dyke greatly controls the propagation of sub-
sequent dykes. In addition, Bons et al. (2001)
show that local heterogeneities stopped a propa-
gating dyke, which only continues propagating if
it is fed by a new magma batch.

Rivalta et al. (2005) and Kavanagh et al.
(2006) addressed the mechanisms of dyke prop-
agation through mechanically-layered media,
which are common in sedimentary basins and
lava piles. They show that the velocity of the
propagating dyke is correlated with the strength
and Young’s modulus of the host: a dyke decel-
erates when it reaches a stronger layer, and vice
versa. In addition, the nature of the layer interface
can considerably affect the 3-dimensional shape
of a dyke (Fig. 9). For instance, if a dyke reaches a
very strong layer interface, its vertical propaga-
tion is arrested and it propagates laterally. If the
driving pressure in the dyke is large enough, the
dykes can turn into horizontal sills at such inter-
faces (see also the Sect. 4.3 below).

4.1.5 Effects of Anisotropic Stress
Fields (From Regional
Tectonics or Local
Topography) on Dyke
Propagation

It has been long hypothesised from field rela-
tionships that dyke emplacement is greatly con-
trolled by the regional stress field (Hubbert and
Willis 1957; Sibson 2003; Takada 1999). If the
stress field is homogeneous but anisotropic (i.e.,
the magnitudes of the principal stresses differ),
dykes are expected to be parallel to each other,
and perpendicular to the least principal stress, σ3
(Anderson 1936). In addition, topographic fea-
tures, such as volcanic edifices, are thought to
produce local anomalous stress fields that can
greatly affect the propagation of dykes (Odé
1957; Johnson 1970; Nakamura 1977). This
effect of gravitational stresses related to topog-
raphy on dyke geometry and propagation has
been subject of numerous experimental studies.

Gelatine experiments have been used to
investigate how the stress generated by the load
of a volcanic edifice affects dyke propagation in
the region around the edifice. Muller et al. (2001)
and Watanabe et al. (2002) used injected dykes at
varying distances from a load, and observed that
dykes close to the load were attracted toward it,
whereas dykes far away from the load were not
(Fig. 10). They show that the critical distance at
which a dyke is affected by the load is correlated
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Fig. 9 a Experimental apparatus designed by Rivalta
et al. (2005) to study dyke propagation through layered
media. The model magma is air, and the model rock
consists of two layers of gelatine of different concentra-
tions. b Time series of photographs of a characteristic
experiment of dyke propagation in a layered medium.
Here the upper layer is more resistant than the lower layer.

When the rising dyke reaches the interface between the
layers, it is temporarily stopped upward but propagates
laterally (photographs bR, cR, dR), until the dyke tip
starts piercing through the upper, tougher layer (photo-
graph eR). Interestingly, the dyke is wider in the upper
layer than in the lower layer, although it has the same
volume
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with the ratio of average pressure at the base of
the load (i.e. the height of the edifice) to the dyke
driving pressure: larger loads attract more dis-
tanced dykes. The particular trajectories taken by
attracted dykes are also affected by this ratio.
This attraction of dykes rising through the crust
by volcanic loads may help to explain the
absence of volcanism between large volcanoes.

Laboratory experiments of dyke emplacement
also show that topography-derived stresses can
greatly control the orientation of dykes within
volcanic edifices (Fiske and Jackson 1972).
Gelatine experiments by Hyndman and Alt
(1987), McGuire and Pullen (1989), Delcamp
et al. (2012b), for instance, show that dykes
orientate along the long axis of an elongated
volcanic edifice, albeit with some divergence at
the edifice periphery (Tibaldi et al. 2014). In
addition, the experiments of McGuire and Pullen
(1989) show that: (i) shallow dykes below edi-
fices stop propagating upward, and start

propagating laterally to give rise to a lateral fis-
sure eruption, and (ii) the behaviours of intruding
dykes differ according to their initial position
with respect to the summit of the edifice. Kervyn
et al. (2009) show a similar deflection of the dyke
away from the summit of an edifice standing on a
brittle substratum of controlled thickness
(Fig. 11a); deflection depends on the thickness of
the substratum, on the edifice slope, and on the
overpressure within the dyke. These experimen-
tal results are consistent with lateral dyke prop-
agation observed in many volcanoes, and
corroborate well the theoretical analyses of Pinel
and Jaupart (2000, 2004).

Rapidly constructed topographic loads like
volcanoes can be unstable and sectors of an
edifice can tend toward collapse. Walter and
Troll (2003) used gelatine experiments to inves-
tigate the effect of a volcano sector instability on
the formation of dyke swarms (Fig. 11b). At the
base of a gelatine edifice, they simulated a

Fig. 10 Experimental study of Muller et al. (2001), in
which air-filled dykes are injected in a gelatine model, at
the surface of which a load is placed. Dyke injection is
successively performed at an increased lateral distance x
from the position of the load. The upper right photograph
shows dyke trajectories during an experiment: the dyke
closer to a critical distance xc are attracted toward the
load, whereas the other dykes are not attracted by the

load. The lower right diagram shows that the critical
distance xc in the experiments (black discs) is a linear
function of the ratio between the pressure induced by the
load (Pload) and the excess pressure in the dyke (ΔPm).
Muller et al. (2001) also performed numerical modelling,
and obtained different behaviours of xc as a function of
Pload/ΔPm (see results in lower right graph.)
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localised décollement, above which the sector of
the edifice was considered unstable. They
showed that: (i) injection into the stable sector of
the edifice results in two main radial dyke
swarms, (ii) injection into the unstable sector of
the edifice results in swarms reflecting the extent
of the unstable sector, and (iii) injection close to
the transition between the stable and the unstable
sectors mainly produce three swarms, two of
which follow the stable/unstable discontinuity.
These results corroborate geological observations
from volcanic centres exhibiting triaxial rift
zones, such as Tenerife, Canary Islands (e.g.
Delcamp et al. 2012a).

Sector instability and sliding have been linked
with active intrusion or the presence of intrusive
complexes at several volcanoes. Models studying
the interaction between gravitational instability
and intrusions have been conducted by Mathieu
and van Wyk de Vries (2009), Delcamp et al.
(2012b), and by Norini and Acocella (2011).
Mathieu and van Wyk de Vries (2009) modelled
the development of the Mull centre in Scotland,
showing how large intrusions could develop
dykes along gravity slides. Delcamp et al.
(2012b) found that dykes would propagate out of
a central intrusion into rift zones and applied
their models to the distribution of inclined dykes
and intrusive bodies on La Reunion Island,
France. Norini and Acocella (2011) used a
combination of high viscosity silicone and low
viscosity oils to study the relationship between
magma intrusion, gravity sliding and tectonic
extension at Mt. Etna, Italy. They conclude that

the magmatic forcing and gravity effects greatly
outweigh the regional tectonics in controlling
intrusion and instability on Mt. Etna.

4.1.6 Interaction of Coevally
Propagating Dykes

Laboratory experiments enable the emplacement
of several coeval dykes to see how they interact. It
is expected that the stress field induced by prop-
agation of one dyke would influence the propa-
gation of another (Delaney and Pollard 1981).
Takada (1994a, b) carried out gelatine experi-
ments, in which he injected two coeval dykes.
The experiments show that: (i) two propagating
liquid-filled cracks are likely to coalesce; (ii) a
propagating liquid-filled crack is unlikely to
coalesce with a nearby solidified crack; (iii) large
regional differential stresses impede the coales-
cence of magma-filled cracks, and control the
formation of parallel dykes; (iv) a large magma
supply rate can produce a complete stress field
rearrangement that overcomes the regional stress
field, leading to the formation of radial dykes, as
observed in many exhumed volcano plumbing
systems (Odé 1957; Nakamura 1977).

In other gelatine experiments, Ito and Martel
(2002) tested the effect of the critical dyke
spacing xc on dyke interaction: if the distance
x between the dykes is smaller than xc, the dykes
coalesce, whereas if x > xc, the dykes do not
coalesce (Fig. 12). Also, increasing the regional
differential stress reduces the value of xc. The
experiments show that when regional differential
stresses are small, xc scales with only a few times

Fig. 11 a Experimental study of Kervyn et al. (2009), in
which an water-filled or an air-filled dyke was injected
into a gelatine model, at the surface of which was a
volcanic edifice made of sand. Left Drawing of experi-
mental setup. Centre Time series photographs of a
characteristic experiment of dyke rising under a volcanic
edifice. Right Evolution of the dyke outline illustrating
that the dyke rise velocity decreases when approaching
the cone base. b Experimental study of Walter and Troll
(2003), in which dyed water was injected into a volcanic
edifice made of gelatine. Top Geometry of experimental
cones in stable situation (A) and unstable situation (B).
Due to gravity, the cones spread outward, partially sliding
on a basal lubricant. In the unstable situation, only one
flank was lubricated. IP injection point (10 mm above

base), basal radii R3 > R2 > R1; cone height h > h2 > h3.
Through small holes drilled in the basal plate, injection
was possible at various positions. Bottom Summarized
arrangement of hydro-fractures propagating in locally
destabilized edifices relative to injection point and
eccentricity of a creeping sector. A Injection into stable
sector. B Injection into creeping sector. C Injection close
to the interface stable/unstable sector. Stereoplots illus-
trate the statistic orientation of fractures: each black dot in
pole plots refers to the distal locality of an experimental
fracture, measured in azimuth and distance from the point
of injection. In frequency–azimuth (rose) diagrams (polar
lines, sector size = 8°), the length of each rose sector is
proportional to the frequency of orientation that lies
within that sector (Walter and Troll 2003)

b
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the dyke height, i.e. dyke interaction can poten-
tially focus magma transport over large vertical
distances. Such a process can help explain the
critical distance observed between volcanoes at
the Earth’s surface, even though these volcanoes
are fed from broad melting zones in the mantle.

4.1.7 Inelastic Processes
Associated with Dyke
Propagation

With gelatine experiments, one assumes that the
model host rock behaves as a nearly purely
elastic solid, and that dykes propagate according
to the Linear Elastic Fracture Mechanics (LEFM)
theory. Nevertheless, field observations (Mathieu
et al. 2008; Kavanagh and Sparks 2011; Daniels

et al. 2012) suggest that host rock behaviour
during dyke emplacement is substantially
inelastic. Such inelastic processes can be
addressed in laboratory models made of cohesive
granular materials.

The experiments of Mathieu et al. (2008) and
Kervyn et al. (2009), which use ignimbrite
powder and Golden Syrup, show qualitatively
that shear bands form at the tips of propagating
dykes, leading to the splitting of the dyke tips to
form V-shaped (cup-shaped) intrusions. Such
dyke tip splitting has also been observed in the
3D experiments of Galland et al. (2009) and
Galland (2012), which used silica flour and
vegetable oil. These results suggest that dykes
may propagate as viscous indenters, where the

Fig. 12 a Schematic drawing of the experimental setup
of Ito and Martel (2002) for studying dyke interactions.
b Time series of photographs of a characteristic

experiment illustrating the interaction and coalescence
of two propagating parallel dykes
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viscous material penetrates the cohesive granular
material like a chisel pushed into plaster or a
spade pushed into the ground (Donnadieu and
Merle 1998), rather than as a simple mode I
fracture, particularly if the host rock cohesion is
relatively low. Quantitative 2D experimental
results of Abdelmalak et al. (2012) (Fig. 13a)
further show that: (i) small-scale reverse shear
bands form at the vicinity of the propagating
dyke tip, and (ii) the model surface lifts up due to
dyke emplacement (Fig. 13b). These two obser-
vations are incompatible with the LEFM theory,
and the results suggest that models made of
cohesive granular materials may provide impor-
tant insights into the complex mechanics gov-
erning dyke emplacement in low strength rock
masses. Given that these models have been
designed only recently, they offer broad possi-
bilities for future experimental studies of dyke
emplacement.

4.1.8 Effects of Cooling on Dyke
Propagation

A critical aspect of magma intrusion is the effect
of cooling, which is usually neglected in labo-
ratory experiments (e.g., Galland et al. 2009),
because it is technically challenging to control.
Taisne and Tait (2011) performed experiments in
which they injected a wax into a model made of
gelatine; the gelatine temperature was lower than
the solidus temperature of the wax. The tem-
perature difference between the injected wax and
the host gelatine was varied, as was the balance
between the heat injected into the system and the
heat diffusing from the wax into the gelatine host.
Three main behaviours were observed: (i) when
the injected wax temperature was large compared
to its solidus temperature, and when the heat
influx was large compared to the diffusive heat
loss, the dyke propagated continuously, like a
non-solidifying dyke; (ii) when the injected wax
temperature was close to its solidus temperature,
and when the heat influx was small compared to
the diffusive heat loss, the dyke did not propa-
gate; (iii) when the wax temperature and the heat
fluxes lay between the above end members, the
dyke propagates in a stepwise, intermittent,

manner due to local clogging of the dyke
tip. This intermittent behaviour may help explain
the occurrence of seismic bursts recorded during
dyke emplacement in volcanoes (Hayashi and
Morita 2003; White et al. 2011) as a consequence
of the thermo-mechanical interaction of the dyke
and its host rocks.

4.2 Cone Sheet Emplacement

Cone sheets are prominent features in many
volcanoes on Earth. In eroded volcanoes, these
sheet-like intrusions strike concentrically about
and dip in toward the volcano centre, and they
commonly occur as dense swarms. Like dykes,
they are typically discordant to any mechanical
stratigraphy in their host rocks. A classic exam-
ple of a cone sheet swarm is found in the Ard-
namurchan intrusive complex, NW Scotland
(Richey et al. 1930; O’Driscoll et al. 2006;
Burchardt et al. 2013). Other good examples are
found in the Canary Islands (Ancochea et al.
2003), Galápagos Islands (Chadwick and How-
ard 1991; Chadwick and Dieterich 1995), and
Iceland (e.g. Schirnick et al. 1999; Walker 1999;
Klausen 2004; Burchardt et al. 2011).

Despite the prominence of cone sheets, little is
known about their much-debated emplacement
mechanisms (e.g. Phillips 1974; Klausen 2004;
Burchardt et al. 2013). One reason is that labo-
ratory cone sheets rarely occur in gelatine
experiments, which mostly simulate either dykes
(Takada 1990; Lister and Kerr 1991; Dahm
2000; Rivalta and Dahm 2006; Le Corvec et al.
2013) or sills (Kavanagh et al. 2006; Menand
2008). To our knowledge, the only cone
sheet-like intrusions recorded in gelatine models
developed from a pressurised cavity simulating a
magma reservoir (McLeod and Tait 1999)
(Fig. 8a; see Sect. 4.1). Theoretical studies sug-
gest that shear failure, absent in gelatine experi-
ments, might be important for cone sheet
formation (Phillips 1974). Indeed, experiments
using cohesive granular materials, which
undergo shear failure, have produced dykes
and/or cone sheets (Mathieu et al. 2008; Galland
et al. 2009) (Fig. 14).
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Galland et al. (2014a) recently identified two
dimensionless numbers that control the formation
of either cone sheets or dykes in such cohesive
granular materials (Fig. 14a). The first number
Π1 is a geometric ratio between the depth of
emplacement and the width of the magmatic
source. The second number Π2 is a dynamic ratio
between the viscous stresses within the flowing
magma and the strength (cohesion) of the host
rock. Plotted in a dimensionless phase diagram
with Π1 and Π2 as the vertical and horizontal
axes, respectively, the experimental data define
dyke and cone sheet regimes in a phase diagram,
separated by a transition that fits a power law
(Fig. 14a). This result shows that cone sheets
preferentially form (i) from shallow magma
feeders (small value of Π1), in agreement with
the results of Mathieu et al. (2008), and (ii) when
magma is viscous, or when the injection velocity
is high, and/or when the host rock is weak (large
value of Π2).

This experimental phase diagram (Fig. 14a)
also explains why gelatine experiments rarely
simulate cone sheets: the large cohesion of the
gelatine generally leads to small values of Π2, i.e.
in the dyke field of the phase diagram. In the
exceptional gelatine experiments of McLeod and
Tait (1999), the cavity from which cone sheets
formed was large and shallow (Fig. 8a), corre-
sponding to small values of Π1, i.e. to the cone
sheet field of the phase diagram.

These 3D experiments with cohesive granular
materials did not allow for imaging the
small-scale processes controlling the formation
of dykes versus cone sheets, given that processes
at work are buried and thus invisible. Such a
limitation is overcome by using ‘2D’ experi-
ments, whereby the intrusion propagates upward
against a glass plate (Fig. 14b) (Mathieu et al.

2008; Abdelmalak et al. 2012; Mourgues et al.
2012). This allows the growth of sheet intrusions
to be monitored directly. Boundary effects from
the glass plate are found to be minimal. Abdel-
malak et al. (2012) and Mourgues et al. (2012)
applied Digital Image Correlation (DIC) to pho-
tographs of their experiments to quantitatively
map the small-scale 2D deformation field
induced by intrusion (Fig. 13). In good agree-
ment with the conclusions of Mathieu et al.
(2008) and Kervyn et al. (2009) (Fig. 14b), their
results show that dykes propagating towards the
model surface can trigger the formation of shear
fractures, which control the formation of
V-shaped sheet intrusions. This supports the
hypothesis of Phillips (1974) that cone sheet
emplacement is mainly controlled by shear fail-
ure in the host rocks.

4.3 Sill Formation

Igneous sills are another form of sheet intrusion
that is very common in the Earth. Unlike dykes
or cone sheets, to which they are nonetheless
closely related, sills are typically concordant with
the mechanical stratigraphy in their host rocks.
Igneous sills represent substantial volumes of
volcanically-influenced sedimentary basins, good
examples being the Karoo Basin, South Africa
(Chevallier and Woodford 1999; Svensen et al.
2012), and the North Atlantic volcanic margins
(e.g. Vøring and Møre Basins, off Norway;
Berndt et al. 2000; Planke et al. 2005). Their
emplacement likely triggered the release of
gigantic volumes of greenhouse and poisonous
gases in the atmosphere, leading to mass
extinctions (Svensen et al. 2004, 2007). In
addition, sills have a large impact on petroleum
systems as (i) they provide heat that enhances the

Fig. 13 a Experimental setup of Abdelmalak et al.
(2012) designed to study the small-scale deformation
induced by dyke emplacement. The experiments are 2D,
such that the propagation of the dyke was monitored from
the side of the box with digital camera. The resulting
images were processed using Digital Image Correlation
algorithm to compute the displacement field associated
with dyke emplacement. b Photograph (top), horizontal
displacement field (middle) and strain field (bottom) of an

experimental dyke during experiment. The strain field
highlights small-scale shear bands rooted at the tip of the
dyke. c Photograph (top), horizontal displacement field
(middle) and strain field (bottom) of an experimental dyke
during the same experiment than in b, but later. The strain
field showed that substantial shear bands connected the
dyke tip to the model surface. These experimental results
suggest that dykes propagate as a viscous indenter, not as
linear elastic hydraulic fracture

b
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maturation of organic matter in surrounding
rocks (e.g. Aarnes et al. 2011a, b), (ii) they
generate dome structures (also called forced
folds) in their overburden strata (e.g. Trude et al.
2003; Hansen and Cartwright 2006b; Jackson

et al. 2013; van Wyk de Vries et al. 2014, Magee
et al. 2014) that can be hydrocarbon traps (Pol-
teau et al. 2008b), and (iii) cooling and solidifi-
cation of the magma triggers intense fracturing of
the solidified sills, which can be excellent

Fig. 14 Characteristic experimental studies of cone sheet
emplacement. a Experimental setup (upper left), typical
modelled intrusions (lower left) and experimental phase
diagram (right) of the experimental study of Galland et al.
(2014a), which used fine-grained silica flour and molten
vegetable oil. The apparatus allows flow rate-controlled
injection of the oil, and pressure measurements. Varying
systematically the depth of injection (h), the diameter of
the injection inlet (d) and the injection fluid velocity (v),
the models produced dykes, cone sheets or hybrid
intrusions. Plotting the experiments in a phase diagram
with Π1 = h/d and Π2 = vη/Cd as y- and x-axes,
respectively, the dykes and cone sheets group in two
fields, separated by a transition that fits a power law.
Notice that the hybrid intrusions always plot between the

dyke and cone sheet fields. Here, η and C are the oil
viscosity and flour cohesion, respectively. b Experimental
setup (left), cross section of a typical model (centre) and
measurements (right) of the experimental study of
Mathieu et al. (2008) using ignimbrite powder and
Golden Syrup. This experimental apparatus allows
pressure-controlled injection of Golden Syrup. The cross
section exhibits the main features obtained in the models
of Mathieu et al. (2008), which are V-shaped conduits
connected to shear bands, these later being at the edges of
a dome structure in the intrusion’s overburden. The graph
on the right exhibits comparison between the along-strike
thickness of the V-shaped intrusions and the amplitude of
the overlying dome, showing a non-simple relationship
between them
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hydrocarbon reservoirs (Rossello et al. 2002;
Rodriguez Monreal et al. 2009; Witte et al.
2012).

4.3.1 Formation of Sills
from Vertically-Propagating
Dykes

For many decades, it had been assumed that sills
were emplaced from dykes that stalled in their
ascent and intruded along a level of neutral
buoyancy (LNB) (e.g. Francis 1982; Lister and
Kerr 1991). However, no laboratory models have
managed to simulate sill emplacement as fed
from a dyke along a LNB; instead, a feeder dyke
reaching a LNB stops propagating upwards and
starts propagating laterally with dip unchanged
(Lister and Kerr 1991). All laboratory experi-
ments that simulated the emplacement of sills
required the presence of mechanical layering of
the host, i.e. layers of different strengths, such as
is commonly observed in sedimentary basins and
volcanic sequences.

In pioneering gelatine experiments by Pollard
and Johnson (1973) and Hyndman and Alt
(1987), sills formed from a dyke either (i) along a
weak interface between two gelatine layers of
similar strength (Pollard and Johnson 1973), or
(ii) at the base of a gelatine layer that is stronger
than the underlying layer (Hyndman and Alt
1987). Kavanagh et al. (2006) and Menand
(2008) later conducted more quantitative exper-
iments with water injected at constant pressure
(Fig. 15a). These authors systematically varied:
(i) the input pressure scaled by the resisting
pressure (i.e. the pressure required to propagate a
crack of given size) and (ii) the rigidity contrast
between upper and lower gelatine layers.

All experiments started with a vertical dyke
propagating upward to the interface between the
two gelatine layers. Several behaviours were then
observed (Fig. 15a).

With a more rigid lower layer, the dyke
always simply propagated through the upper
layer and never turned into a sill. With a more
rigid upper layer and a strong interface, the dyke
was arrested. With a more rigid upper layer and a
weak interface, two varieties of sills were
obtained. First, with a high rigidity contrast

between the layers and with a high driving
pressure, the dyke completely turned into a sill.
Second, with a low rigidity contrast between the
layers and with a low driving pressure, a hybrid
intrusion formed that comprised a dyke in the
upper layer and a sill along the interface. These
experiments therefore can explain the transition
of dykes into sills at layers in the host rock as a
consequence of particular combinations of
rigidity or strength contrasts between layers, of
the strength of the interface between the layers,
and of the driving pressure in the magma.

4.3.2 Formation of Saucer-Shaped
Sills

Seismic data (Thomson and Hutton 2004; Planke
et al. 2005; Hansen and Cartwright 2006a;
Thomson 2007; Hansen et al. 2008) and geo-
logical observations (Chevallier and Woodford
1999; Polteau et al. 2008a, b), show that from
their initiation point at a flat layer interface, sills
can develop segments that cut up at an angle
through the layering and then flatten again. This
gives the sheet-intrusion a peculiar saucer-like
shape. A correlation between their diameters and
depths led Malthe-Sørenssen et al. (2004) to
suggest that saucer shaped sills result from a
mechanical interaction with the deformable free
surface during sill growth.

Galland et al. (2009) and Galland (2012)
tested this hypothesis by using models made of
silica flour and vegetable oil (Fig. 15b). The oil
was injected directly along a flexible net that
simulated a horizontal sedimentary layer. The oil
initially formed a sub-circular sill along the layer.
The model surface subtly lifted up above the sill,
forming a smooth sub-circular dome, or forced
fold (Hansen and Cartwright 2006b; Jackson
et al. 2013; Magee et al. 2014). Finally, the oil
erupted, always at the edge of the dome. After
solidification, a saucer-shaped intrusion was
excavated (Fig. 15b), the flat inner sill being
under the dome centre, and the inclined sheets
being under the dome edges. Galland et al.
(2009) showed that the diameter of the inner sill
correlated well with the depth of injection, i.e.
the transition from horizontal to inclined intru-
sion is depth-controlled (Fig. 15b). In good
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agreement with the numerical results of
Malthe-Sørenssen et al. (2004) and the theoreti-
cal analysis of Goulty and Schofield (2008) and
Galland and Scheibert (2013), these experiment
results demonstrate how shallow intrusions
dynamically interact with the free surface. As a
shallow sill grows laterally, it deforms its over-
burden by doming. When the sill reaches a crit-
ical diameter, shear stresses at the edges of the
dome deflect the crack tip and so initiate an
inclined sheet (Fig. 15b). This scenario illustrates
that the free surface exerts a positive mechanical
feedback on a growing intrusion.

While some saucer-shaped sills are perfectly
circular, others are markedly elliptical (Cheval-
lier and Woodford 1999). Galerne et al. (2011)
tested the hypothesis that elliptical saucer-shaped
sills result from the planar geometry of a feeder
dyke. They performed experiments with either
pipe-like or planar injection inlets, and found that
the former leads to sub-circular sills, whereas the
latter leads to elliptical sills. The long axis of the
elliptical sills is superimposed on the trace of the
planar feeder dyke, in very good agreement with
geological observations (Galerne et al. 2011).
The 3-dimensional form of saucer-shaped sills
therefore reflects the geometry of their feeders.

4.3.3 Effects of Cooling on Sill
Emplacement

As for dykes, cooling effects are neglected in
most past studies of sill emplacement. However,
Chanceaux and Menand (2014) recently adopted
Taisne and Tait’s (2011) approach (see #4.1.8
above) to investigate thermal controls on sill
initiation. In these experiments, a molten vege-
table oil was injected at a controlled temperature

into a gelatine host made of two layers. The
experiments highlight various behaviours of the
intruding oil according to the dimensionless
temperature, h ¼ Ts � Tg

� ��
Ti � Tg
� �

, where Ts
is the solidification temperature of the intruding
fluid, Tg is the temperature of the host and Ti is
the temperature of the injected fluid. When both
θ and injection flux are low, solidification effects
are extreme and so intrusion is inhibited. When θ
and injection flux are high, solidification effects
are limited and dykes pass through the interface
between the two layers of gelatine. For interme-
diate values of θ and injection flux, either dykes
terminate at the interface (high solidification
effect) or else sills form along it (moderate
solidification effect).

4.4 Laccoliths, Stocks
and Cryptodomes

Laccoliths are igneous intrusions exhibiting a flat
lower margin and a domed, convex upper margin.
The Henry Mountains of Utah are the classic type
locality (Gilbert 1877; Johnson and Pollard 1973;
Pollard and Johnson 1973; Jackson and Pollard
1990; de Saint-Blanquat et al. 2006; Morgan et al.
2008), where multiple stacks of laccoliths have
developed in individual magmatic centres. Lac-
coliths in Elba, Tuscany and in Central Europe are
other good examples (Rocchi et al. 2002; Breitk-
reuz and Mock 2004; Westerman et al. 2004). In
most cases, laccoliths are intrusions emplaced at
shallow depth into layered sedimentary rocks.
Laccoliths tend to be thick in relation to theirwidth,
compared with sills and saucer-, or cup-shaped
intrusions (Corry 1988;Bunger andCruden 2011).
The host rock around a laccolith is typically

Fig. 15 a Experimental study of Kavanagh et al. (2006)
and Menand (2008) on sill emplacement in layered media,
here made of gelatine. Setup for pressure-controlled
intrusion (upper left), characteristic experimental dyke
(lower left) and dyke-fed sill (lower right), and experi-
mental phase diagram showing the parameters controlling
the formation of dykes, sills, hybrid dyke-sills, or arrested
dykes in layered media (upper right). Here EU and EL

denote the Young modulus of the upper and lower layers,
respectively, and P0 and PfU denote the water overpres-
sure and the fracture pressure (i.e. the strength) of the

upper layer. b Experimental study of Galland et al. (2009)
and Galland (2012) on the emplacement of saucer-shaped
sills, using silica flour and vegetable oil. The experimental
setup is displayed in Fig. 14. Experimental box exhibiting
excavated solidified intrusion (upper left), 3D model of an
excavated experimental saucer-shaped sill (lower left),
averaged profiles of experimental saucer-shaped sills
emplaced at various depths (upper right), and conceptual
model of saucer-shaped sill emplacement (lower left). The
averaged profiles show that saucer-shaped sills are larger
when they are deeper

b
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domed, and often at least one, usually steep, side of
the laccolith exhibits faulting that also accommo-
dates uplift of the host rock (Fig. 16).

Stocks are steep sided, vertically-elongated
intrusions that have roughly equal horizontal
dimensions and that truncate any mechanical
stratigraphy in the host rock. The term crypt-
odome refers to a viscous laccolithic or stock-like
intrusion that remains hidden below the updomed
overburden. The development of cryptodomes
may culminate in eruption of typically highly
viscous silicic lava, either effusively as in the
Showa-Shinzan uplift and dome at Usu Volcano,
Japan (Corry 1988; Breitkreuz and Mock 2004)
or explosively as in the 1980 eruption of Mt. St.
Helens, U.S.A (Lipman et al. 1981).

4.4.1 General Development
of Laccolith Emplacement
and Controls from Host Rock
Layering

The first systematic experimental investigation of
laccolith emplacement was carried out by Dixon
and Simpson (1987). Their experiments ran in a

centrifuge; the model magma was silicone putty,
which was injected at the base of elastoplatic
parafin layers. The experiments allowed for
reconstructing the time sequence of laccolith
emplacement: (i) a sill forms between two layers;
(ii) the sill spreads and thickens as the overburden
bends upward; (iii) the overburden kinks above
the laccolith tip and eventually fails. Dixon and
Simpson (1987) showed that the bending phase is
enhanced by thicker and stronger overburden, as
expected by theory (e.g. Pollard and Johnson
1973; Galland and Scheibert 2013).

The experiments of Román-Berdiel et al.
(1995), who simulated the emplacement of a lac-
colith along a ductile layer below a brittle over-
burden, produced similar results (Fig. 16a). Using
silicone for both magma and the ductile layer, and
sand for the brittle overburden, they found that:
(i) a critical thickness of ductile layer for laccolith
formation was reduced with increasing overbur-
den thickness; (ii) laccolith height to width ratio
decreased with increasing thickness of overbur-
den (i.e. deeper laccoliths are flatter); (iii) and the
laccolith diameter was also linked to overburden
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Fig. 16 a Analogue model
cross sections of a laccolith
from Román-Berdiel et al.
(1995). b Laccolith-like
intrusion schematic
cross-section from Mathieu
and van Wyk de Vries
(2009) and steep
cryptodome intrusion
modelled by Donnadieu
and Merle (2001) for Mt.
St. Helens. c Cross-section
of the generalised features
of a laccolith intrusion
developed from analogue
models studies, showing
the uplift caused by the
intrusion and possible
lateral spreading
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thickness. They also noted that asymmetric lac-
coliths could be linked to synchronous gravita-
tional sliding along the ductile layer. Intrusion of
silicone in the absence of a ductile layer produced
piercing, stock-like intrusions, rather than lacco-
liths (see also Acocella et al. 2001).

4.4.2 Controls of Regional
Tectonics or Gravitational
Spreading on Laccolith
Emplacement

Benn et al. (1998, 2000) modelled granitic
intrusion within a transpressive tectonic regime
by using similar materials to Román-Berdiel et al.
(1995). Their models also produced laccoliths on
which thrust faults nucleated to accommodate
both the intrusion-related inflation and the
regional-tectonic deformation. They again found
that laccoliths formed at greater depths were
flatter. Using different materials (cohesive silica
flour and vegetable oil), Galland (2005) produced
laccoliths at the interface between two brittle
layers of different cohesions, without requiring a
ductile layer like in the experiments of
Román-Berdiel et al. (1995). The laccoliths in the
above three studies all have a domed overburden
that is uplifted on a shear zone that surrounds the
intrusion and has a reverse slip sense. This
doming leads to extension and normal faulting on
the apex of the dome (Fig. 16b, c). In addition, the
experiments of Galland et al. (2007a) show that
compressional tectonics are likely to enhance the
uplift of the laccolith’s roof, and so greatly con-
trol the final thickness of laccoliths.

If the surface and overburden can move lat-
erally to accommodate intrusion, as in a volcano
flank or in gravitational spreading, then a lacco-
lith can also easily develop. This association of
intrusion with large-scale lateral deformation was
studied by Merle and Vendeville (1995). They
injected silicone putty into a sand pack contained
between glass walls and constrained by a fixed
wall on one side. The models produced extensive
lateral movement and thrusting that accommo-
dated magma emplacement far from the point of
intrusion. Subsequently, Mathieu et al. (2008)
and Delcamp et al. (2012b) explicitly modelled
magma intrusion into spreading volcanic edifices

(Fig. 16b). In their models, a basal silicone layer
below the volcanic edifice was intruded by a
Golden syrup magma analogue. These models
produced laccolith-like intrusion shapes, as
would be predicted for these conditions by
Román-Berdiel et al. (1995), and were charac-
terised by considerable edifice and substrata
deformation. These models raise the possibility
that some laccoliths may propagate by lateral
spreading as well as by vertical uplift.

4.4.3 Formation of Stocks
or Cryptodomes

Donnadieu and Merle (1998) intruded silicone
putty into sand cones, and produced cryptodomes
or stocks that caused considerable surface
deformation (see Fig. 22a). In these models, and
in those of Román-Berdiel et al. (1995),
Román-Berdiel (1999), Mathieu et al. (2008) and
Galland (2005), there was no ductile stratum to
intrude into and the viscosity of injected silicone
was high relative to the host material strength. As
a result, the intrusions formed in a viscous
indenter style on reverse and normal faults that
developed synchronously with intrusion into the
edifice.

4.4.4 The Roles of Magma Viscosity
and Host Rock Strength
in the Formation
of Laccoliths, Stocks
and Cryptodomes

The scaled viscosity in which the analogue lac-
colith or stock-like intrusions have been formed is
significantly higher than those of sills and
saucer-shaped intrusions. Equally, in natural
cases laccoliths are overwhelmingly produced
with intermediate to felsic magmas. Thus, vis-
cosity is a critical controlling factor on the type of
intrusion (see Galland et al. 2014a). If the magma
is of low viscosity it will tend to form a thin sill,
and then it will intrude fractures climbing towards
the surface to create saucers (Galland et al. 2009).
If the magma is of high viscosity, it will tend to
propagate less rapidly along décollements and
fractures, and will tend to uplift the host rock. If
this uplift predominates over lateral or included
injection, a laccolith or a stock like intrusion will
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develop. In addition, magma cooling at the mar-
gins may seal the edges, increasing uplift, and
multiple pulses may be trapped below or within
the growing intrusion (e.g. Torres del Paine
Laccolith; Michel et al. 2008).

In addition to a relatively viscous magma, the
general conditions for the formation of laccoliths
and stock-like (cryptodome) intrusions, as
established by analogue modelling, include a
relatively weak host rock and a shallow
emplacement depth (a few hundred metres to a
few kilometres below the surface). The key
condition controlling which intrusion type forms
is the presence (or absence) of mechanical lay-
ering of the host rock, with laccoliths favoured
by the presence of weak interfaces or ductile
layers of sufficient thickness. Both intrusion
types develop by roof uplift.

4.5 Caldera-Related Structures
and Intrusions

Collapse calderas are enclosed volcano-related
topographic depressions of >1 km diameter that
have typically sharply-defined, steep walls and
nearly flat bottoms (Lipman 1997) (e.g. Fig. 17).
They occur in all volcanic settings on Earth and
other planets and with all magma types (e.g.
Crumpler et al. 1996; Geyer and Martí 2008;
Hansen and Olive 2010). Both ancient geological
evidence and recent observations from active
volcanoes indicate that calderas form through
subsidence of the roof of a sub-surface magma
body, as a consequence of magma withdrawal
from that body (Fouqué 1879; Verbeek 1884;
Clough et al. 1909; Williams 1941; Smith and
Bailey 1968; Druitt and Sparks 1984; Lipman
1984, 1997; McBirney 1990; Geshi et al. 2002;
Cole et al. 2005; Michon et al. 2011). Subsidence
usually occurs along a ring fault; magma may
intrude this fault to form a ring dyke and may
ultimately erupt from it. Caldera collapse may
thus lead to the partial or complete destruction of
the volcanic edifice and to a dramatic alteration
of the shallow plumbing system. Moreover,
post-collapse magmatic plumbing systems may
become controlled by caldera-related structures.

Analogue studies have mainly aimed to study
the nature of caldera fault structures, which are
thought to provide the primary pathways for
syn-and post-collapse intrusion and eruption, and
how they relate to the attributes of the underlying
magma body. Their results have contributed
substantially to our current understanding of the
process of caldera collapse and its impact on
sub-volcanic plumbing systems.

4.5.1 Generalised Geometry
and Kinematics of Ring-Fault
Related to Caldera
Subsidence

The vast majority of past studies have primarily
addressed the question of how caldera subsidence
is structurally accommodated. One motivation for
this is a so-called ‘space problem’ arising from
many field reports of ring faults that only dip
inward, toward the caldera centre (Lipman 1984,
1997; Branney 1995; Cole et al. 2005), in contrast
with only a few reports of ring faults that dip
outward, at least partly (Clough et al. 1909; Mori
and McKee 1987). While subsidence along an
outward-dipping fault represents a kinematically
reasonable geometry, and one predicted from
analytical solutions (Anderson 1936), subsidence
accommodated only by an entirely
inward-dipping fault is kinematically unfeasible.

Analogue experiments have helped resolve
this ‘space problem’ by showing that subsidence
into a depleted reservoir is typically accommo-
dated by a ring-fault system that consists of
outward-dipping and inward-dipping faults or
fault segments (Fig. 17) (Komuro 1987; Martí
et al. 1994; Branney 1995; Roche et al. 2000).
The outward-dipping faults usually form further
toward the central part of the reservoir roof than
the inward-dipping faults. Their position and
geometry means that outward-dipping faults have
a poorer preservation potential, which may
account for their under reportage in field studies
(Branney 1995).

In terms of kinematics, the outward-dipping
(reverse) faults always form first in experiment.
Analytical solutions and numerical models show
that this is a consequence of ‘arching’ of the
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principal stress trajectories above the deflating
reservoir (Anderson 1936; Sanford 1959; Holo-
han et al. 2011, 2013). The inward-dipping
(normal) faults form later as the hanging-wall of
the outward-dipping ring fault becomes gravita-
tionally unstable (e.g. Martí et al. 1994; Roche
et al. 2000) and/or if the subsidence becomes
off-centred reservoir (trapdoor-like or ‘asymmet-
ric’; e.g. Holohan et al. 2011, 2013) (Fig. 17c).
Slip sense on these faults may not be entirely
dip-slip (Holohan et al. 2013) (Fig. 17e–f). As
subsidence progresses, retreat of the ring fault
scarps widens the model caldera diameter and
forms a funnel-shaped caldera margin containing
topographic embayments—as in nature (Branney
1995; Lipman 1997; Geshi et al. 2012).

4.5.2 Effects of Initial Geometric
Parameters on Collapse

Two key geometric parameters in the structural
evolution of collapse are: (i) the ratio of reservoir
roof thickness to roof diameter (T/D) in
cross-section (Roche et al. 2000; Kennedy et al.
2004; Geyer et al. 2006) and (ii) the ratio of roof
long axis to roof short axis (A/B) in plan-view
(Roche et al. 2000; Holohan et al. 2008a).

T/D ratio affects the structural style of roof
subsidence (Fig. 18). At very low T/D ratios
(<0.3), sagging of the roof, and not just ring
faulting, plays an important role in accommo-
dating subsidence (Roche et al. 2000; Kennedy

et al. 2004; Holohan et al. 2013) (Fig. 18a). As
T/D increases, sagging diminishes. At interme-
diate T/D ratios (0.3 < T/D < 1.0), the roof typ-
ically subsides along one main outward-dipping
fault and one main inward-dipping fault. At high
T/D (>1), the roof subsides via a complex system
of mainly outward-dipping, but also locally
inward-dipping, fractures (Fig. 18b, c). These
fractures form in a sequence that migrates
upward from the reservoir to the surface (Burc-
hardt and Walter 2010). A sub-surface column of
multiple fault blocks hence develops; the com-
plexity of this column increases with increasing
T/D ratio (Roche et al. 2000). Once deformation
reaches the surface, the usual pattern of central
outward-dipping faults and peripheral
inward-dipping faults is established there (Roche
et al. 2000; Burchardt and Walter 2010). This
upward migration of faulting in experiments with
high T/D ratios is remarkably similar to an
apparent upward migration of seismicity recor-
ded prior to the collapse of Miyakejima caldera,
Japan, in 2000 (Geshi et al. 2002; Burchardt and
Walter 2010; Ruch et al. 2012).

T/D ratio also affects the percentage of reser-
voir depletion required to develop collapse. For a
given reservoir shape and size, higher T/D
necessitates greater reservoir depletion to cause
the onset of collapse and to attain each stage in the
structural evolution thereafter (Geyer et al. 2006).
These findings are similar to those of analytical

Fig. 17 a–d Structural evolution of a representative
experimental caldera collapse. The experiment was con-
ducted against a glass pane to gain simultaneous access to
the structural development both in cross-section and in
plan-view. The analogue magma reservoir is a sill-like
half-cylinder of cream honey that is 10 cm in diameter
and has 3.5 cm thick roof with an initially flat ceiling.
This model hence has a reservoir roof thickness/diameter
ratio of 0.3. The sand/gypsum cohesion is a little higher
than ideal here (for illustration), and so marginal tensile
fracturing is a slightly exaggerated. In addition, the sticky
honey causes some smearing effects against the glass that
become more pronounced with greater subsidence. How-
ever, the geometry, kinematics, and complexity of
structures are overall very similar to most past analogue
studies (cf. Martí et al. 1994; Branney 1995; Roche et al.
2000; Walter and Troll 2001; Kennedy et al. 2004). Note
the formation of outward- and inward-dipping ring faults.
Note also that in this example the sense of subsidence

‘asymmetry’ has reversed in later subsidence phases.
e Block diagrams showing 3D fault geometry and
slip-sense of experimental caldera centred (‘symmetric’)
subsidence. f Block diagrams showing 3D fault geometry
and slip-sense of experimental caldera off-centred (‘asym-
metric’ or ‘trapdoor’) subsidence. In both cases, half
arrows show fault slip sense; full arrows schematically
show horizontal movements. The horizontal movements
during collapse are directed radially-inward throughout
the roof if collapse is centred, but may show a significant
bulk translation in the roof centre if collapse is
off-centred. These horizontal motions give rise to
strike-slip components of fault slip-sense. Note that in
the off-centred case, the strong horizontal motion toward
the area of maximum subsidence favours the development
of a normal ring fault (or ring-fault segment) in the
‘hinge-zone’ area on the opposite side of the roof.
Modified after Holohan et al. (2013)

b
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studies (e.g. Roche and Druitt 2001) and numer-
ical models (Holohan et al. 2011, 2013).

A/B ratio affects the three-dimensional collapse
structure and the lateral propagation of ring faults
(Fig. 19). At high A/B ratios, and for a uniform

roof thickness, the T/D ratio is at amaximumalong
the short axis and a minimum along the long axis.
The structural style in cross-section can thus be
more fault-controlled along the short axis and
more sagging-affected along the long axis
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Fig. 18 How varying roof thickness/diameter (T/D) ratio
and material strength may influence caldera collapse
structure. To the left are results of analogue models with
low-cohesion sand and with: a T/D = 0.2; b T/D = 2.0;
c T/D = 4.0 (modified from Roche et al. 2000). To the
right are results of models with a higher cohesion
sand/plaster mix and with: d T/D = 0.2; e T/D = 2.0
(modified from Roche et al. 2001). NF = Normal fault;
RF = Reverse fault. If present, numbers indicate order of

fault localisation. All drawings are to the same scale. Note
that the models in parts a, b, and c were run in ‘2D’
between two glass panes, whereas those in d and e were
run in ‘3D’. Low cohesion models run in ‘3D’ produce
very similar structural developments to the 2D ones (cf.
Roche et al. 2000), however, and so the variations in the
results shown here stem mainly from differing roof
geometry and strength
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(Holohan et al. 2008a) (Fig. 19b). For a reservoir
that is circular in plan-view (A/B = 1), ring faults
typically localise at one random point in the res-
ervoir roof and then propagate bi-directionally
around the reservoir circumference (Roche et al.
2000; Holohan et al. 2008a). For a reservoir that is
highly elliptical in plan-view (A/B ≥ 2), and has a
relatively low T/D ratio (T/D < 0.4), the ring faults
systematically localise as separate segments near

the opposite ends of the reservoir roof’s short axis.
Each fault segment then propagates
bi-directionally toward the roof’s long axis, where
they link to form a single ring fault. This experi-
mental ring fault propagation pattern at high A/B
results from a higher shear strain along the short
axis during reservoir depletion, as here the same
vertical displacement is accommodated over a
shorter horizontal distance than on the long axis.
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Fig. 19 How varying magma chamber’s plan-view long
to short axis (A/B) ratio may influence caldera collapse
structure. a Evolutions of collapse into a cream honey
reservoir with A/B = 1.0 (i.e., circular in plan-view) in the
left-hand column and with A/B = 2.0 (i.e., highly elliptical
in plan-view) in the right-hand column. b Cross-sections
through the long and short axes of the model with
A/B = 2.0 in part a. Note the greater roles played by

sagging versus faulting in accommodating vertical dis-
placement on the long and short axes, respectively. This
reflects the variation in T/D along either axis in a roof that
is elongate in plan-view. c Outline map of Long Valley
caldera with inferred migration of vents feeding
syn-collapse outflow ignimbrite sheets. Modified from
Wilson and Hildreth (1997) and Holohan et al. (2008a)
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This effect of roof geometry may explain the
emplacement mechanism inferred for the highly
elliptical Slaufrudalur pluton, Iceland (Burchardt
et al. 2012) and the vent migration pattern inferred
during the formation of the highly elliptical Long
Valley caldera, USA (Wilson and Hildreth 1997;
Holohan et al. 2008a) (Fig. 19c).

4.5.3 Effects of Host-Rock
Cohesion on Collapse

As in the case of intrusions, host-rock strength
affects the nature of collapse structures (Roche
et al. 2000, 2001) (Fig. 18). At low material
strength, peripheral extension near the surface is
accommodated only by shear fracturing (normal
faults), but at high material strength, and espe-
cially at low T/D ratios, opening-mode or
mixed-mode fractures play more of a role
(Fig. 18d). Changing the material strength also
alters the sub-surface fracturing process seen at
high T/D ratios (T/D > 1.2). At low material
strength, the multiple sub-surface blocks are
delimited by shear fractures. At high strength,
however, near-horizontal opening-mode fractures
may form in the centre of the roof and grow to
form quasi-stable, sub-surface cavities (Fig. 18e).
Detachment of material from a cavity roof forms
numerous smaller blocks and causes the cavity to
migrate upward. Consequently, the high-strength
reservoir roofs may disintegrate into a column of
coarse, loosely-fitting, rubble. In some cases, the
roof above a sub-surface cavity may remain
stable, in which case the collapse process halts
underground.

These strength-related effects in experiments
are remarkably similar to those reported in
studies of mining-induced collapse (Reddish and
Whittaker 1989), and have been observed at
basaltic volcanoes (Rymer et al. 1998; Carter
et al. 2006). Moreover, the experimental results
support Anderson’s (1936) postulate that high
rock strength is required to develop the
near-horizontal, opening-mode ‘cross-fracture’
that defines the upper cap of a complete subter-
ranean ‘ring dyke’ (Clough et al. 1909; Richey
1932) formed in the case of magma emplacement
by cauldron subsidence.

4.5.4 Effects of Topography
and Regional Tectonics
on Collapse Structures

Pre-collapse topography has little or no effect on
experimental collapse structures when a magma
reservoir resides inside, and is thus smaller than,
a conical edifice (Walter and Troll 2001). On the
other hand, when the reservoir is centred below
and is significantly larger than a conical edifice,
the topographic load causes steepening of the
outward-dipping faults and more focussed sub-
sidence (Lavallée et al. 2004). Where regional
faults formed in pre-collapse extensional or
strike-slip tectonic regimes are near to or coin-
cide with the reservoir margins in experiments,
they are at least partly reactivated as
subsidence-guiding faults, thereby deflecting or
even halting the propagation of caldera-related
ring faults (Acocella et al. 2004; Holohan et al.
2005, 2008b). These results provide insight into
how regional-tectonic faults may act as conduits
and venting sites during caldera-forming erup-
tions, as inferred at, e.g., Glencoe caldera, Scot-
land (Moore and Kokelaar 1998).

4.5.5 Effects of Caldera Collapse
on Magma Chamber
Dynamics and Ring-Dyke
Intrusion

Kennedy et al. (2008) modelled the effects of
caldera collapse on magma chamber dynamics
and ring-dyke intrusion through laboratory
experiments of a rigid, cylindrical piston sinking
into a slightly larger cylinder filled with corn
syrup (Fig. 20a). The process can be described by
two dimensionless geometrical parameters,
describing subsidence and tilt of the subsiding
magma reservoir roof, and by one dimensionless
parameter, the Reynolds number, describing the
influence of inertial and viscous forces on flow,
mixing, and stirring (Fig. 20b–d). The experi-
mental results illustrate how caldera collapse
likely causes magma in the reservoir to mix and
overturn and to have complex flow paths (hence
emplacement directions) within a ring dyke.
These effects account for compositional zonation
of many ignimbrites (Hildreth and Wilson 2007),
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Fig. 20 How variation in the Reynolds number (Re) may
affect magma flow dynamics in a reservoir and ring
conduit during caldera collapse. a Sketch of experimental
set-up involving the sinking of a cylindrical block into a
cylindrical reservoir of larger diameter. The liquid in the
reservoir contains neutrally buoyant marker particles that
enable tracking of the liquid flow paths. b Results for low
Re. Flow is predominantly laminar, but involves a large
lateral component within the dyke due to the tilting of the
downgoing block. c Results for intermediate Re. Some
kinking and local overturning of flow paths are observed.

Flow in the ring conduit tends to be more vertical overall.
d Results for high Re. Flow paths show multiple and
much tighter overturns. Onset of such turbulent behaviour
occurs as the liquid transitions from reservoir into the ring
conduit. All results shown here are representive and for an
intermediate subsidence stage as denoted by the subsi-
dence number (Su), which is the block diameter norma-
lised to block subsidence. Some further variations, e.g. in
ring conduit flow directions, are also seen as Su increases.
From Kennedy et al. (2008)
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and for mingled magmas observed in many
exposed ring dykes (Sparks 1988).

4.5.6 Kinematics of Pre-collapse
‘Tumescence’
and Post-collapse Caldera
‘Resurgence’

For many large (>c. 10 km diameter) silicic
magmatic systems, caldera formation is one of
three main stages in their evolution (Smith and
Bailey 1968; Lipman 1984, 1997). In Stage 1,
voluminous intrusion of less-evolved magmas
into the crust eventually leads to the development
of a larger, more-evolved magma reservoir
(Fig. 21a). As the magma-reservoir grows, the
overlying host rocks may be uplifted, a phe-
nomenon termed ‘tumescence’. In Stage 2, a
caldera forms when the magma reservoir roof

subsides rapidly during eruption (Fig. 21b).
During Stage 3, renewed intrusion of magma
rejuvenates the sub-caldera plumbing system.
Growth of a new or remobilised sub-caldera
pluton may cause uplift of the overlying caldera
floor and infill, a phenomenon termed ‘resur-
gence’ (Fig. 21c; Kennedy et al. 2012).

Analogue modelling studies that superim-
posed deformation of some or all of these three
stages indicate that structures inherited from
previous stages affect the kinematics of later
stages. Low-cohesion models showed that an
initial uplift phase generates peripheral inward-
dipping reverse ring faults (Martí et al. 1994)
(Fig. 21a). With large uplift relative to reservoir
diameter, central outward-dipping normal faults
may also form (Acocella et al. 2000, 2001).
During the collapse phase, these reactivate

Tumescence (Stage 1) Collapse (Stage 2)(a)

)e()d(

)c()b( Resurgence (Stage 3)

Fig. 21 Schematically-drawn section-view results of
analogue models illustrating the three stages in caldera
development. a Geometry and slip-sense of ring faults
formed during pre-collapse tumescence. b Reactivation
(inversion) of tumescence-related ring fault(s) during
collapse. c Further inversion of collaspe-related ring

faulting during post-collapse resurgence. Note the greater
basal displacement here compared to that in part a. Also
shown here are the effects of d low T/D ratio and e high
T/D ratio on the structural style of resurgence. Similar
effects are seen for the collapse stage (see Fig. 18).
Modified from Acocella et al. (2000, 2001)
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(Fig. 21b). Further uplift during resurgence may
lead to complete inversion of the movements
during the collapse phase (Fig. 21c). Structural
relationships very similar to those in such models
exist at the exhumed Rum caldera volcano,
Scotland, where evidence for pre-collapse uplift
is atypically clear (Holohan et al. 2009).
Higher-cohesion models superimposing multiple
cycles of tumescence, collapse and resurgence
developed a complex ‘piecemeal’ jigsaw of roof
blocks delimited by intersecting radial and con-
centric faults (Walter and Troll 2001). Structural
relationships similar to these occur at Tejeda
caldera, Gran Canaria (Troll et al. 2002).

Acocella et al. (2000, 2001) show that the T/D
ratio affects the structural development of resur-
gence similarly to that of collapse. At low T/D
ratios, upwarping plays a major role in roof uplift
and forms an apical graben (Fig. 21d), a struc-
tural style comparable to that at Valles caldera,
New Mexico. At high T/D ratios, the roof uplift
is accommodated by a more piston-like inversion
of the collapse-related ring faults (Fig. 21e), a
style comparable to block-like resurgence at
Ischia Island, Italy.

4.5.7 Limitations
of Caldera-Related
Experiments

Although past experiments have simulated the
development of fracture systems that likely act as
magma pathways, magma intrusion into these
systems, as well as interaction between fracturing
and intrusion, were not simulated. Where fluid
analogue reservoirs were employed, viscosities
were too high to allow fluid intrusion into dilat-
ing faults. Where a balloon or a solid piston was
used, such intrusion was impossible. To our
knowledge, only one study (Kennedy et al. 2008)
has directly simulated coupled collapse and
intrusion into caldera-related faults, albeit under
highly predefined conditions.

A second common limitation is that fluid
withdrawal from the analogue reservoir was not
through the roof and so did not result in eruption
at surface. Consequently, effects of synchronous
in-filling of the caldera by erupted material are
unaccounted for. The experimental procedure

instead more closely approximates caldera col-
lapse triggered by lateral withdrawal and occur-
ring without much in-fill by erupted material—as
has occurred at e.g., Katmai caldera, Alaska
(Hildreth and Fierstein 2000) and Miyakejima
caldera, Japan (Geshi et al. 2002).

A third limitation is that the fluids used are
single phase (liquid) only. Gas exsolution during
magma intrusion and eruption may strongly
affect collapse dynamics, especially with more
evolved magma compositions (Stix and Kobay-
ashi 2008; Michon et al. 2011). Such effects
remain to be examined experimentally.

It should be noted that the fixed balloons or
piston-like set-ups in studies of resurgence
enforce a complete remobilisation of the
pre-caldera magma reservoir, rather than allowing
for the generation of new intrusion geometry. As
a consequence, ring faults formed during a pre-
ceding phase were commonly inverted entirely
along their circumferences during the succeeding
phase. While this may be valid for some resurgent
calderas, such a close, reactivation-based rela-
tionship between collapse- and resurgence-related
structures is not so apparent at others (e.g. Long
Valley caldera, California—Wilson and Hildreth
1997). ‘Resurgence’ in the latter cases may take
the form of newly-generated sub-caldera intru-
sion geometries, which require a less constrained
model set up to develop.

4.6 Ground Deformation Induced
by Intrusions

Ground displacements measured at volcanoes
have become very important for unravelling the
dynamics of active volcano plumbing systems.
This is because the monitored ground deforma-
tion patterns reflect the shape and dynamics of
the underlying volcano plumbing system.
Ground displacements measured during magma
intrusion can range from a few centimetres, such
as those induced by the emplacement of dykes
and sills (e.g. Amelung et al. 2000; Sigmundsson
et al. 2010), to several hundred meters, such as
that induced by the emplacement of cryptodomes
(e.g., the 1980 Mount St. Helens eruption;
Lipman et al. 1981).
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Geodetic monitoring systems that measure
such displacements have become very important
and increasingly sophisticated tools for moni-
toring and unravelling the dynamics of volcano
plumbing systems. Geodetic measurement
methods such as GPS, InSAR, photogrammetry,
tilt, and precise levelling, now provide accurate
and high-resolution time-series maps of dis-
placements at many active volcanoes. They are
able to detect even subtle ground movements
induced by changes in magma pressure or dis-
tribution at depth. Data from these methods are
widely used to (i) forecast that an eruption is
imminent (Sigmundsson et al. 2010) and (ii) infer
the geometry of volcanic plumbing system
components, such as dykes (Wright et al. 2006
Fukushima et al. 2010), cone sheets (Chadwick
et al. 2011), sills (Amelung et al. 2000; Sigm-
undsson et al. 2010) and magma reservoirs
(Chang et al. 2007).

Geodetic data is routinely analysed by fitting
displacement data predicted from analytical or
numerical models to the measured data. The best
fit thus provides insights into the depth, shape
and orientation of underlying magma body
responsible for the observed ground movements.
Such deformation sources are usually interpreted
in terms of magma bodies or pathways. These
analyses have several limitations: (i) The mod-
elled sources usually have highly simplified
shapes to make inversion of observed displace-
ments computationally tractable and efficient.
Field observations show that the shapes of nat-
ural magma intrusions are more diverse and
complex. (ii) The source models are conse-
quently also a highly simplified representation of
the geological process(es) and their development,
and of how these affect ground displacements.
(iii) Many source modelling studies only take
into account the elastic response of the host rock,
while plastic deformation, such as faulting, may
play a major role in nature.

The interpretation of the underlying cause(s)
of ground displacements at volcanoes in terms of
the plumbing system attributes is a challenge that
also can be addressed by laboratory models.
Firstly, as shown in the preceding sections (see
above), analog models are capable of reproducing

the complex geometries of various kinds of
igneous intrusion. Secondly, they are capable of
simulating more complex elasto-plastic host-rock
rheology. Thirdly, a range of photogrammetric
and other techniques (e.g. laser scanning, struc-
tured light) for measuring surface displacements,
can be applied to laboratory models. Therefore, if
they are set up appropriately (see below), such
models carry the advantage of being a geologi-
cally representative physical system in which
both the shape of the plumbing system and the
resulting pattern of free surface displacement are
known.

4.6.1 Surface Deformation Related
to Dykes

The first laboratory study addressing surface
deformation induced by dykes considered a
pseudo-2-dimensional, vertically-elongated cell
filled with a cohesive flour-sugar mix; the “dyke”
was modelled by two moving rigid sleeves, the
distance between which was increased by
inserting sheets of cardboard (Mastin and Pollard
1988). Very similar experiments with ground
sand have been conducted recently in three
dimensions by Trippanera et al. (2014). In
agreement with the theoretical results of Pollard
and Holzhausen (1979), geodetic data and field
observations (e.g. Pallister et al. 2010), these
laboratory experiments produce a surface
depression above the tip of the opening dyke. In
addition, a broad area of surface uplift occurs
marginal to the depression as the dyke opens.
The laboratory models show that subsidence to
form the depression is accommodated by central
sagging, block rotation and/or reverse faulting, as
well as by tension fractures (crevasse) or normal
faults that bound the depression.

The experiments of Mastin and Pollard (1988)
and Trippanera et al. (2014), like the correspond-
ing analytical or numerical models, represent the
inflation of an already emplaced dyke, rather than
a full consideration of dyke propagation.

In order to simulate and measure the surface
deformation associated with dyke propagation,
Abdelmalak et al. (2012) and Galland (2012)
designed 2-dimensional and 3-dimensional exper-
iments, respectively, in which dyke emplacement
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is simulated by the injection of a viscous fluid into
cohesive granular material. Surface uplift is
induced by the emplacement of a dyke, but the
character and cause of the uplift is drastically dif-
ferent with respect to that in the experiments of
Trippanera et al. (2014). The uplifted area is much
narrower and is focussed directly above the tip of
the propagating dyke; no depression forms. Like
the 2-D experiments of Mathieu et al. (2008), this
dyke-induced uplift results from a viscous indenter
process of propagation. The models show that
reverse faults steply dipping toward the dyke tip
accommodate the uplift.

These differing models of dyke-related surface
displacement results hence form a basis for dis-
criminating dyke inflation versus viscous inden-
tation from geodetic data sets. Future work might
consider analysis of surface displacements
induced in gelatine models, which offer the pos-
sibility of quantifying such behaviour for a more
elasticity-dominated dyke propagation process.

4.6.2 Surface Deformation Related
to Saucer-Shaped Sills
or Cone Sheets

Galland (2012) used silica flour and végétaline
oil models (Fig. 22a) to quantify a time series of
3D surface displacement related to the emplace-
ment of cone sheets of saucer-shaped sills.
Intrusion of the oil triggered subtle deformation
of the flat model surface, which was monitored
by using a structured light-based system, com-
bining a video-projector and a CCD camera
(Brèque et al. 2004; Galland 2012). This system
allows fast (<1.5 s) and accurate measurements
of the model surface, and produced topographic
maps through time.

After the experiments were run, the oil
solidified in the models, and the intrusion was
excavated. If the intrusion was flat-lying, the
shape of its upper surface was also measured
with the same system, such that the ground
deformation pattern could be directly compared
to its associated underlying magma conduit.

The experiment results show a remarkable
correlation between the asymmetry of the ground
deformation pattern and the asymmetry of the
underlying intrusion (Fig. 22a). In particular, the

steepest edges of the uplifted zones at the model
surface were always located above the shallowest
parts of the underlying intrusion. Given that the
asymmetry of the ground deformation developed
relatively early during the experiments, it was
thus possible to detect well before the eruption
where the oil was rising towards the surface (see
also the 2D dyke results of Abdelmalak et al.
2012). These experiments thus show that
real-time analysis of asymmetrical development
of ground deformation patterns in volcanoes
could be used as a predictive tool to forecast the
location of an impending volcanic eruption.

4.6.3 Surface Deformation Related
to Cryptodomes

Cryptodome-induced deformation has been
studied in the laboratory by Donnadieu and
Merle (1998, 2001), who used silicone as model
magma and a cohesive pack of granular material
to simulate a volcanic edifice (Fig. 22b). They
show that the early emplacement of the crypt-
odome generates curved inward-dipping major
shear zones that affect the flanks of the edifice.
As intrusion proceeds, the magma deviates
toward the flanks by following these shear zones,
such that it grows laterally and leads to a bulge
on the flank of the edifice. Merle and Donnadieu
(2000) and Donnadieu et al. (2003) applied
digital photogrammetry to their experiments in
order to quantify the horizontal displacements of
the flanks of a volcanic edifice intruded by a
cryptodome. They show that the expected dis-
placement is clearly asymmetrical, such that most
of the flank is affected by a substantial bulging
(Fig. 22b). These results are in very good
agreement with the geodetic observations col-
lected before the 1980 eruption of Mount St.
Helens (Lipman et al. 1981). In addition, these
results explain how the processes controlling the
emplacement of cryptodomes also govern lateral
volcanic blasts resulting from a volcano flank
collapse. As for the other intrusions types
described above, such quantitative laboratory
model results therefore provide a basis for link-
ing ground displacements at volcanoes to an
underlying physical process and so can assist in
real time hazard assessment.
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4.7 Magma Intrusions
in Deforming Crust
(Magma-Fault Interactions)

Volcanic activity concentrates at tectonic plate
boundaries, where the Earth’s crust is actively
deforming. Good examples are active margins,
which host 75 % of volcanic eruptions and 90 %
of earthquakes. Understanding how magmatic
intrusions are affected, or interact, with tectonic
deformation of the crust is thus a key aspect of
the dynamics of volcanic plumbing systems.

To address this aspect, the experimental set-
ups need to properly simulate both the mechan-
ical behaviour of the magma and the deforming
host rocks. In particular, a major challenge is to
account for faulting. Gelatine, for example, is not
suitable, as the high strength of the gelatine does
not allow shear failure under the low stresses
applied in the models. Gelatine only enables to
simulate a stressed crust (Hubbert and Willis
1957; Watanabe et al. 2002; Kervyn et al. 2009;
Menand et al. 2010; Daniels and Menand 2015)
or a crust with pre-existing fracture planes (Le
Corvec et al. 2013).

In contrast, granular materials are suitable for
addressing the interactions between faults and
magmatic intrusion. Sand/silicone models, for
example, have been extensively used to constrain
the emplacement of high viscosity magma in the
brittle crust in any kind of tectonic settings, from
pure extension (Fig. 23a) (Román-Berdiel 1999;
Bonini et al. 2001; Corti et al. 2003), transtension
(Corti et al. 2001), strike-slip faulting (Fig. 23b)
(Román-Berdiel et al. 1997; Román-Berdiel
1999; Corti et al. 2005; Holohan et al. 2008b),

transpression (Benn et al. 1998, 2000), to pure
compression (Fig. 23c, d) (Musumeci et al. 2005;
Mazzarini et al. 2010; Montanari et al. 2010a, b).
All these models produced two fundamental
findings: (i) the shapes of magma intrusions are
controlled by the deformation, and (ii) vice versa
the development of the deformation patterns is
perturbed by the presence of a viscous
heterogeneity.

These studies demonstrate that the elongation
(i.e. orientation) of magma bodies is governed by
the far field principal components of the defor-
mation field. In extension, the model intrusions
are elongated such that the short axis is perpen-
dicular to the direction of extension. In strike-slip
and compressional settings, the intrusions are
also elongated, but in contrast to the extensional
case, the short axis is perpendicular to the main
shortening direction. This implies that in
strike-slip and transpressional regimes, intrusions
are elongated oblique to the main strike-slip
faults. In these models, it is noticeable that faults
exert only a very local effect on intrusions, which
develop small sharp edges at the roots of faults.
Conversely, faults tend to nucleate at the edges of
intrusions, which represent rheological disconti-
nuities that localise strain in the models.

Sand/silicone models, however, suffer from
some limitations. The scaling of these experi-
ments is such that: (i) the silicones only simulates
very high viscosity magmas, i.e. between 1016

and 1017 Pa s, which is way above the range of
common basaltic to rhyolitic magmas between
100 and 108 Pa s; and (ii) sand is too loose and
only simulates shear failure (faulting), but not

Fig. 22 Characteristic experimental studies of ground
deformation induced by magma intrusions. a Experimental
study of Galland (2012). Upper left Drawing of experi-
mental setup. Upper central Oblique photograph of model
surface at the end of an experiment. Upper right Intrusion
partly excavated after oil solidification. Lower left Topo-
graphic map of model surface during an experiment, made
by using a moiré projection device (Brèque et al. 2004).
Lower central Topographic map of top surface of
excavated intrusion, again made by using the moiré
projection device. Lower right Comparison between
corresponding profiles of the model surface (top) and
underlying intrusion (bottom). The positions of the

profiles are indicated with the white lines on the maps
to the right (X-profile). b Experimental study of Donna-
dieu et al. (2003). Upper left Drawing of experimental
setup, silicone putty being injected at the base of a cone
made of sand. The deformation of the cone can be
monitored from a side camera or a top camera. Lower left
Results from side observations of volcanic edifice defor-
mation in experiments (Donnadieu and Merle 1998; Merle
and Donnadieu 2000). Right Horizontal displacement
maps of volcanic edifice deformation at two time steps of
an experiment, computed using digital photogrammetry
(Donnadieu et al. 2003)

b
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tensile or mixed-mode fracturing that may arise
as magmas interact with a pre-existing failure
surface (Fig. 23b, c). Consequently, these models
do not simulate the formation of magmatic sheet
intrusions such as dykes and sills, which are
fundamental magma pathways, and their ability
to simulate the effects of the faults on intrusions
are rather limited.

In order to overcome these limitations, other
materials are required. Model magmas need to
have lower viscosities than silicone putty, and the
model crust needs to be more cohesive than dry
sand. As noted in previous sections (Sects. 2.1.2
and 2.2.3), suitably low viscosity model magmas
include Golden Syrup, molten vegetable oil, and
RTV silicone, while suitable rock analogues
include sieved ignimbrite, fined-grained silica
flour and diatomite powder (Galland et al. 2006;
Mathieu et al. 2008; Gressier et al. 2010; Ab-
delmalak et al. 2012).

In contrast to sand-silicone models, the mod-
els with these alternative materials clearly high-
light the prominent effects of faults on magma
transport (Fig. 23a, d). The experiments of Gal-
land et al. (2007a) and Ferré et al. (2012), for
instance, show that thrust faults localise magma
transport both when the faults are active and
inactive. These models highlight that
gently-dipping faults facilitate substantial hori-
zontal transport of magma in compressional set-
tings, with important implications for magma
plumbing systems in active margins, which are
currently still considered as simplistic
sub-vertical pathways.

Similarly to sand-silicone models, silica
flour-vegetable oil models also show that intru-
sions greatly affect the tectonic pattern, as they
correspond to weak heterogeneities that concen-
trate stresses and nucleate deformation, in a
similar manner to a velocity discontinuity (Bar-
rier et al. 2002). Consequently, intrusions locally
perturb regional tectonic structures (Fig. 23d)
(Galland et al. 2007a). These experimental
results are corroborated by geological examples
of orogenic fronts curved around batholiths (e.g.,
Boulder Batholith, Montana, USA; Kalakay et al.
2001; Lageson et al. 2001) and volcanoes, such
as Tromen Volcano, Northern Patagonia,

Argentina (Marques and Cobbold 2006; Galland
et al. 2007b; Llambías et al. 2011), Guagua Pi-
chincha Volcano, Ecuador (Legrand et al. 2002),
and El Reventador Volcano, Ecuador (Tibaldi
2005; Tibaldi et al. 2010).

4.8 Explosive Volcanic Vents

All the experimental studies described above deal
with magma transport and emplacement at depth.
To ultimately feed a volcanic eruption, however,
the volcano plumbing system must intersect the
Earth’s surface. Therefore, understanding how
magma flows through and exits the plumbing
system to reach the Earth’s surface is a critical
factor for assessing volcanic hazards. Laboratory
experiments have been also designed to study the
dynamics of the shallowest parts of volcano
plumbing systems—i.e. the part leading into the
eruptive vent.

Most vent-related experiments address the
dynamics of explosive processes that arise from
large magma overpressures and that result in
piercement structures, such as diatremes and
breccia pipes. These overpressures can result
from: (i) gas exsolution during magma ascent
and decompression, leading to the development
of kimberlites (Sparks et al. 2006; Brown et al.
2007); (ii) phreatomagmatism due to explosive
magma—water interactions, leading to the for-
mation of maar-diatremes (Lorenz and Kursz-
laukis 2007; White and Ross 2011); or (iii) rapid
generation of gas due to accelerated maturation
of organic-rich rocks in the surrounding of
magma intrusions, producing hydrothermal vent
complexes (Svensen et al. 2004, 2006; Aarnes
et al. 2011b, 2012).

The first qualitative laboratory study of pier-
cement structures was conducted by Daubrée
(1891) to investigate the formation of diatremes.
These pioneering experiments did not address
fluidisation processes, however, which geological
observations suggest is prominent during dia-
treme and breccia pipe formation. In contrast, the
later experiments of Woolsey et al. (1975) and
McCallum (1985) did so. These authors used
granular materials of various grain sizes (clay to
gravels) and cohesions to simulate the behaviour
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of different rock types. They performed both 3D
and 2D experiments, in which pressurised air was
injected at the bottom of a pack of granular
material. The initial stages of the models con-
sisted of a bulging of the model surface and
associated uplift of the granular material above
the pressure source along reverse shear fractures.
Following the initial doming, the pressurised air
broke through to surface and fluidised the mate-
rial. This produced a maar-type crater. During
fluidization, material convected upward in the
middle of the conduits and downward along their
sides. The latter movement resulted in
inward-dipping layers along the sides of the
conduits. With layers of different materials, flui-
dization caused complex mixing of the materials
and led to secondary segregation along the walls
of the conduits. The top part of the model con-
duits exhibits a funnel shape. Although these
experiments look simple, they managed to
reproduce most of the first-order geological fea-
tures observed in maar-diatremes and hydrother-
mal vent complexes, and so suggest that
fluidization processes are likely to be important in
the shallow parts of volcano plumbing systems.

Similar experiments addressed aspects of the
formation and evolution of kimberlite pipes.
Walters et al. (2006) studied the complex distri-
bution of fluid flow across pipes filled with a
mixture of granular materials. A detailed analysis
of the experimental conduit morphologies shows

that the fluid velocity maximised in the conduit
centre and decreased towards the conduit sides
following a Gaussian law. In addition, reducing
the fluid flow rate reduced the size of the flui-
dizing conduits, leading to complex
pipes-within-pipes structures, as observed in
natural kimberlite pipes.

The results of Walters et al. (2006) suggest
that the shape of the fluidised conduits control
the complex distribution of fluid pressure and
flow rate. Gernon et al. (2008) quantified this
effect of conduit morphology in a series of flui-
dization experiments with (i) confined vertical
walls, and (ii) tapered walls of varying dip angle
(Fig. 24a). They show that the fluidization in
vertical conduits is homogeneous, whereas flui-
dization in tapered conduits is heterogeneous and
mainly confined to the conduit centre. In these
latter experiments, the width of the fluidised
region is positively correlated to the fluid flow
rate. The results of Gernon et al. (2008) also
show that fluctuating fluid flow during kimberlite
pipe formation can produce complex internal
boundaries, as observed in the field.

Analyses of kimberlite volcaniclastic deposits
show that they are made of mixtures of fragments
of very different sizes (from 10 mm to several
cm; e.g. Walters et al. 2006). Gernon et al.
(2009), and Nermoen et al. (2010b) studied the
complex fluidization processes of mixtures of
fine-grained and coarse-grained granular

Fig. 23 Characteristic experimental studies of
magma-fault interactions in various tectonic settings.
a Experimental study of magma intrusion in extension
(Galland et al. 2006). Left Experimental setup. Right
Typical longitudinal cross section, displaying the normal
fault pattern and the intrusion. The latter is a dyke that
follows a normal fault. b Experimental study of magma
intrusion in strike slip (Román-Berdiel et al. 1997). Left
Drawing of experimental setup viewed from above. Right
Typical cross section perpendicular to the strike slip fault.
c Experimental study of magma intrusion in compression
made by using sand/silicone models (Montanari et al.
2010a). Left Experimental setup. Centre Photograph (top)
and corresponding drawing (bottom) of a typical longi-
tudinal cross section, on which the faults and the length
(L) of the intrusion can be observed. Serial cross sections
can also be made to reconstruct the intrusion in 3D, and so
to estimate its width (W). Right: Correlation between the
length-to-width (L/W) aspect ratio of the intrusion and the

shortening velocity-to-injection velocity ratio. The plot
demonstrates that the shape of the intrusion is controlled
by this dynamic ratio. d Experimental study of magma
intrusion in compression made of silica flour/vegetable oil
models (Galland et al. 2007a). Left View of the model
surface, displaying the fault trace pattern. A strongly
arcuate thrust forms when oil is injected in the models.
The black straight line locates the drawing (bottom) of a
typical longitudinal cross section, displaying the oil
intrusion and the faults. Note that the arcuate thrust is
rooted at the tip of the intrusion. A non-deformed plateau
lies between the arcuate thrust and the thrusts rooted at the
bottom of the moving piston. Both the length of the
intrusion (Li) and of the plateau (Lp) can be measured.
Right Correlation between the length of the plateau (Lp)
and the dynamic ratio R quantifying the ratio between the
shortening and injection rates. It demonstrates that the
deformation pattern is strongly influenced by the occur-
rence of magma injection
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(Gernon et al., 2008)(a)

(b)

(c)

(Ross et al., 2008a)

(Nermoen et al., 2010a)
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materials. Their results show that fluidization of
the granular mixture triggers local segregation
and a concentration of coarser grains. Conse-
quently, this locally produces a higher perme-
ability anomaly, which focuses further fluid flow
and fluidization. This self-focusing fluidization
process likely explains the strong textural varia-
tions observed within kimberlite pipes.

Similar experiments with gas and granular
material have been used to study the formation of
phreatomagmatic underground explosions and
their associated deposits. Such explosive pro-
cesses have been simulated by injecting a mix-
ture of overpressurised gas and red glass beads
into a model made of white glass beads (Ross
et al. 2008a, b). A high-speed camera was nec-
essary to monitor the evolution of the models. In
the early stages of the experiments, a bubble rose
towards the surface, entrained the injected and
host materials, and domed the surface of the
models (Fig. 24b). The injected material some-
times erupted at the surface, but other times did
not. The experiments show that eruption is
favoured if: (i) the initial fluid pressure is high;
and (ii) the thickness and the permeability of the
bed into which the material is injected are low,
which is in good agreement with the theoretical
analysis of Jamtveit et al. (2004). In all experi-
ments, after the fluid escaped, the red injected
material appeared as a steep-sided conduit, sim-
ilar to those observed in the field.

In all of the experiments mentioned above, the
pressures applied to the models were large

enough to form piercement structures, whether
the surface was breached or not. Many volcanic
conduits do not exhibit piercement structures,
however. A key question is thus: what is the
critical pressure required to form piercement
structures? To answer this question, Nermoen
et al. (2010a) injected pressurised air at the base
of a bed of glass beads through an injector of
variable depth (h) and width (w) (Fig. 24c). The
air’s pressure and velocity were gradually
increased until fluidization of the bed occurred.
By independently varying h and w, Nermoen
et al. (2010a) established that the critical pressure
for fluidization, scaled by the intrinsic perme-
ability of the material, is a linear function of h/
w. Given that the experimental results were pre-
sented in dimensionless form, they are applicable
to piercement structures of different scales, from
small pockmarks to kimberlite pipes.

Field studies highlight that explosive volcanic
vents exhibit various shapes, regardless the ori-
gin of the explosion (magmatic, phreatomag-
matic or phreatic): these shapes include vertical
pipes and V-shaped vents (Jamtveit et al. 2004;
Sparks et al. 2006; Svensen et al. 2007; White
and Ross 2011). The integrated laboratory and
numerical study of Galland et al. (2014b) dem-
onstrates that the shape of explosive vents is
governed by two dimensionless parameters,
(1) the fluid pressure-to-gravitational stress ratio
(P/ρgh) and (2) the fluid pressure-to-host rock
strength ratio (P/C). Through dimensionless
phase diagrams, Galland et al. (2014b) show that

Fig. 24 Characteristic experiments of explosive volcanic
vents. a Experiments of Gernon et al. (2008). Left
Drawing of experimental setup. Right Schematic diagram
of the general behaviour of a tapered fluidised bed. The
fluidised region, A is divided into (A1) a central core of
dilute flow and upward particle transport, and (A2) a
region dominated by the net downward movement of
particles. B is the unfluidised or static region, where
(1) frictional drag, and (2) shear occur at high flow rates.
Particles are elutriated at C, and deposit on the surface,
both at D, and the top of zone B. b Experiments of Ross
et al. (2008a). Left Drawing of experimental setup. Right
Time series of photographs of a characteristic experiment.
The upper left image shows initial conditions. After
156 ms (upper right image), a ‘bubble’ grows, the density
of the gas-particle mixture decreases as more gas arrives,
and the base of the ‘bubble’ starts to pinch noticeably

because of inward movement of granular host (white
beads). After 316 ms (lower left image), red beads setting
forms a vertical cylindrical body. After 436 ms (lower
right image), the model exhibits the final “crater” aspect
of the surface, due to subsidence of particles into the
crucible underlying the rectangular container of the host
(cf. Ross et al. 2008a). c Experiments of Nermoen et al.
(2010a). Upper left Drawing of the experimental
setup. Lower left Time series of photographs of an
experiment, from initial state (left) to final state (right).
Right Dimensionless plot of the critical fluid velocity at
onset of fluidization vf, scaled by the Darcy velocity of the
model granular medium, against the inlet depth-to-width
ratio (h/w). The graph displays experimental results
(black) and results from analytical model (red), and
shows a linear relationship between vf and h/w (cf.
Nermoen et al. 2010a)

b

202 O. Galland et al.



vertical vents correspond to a high-energy
physical regime (high values of P/ρgh and P/
C), whereas the V-shaped vents correspond to a
lower-energy regime (lower values of P/ρgh and
P/C). In addition, numerical simulations show
that the vertical vents in the experiments result
from plasticity-dominated yielding of the host
rock, whereas the V-shaped vents result from
elasticity-dominated failure of the overburden. In
other words, V-shaped vents form as a result of
obliquely propagating fractures (low energy
regime), whereas vertical vents form as a result
of plastic indenting (high energy regime).
Though these experiments and simulations are
2-dimensional, this latter mechanism signifi-
cantly differs from fracturing and is likely to
explain the 3-dimensional circular shapes of
vertical pipes.

5 Conclusions and Perspectives

Analogue models conducted over the past few
decades have yielded a wealth of insights into
most aspects of the geometric and kinematic
development of sub-volcanic plumbing systems.
Most works have, for practical reasons, focussed
on one type of intrusion, be it dyke, sill or lac-
colith, but the ensemble of works allows us to
make some statements on the general conditions
that control intrusion type and processes. The
models, taken together, have shown how the
growth and final geometries of sub-volcanic
intrusions are largely governed by an interplay
between several key factors that include:

• the mechanical properties of the host rocks, in
particular strength and elastic modulus;

• the presence or absence of heterogeneities or
discontinuities, such as mechanical layering,
weak interfaces or faults, within the host
rocks;

• the depth of magma emplacement;
• the shape and relief of surface topography

and the proximity of related topographic
loads;

• the physical properties of the intruding
magma(s), in particular magma viscosity and
density relative to those of the surrounding
host rocks.

Analogue models also show how many of the
same parameters often play similar roles in the
disruption and reorganisation of the plumbing
system that occurs during the course of caldera
collapse, related ring fault intrusion, and the
re-establishment of a ‘resurgent’ magmatic sys-
tem. Lastly, analogue models have also helped to
unravel the complex structural and geometric
effects of fluidisation and explosion that occur
where magmas and magmatic fluids pass through
and exit the shallowest part of the plumbing
system and finally reach the surface.

(1) Despite advances from the numerous
existing laboratory studies, this chapter
highlights the future key challenges of
experimental modelling of volcano plumb-
ing systems. These are:

(2) A rigorous mechanical characterisation of
some of the model magmas and model rocks.
The properties of, e.g. ignimbrite powder,
cream honey and sand-gypsum mixtures, are
poorly constrained. Model magma charac-
terisation is usually focussed on viscosity and
density, but other magma properties like
shear thinning, compressibility and multi-
phase behaviour are rarely considered.

(3) The use of model materials of complex, and
more geologically relevant rheologies.
Good examples are elasto-plastic cohesive
granular materials, which have demon-
strated their suitability and adaptability for
simulating rocks of the brittle crust. In
addition, currently used materials do not
enable the modelling of magma—host rock
interactions, such as fluidisation, fine scale
fracturing, and margin cooling that may be
important in developing intrusions. Thus,
magma advance by fingering and/or fluidi-
sation are currently not modelled (cf. e.g.
Schofield et al. 2010), nor is the possibility
of multiple injections (Menand 2008).
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(4) The design of models accounting for
two-phase or even three-phase magmas.
The rheology of such complex materials is
drastically different than those of the model
magmas commonly used in the literature,
which can appear somewhat simplistic.

(5) A better integration of laboratory modelling
results in multidisciplinary research on
volcano plumbing systems (e.g. Galland
et al. 2013). This step requires rigorous
dimensional analysis of the modelled pro-
cesses, such that the experimental results
are displayed in dimensionless form to
overcome the scale problem often high-
lighted for laboratory models.

(6) A more quantitative description (measure-
ments) of experimental results in order to
better constrain the physics of the modelled
processes and the physical laws identified
from the dimensional analysis. Modern tools,
such as Digital Image Correlation (White et al.
2003; Leever et al. 2011) and X-CT scanners
(Adam et al. 2013) produce quantitative
kinematic data sets that prove essential to
unravel the complex processes simulated for
the host rock (Leever et al. 2014). For better
quantifying magma flow in growing or
inflating intrusions more complex models,
such as those of Závada et al. (2006, 2009,
2011), which used magnetic particles to track
magma flow in a progressively solidifying
laccolith analogue, are required. In addition,
these data make the integration of laboratory
models with numerical models and geological/
geophysical data more quantitative.

(7) The prediction of the type and geometry of
plumbing system components (e.g. dykes,
sills, laccoliths, plutons, etc.). While they
are mostly addressed through separate
models, they all result from the intrusion of
a viscous magma into a solid rock of com-
plex rheology. The next challenge of labo-
ratory models will be to establish a unified
mechanical model of magma emplacement
in the Earth’s crust that predicts under
which conditions intrusions of given shapes
form (Galland et al. 2014a), although, as the

geological system is highly variable and
very complicated, this final goal will be no
simple task.
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Catastrophic Collapse Features
in Volcanic Terrains: Styles and Links
to Subvolcanic Magma Systems

David B. Hacker, Peter D. Rowley and Robert F. Biek

Abstract
Catastrophic structural slope failures of large volcanic landforms, notably
volcanoes, are among the most sudden agents of landscape change,
producing large-scale landslide features. Some of these volcanic landslides
rank among the largest and most devastating natural hazards encountered
on Earth. Following the 1980 landslide and directed blast that destroyed
the northern flank of Mount St. Helens, there has been an increased
awareness and study of flank and sector collapses of stratovolcanoes
worldwide. Collapse features have now been observed on hundreds of
volcanoes and it is now widely accepted that such events are common
recurrent phenomena during the evolution of many volcanoes. Although
most studies of structural failure have concentrated on volcanoes, it is
important to note that two other volcanic landforms in volcanic terrains
have experienced collapse events at scales equivalent to, and sometimes
exceeding, the scale of landslides on volcanoes. These include slope
failures from intrusive laccoliths and from partial collapse of volcanic
fields. Volcanic landslides from these less familiar sources share many
morphological and textural similarities as landslides from volcanoes and
could be mistaken as a volcano-derived deposit. Subvolcanic magma
systems play an integral part in the collapse process from these three
volcanic source types (volcanoes, laccoliths, and volcanic fields) by
creating elevated landforms with steep slopes, aiding in destabilization of
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the slopes, and often triggering a slope failure. We therefore introduce a
new concept that volcanic collapse landslide features should be viewed as
involving multiple sources within volcanic terrains instead of from only
volcanoes.

1 Introduction

Volcanic terrains are the surface expressions of
magma reaching the surface of our planet from
the interior, often through a complex subsurface
plumbing system. These dynamic terrains consist
of a great variety of volcanic rock types, from
lavas and explosive pyroclastics to secondary
epiclastic deposits. They also contain a wide
variety of volcanic landforms, consisting largely
of volcanoes of diverse shapes and forms,
including calderas, lava domes, outflow tuff
plains, and lava plateaus. Also present is a per-
vasive array of shallow subvolcanic intrusions of
dikes, sills, and laccoliths, many of which were
themselves conduits for explosive or effusive
volcanic eruptions. Prior to significant buildout
of volcanic landforms, early ash deposited in
lake, stream, and marine environments may in
time break down into soft expansive clays and
therefore result in a weak foundation for the later
rapid and voluminous accumulation of heavy
volcanic deposits on this foundation. During the
evolution of a volcanic field, its growth (con-
structive buildup phases) of surface volcanic
features is constantly under attack by gravity and
erosion that acts to reduce them (destructive
phases). As part of this interplay of volcanic
growth and erosion, elevated volcanoes have
frequently been punctuated by catastrophic
gravitational collapse of their edifices, producing
volcanic landslides that moved large rock masses
kilometers to hundreds of kilometers from their
source.

Interest in volcanic landslides took off over
the past few decades following the spectacular
1980 sector collapse and eruption of Mount St.
Helens volcano (Fig. 1). Subsequent studies have
recognized collapse events on more than 400

volcanoes worldwide (Siebert et al. 2006). Ter-
restrial volcano collapses can produce large
volumes (greater than several km3) of rock
material that move downslope at high velocities
(greater than 100 m/s) and travel distances
sometimes exceeding 50 km, forming deposits
spread over areas of hundreds to thousands of
km2 (Ui 1983; Siebert 1984, 1992, 1996, 2002;
Schuster and Crandell 1984; Ui et al. 2000; van
Wyk de Vries and Davies 2015). Large sector
collapses have occurred at a rate of approxi-
mately 4–5 per century over the last 500 years, a
rate roughly double that of caldera collapse fol-
lowing magma chamber evacuation during the
same interval (Siebert et al. 2010). Discovery of
submarine volcanic and non-volcanic landslides
has shown that they are even larger, with vol-
umes of as much as 5000 km3, travel distances
exceeding 200 km, and have depositional areas
of as much as 23,000 km2 (Moore et al. 1989,
1994; Carracedo 1994). Similarly, volcano col-
lapses are not confined to Earth, but have also
been discovered on both Mars (Crumpler et al.
1996) and Venus (Bulmer and Guest 1996).

However, we are now becoming aware that
not all volcanic landslides necessarily originate
only from collapse of volcanoes. Intrusive lac-
coliths, and even large portions of volcanic fields
have experienced structural failure in the past
leading to catastrophic volcanic landslides and
initiation of volcanic eruptions (Hacker 1998;
Hacker et al. 2007; Rowley et al. 2006; Biek
et al. 2009, 2015). Batholiths beneath volcanic
fields can produce the rapid and considerable
relief necessary for slope failure, whether by
feeding shallow, higher level laccoliths, or by
uplifting and tilting (magma inflation) a large
portion of a volcanic field itself. We emphasize
here that recognition of ancient landslides in a
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volcanic terrain need not automatically be
attributed to collapse of an individual volcano,
especially in the absence of a documented edi-
fice, but could also have originated from alter-
native volcanic causes whose modern hazard
assessment is still in its infancy.

The growing need for better understanding of
landslide processes operating in volcanic terrains
stems from the societal need of protecting human
populations from these rare but high impact
hazards. Volcanic landslide generation poses a
considerable hazard for inhabited areas around
volcanoes, either directly or through secondary
events, such as tsunamis (Keating and McGuire
2000), lahars (Scott et al. 2005), or magmatic
eruptions (Lipman et al. 1991). They have caused
approximately 20,000 casualties in the last
400 years (Siebert 1984) and millions of people
currently live on top of volcanic landslide
deposits (Siebert 2002), where recurrent

collapses are possible (e.g., Komorowski et al.
2005). Studies in both modern and ancient vol-
canic terrains have contributed to the major
growth of understanding the physical processes
involved in volcanic landslides. Although the
studies of volcano collapse hazards are highly
warranted, awareness of collapse from other
volcanic sources should be kept in mind when
documenting and assessing the geologic structure
and evolution of modern volcanic fields.
Although large-scale catastrophic collapse of
volcanic fields are rare, they represent the largest
known subaerial volcanic landslides on Earth
(Hacker et al. 2014).

In this short overview, we introduce the con-
cept of volcanic landslides originating from
multiple volcanic landform sources within vol-
canic terrains. Collapses due to volcano buildup,
laccolith emplacement, and deposition of large
parts of volcanic fields themselves will be

Fig. 1 North Fork Toutle River valley, Mount St.
Helens, Washington. A scientist stands on one of the
many hummocks that form the chaotic surface of a
massive volcanic landslide deposit in the upper North
Fork Toutle River valley below Mount St. Helens volcano
(10 km in distance). Before the landslide and eruption on

May 18, 1980, a forest grew on this part of the valley
floor. The landslide deposit extends about 22 km from the
volcano and buries the river valley to an average depth of
about 45 m. In places, the deposit is nearly 200 m thick.
The landslide covers an area of about 60 km2. Photograph
by L. Topinka in 1981, courtesy of the USGS
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emphasized. Although volcanic landslides from
laccoliths and volcanic fields are less well
known, they have produced similar volcanic
landslide deposits as those from volcanoes, but
often on a much larger scale. We will concentrate
on the subaerial volcanic landslides and collapse
events generated from three volcanic landform
types (i.e., volcanoes, laccoliths, and volcanic
fields) and review the common causes and trig-
gers of collapse related to magmatic activity
within the subvolcanic plumbing system. A re-
view of collapse features and submarine volcanic
landslides from marine volcanoes can be found
in McGuire (2006).

2 Volcanic Landslides

Catastrophic structural failure (collapse) from
volcanoes, laccoliths, and volcanic fields generate
many types of similar landslides. Engineering
geologists include as landslides all types of mass
movements, including falls, topples, slides (in-
cluding slumps), spreads, and flows (Varnes 1978;

Cruden and Varnes 1996). In volcanic terrains, the
full spectrum of these “landslide” movements
occur, but the most common catastrophic collapse
mass movements involve slides and flows. Major
volcanic, as well as nonvolcanic,massmovements
are typically complex, involving various combi-
nations of slide and flow processes within different
parts of the movingmass during different stages of
development (Varnes 1978; Voight 1978). Vol-
canic landslides have been variably called a flank
failure, flank collapse, sector collapse, rockslide,
debris avalanche, rockslide-debris avalanche,
rockslide-avalanche, and gravity slide (e.g.,
Crandell et al. 1984; Siebert 1984, 2002; Glicken
1996; vanWyk deVries and Francis 1997; Hacker
1998). The term “volcanic landslide” used here
describes a variety of slide and flow processes and
mass movements involving gravity-driven,
downward and outward transfer of wet or dry
slope-forming materials (rock, debris, soil, etc.)
from its collapsed source to an area of deposition.
Therefore we include three depositional types,
namely slide, debris avalanche, and debris flow in
the term volcanic landslide (Fig. 2).

Fig. 2 Anatomy of a volcanic landslide illustrating the
slide-debris avalanche-debris flow transitions (above map
view; below schematic section). Characteristic features
include a slide zone of relatively coherent blocks (or
toreva blocks) emplaced by sliding or toppling in the

source area; a debris avalanche zone containing mega-
blocks and matrix facies forming a hummocky terrain
bounded by marginal levees; a debris flow zone (or
secondary lahars) flowing in channels. Modified from
McGuire (1996)
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Volcanic mass movements commonly begin
with a sliding mass, although flow soon domi-
nates in the form of debris avalanches and/or
debris flows as movement progresses (Fig. 2).
Large segments of volcanic material can slide
downslope without transforming into debris
avalanches. In most cases, disaggregation rapidly
transforms movement into fragmental flow of
debris avalanches that rapidly attain high veloc-
ities over low-angle terrains. Therefore, volcanic
landslides can be viewed as a continuous
sequence of emplacement events with the
resulting deposit being dominated by one type, or
in some cases, a combination of all three (i.e.,
slide, debris avalanche, and debris flow). Most
often, the lines of separation are blurred and there
is a gradation between them. However, these
three types display distinct structural patterns and
kinetic behavior and will be discussed separately
below.

2.1 Volcanic Slides

The volcanic landslide sequence outlined above
begins with sliding of a large mass of rock from a
source area. In volcanic slides, the displaced rock
mass moves as an essentially coherent unit or
units of broken blocks under the influence of
gravity while maintaining contact with the sub-
strate as it shears over it (Fig. 2). Barely per-
ceptible movements of a rock mass can pass
through a stage of accelerating creep into a rapid
downward and outward displacement of a rock
slide mass along one or several surfaces. Initial
movements can be divided into translational
(block slide) or rotational (slump) types that
involve lateral movement of the slide mass or
individual discrete slide blocks bounded by
normal (extensional) faults. Slides in volcanic
terrains should be very common due to steep
slopes and the interbedding of mechanically
diverse lithologies such as pyroclastic, epiclastic,
and lava flow units. Being relatively coherent,
slides retain elements of original stratigraphy
with some degree of internal deformation such as
minor faults and folds. The source area will often
be marked by a scar that is commonly concave in

the direction of movement. Stranded detached
slabs, or blocks, may mark a trail of the slide
mass back to the scar (see Fig. 2). Nonvolcanic
slides share similarities with volcanic slides and
have been well documented in the subaerial and
subaqueous environments (e.g. Voight 1978).

Large backward tilted and rotated blocks on
the scale of several kilometers have been termed
“toreva blocks” and can travel several kilometers
in a nearly coherent manner. At Socampa vol-
cano in Chile, toreva blocks traveled 7 km from
their source without disaggregating into an ava-
lanche deposit (Francis et al. 1985; Wadge et al.
1995) and 9 km at Barú volcano in Panama
(Herrick et al. 2013).

2.2 Volcanic Debris Avalanches

A debris avalanche is a common middle stage in
the transformation sequence from slide to debris
flow (Fig. 2). A volcanic debris avalanche is
referred to as a rapidly moving heterogeneous,
unsorted mass of rock and soil mobilized by
gravity from its source (Schuster and Crandell
1984). Volcanic debris avalanches form when
frontal sections of the slide mass disintegrates
upon continued movement through shear under
gravity. As the slide mass section leaves the
source area it collapses into a granular flow and
travels over the landscape at high velocities (as
much as *100 m/s) spreading and thinning as it
moves (Davies et al. 2010). After traveling many
kilometers, the mass decelerates to rest, leaving a
deposit (may be over 100 km long) containing all
or some of the following features: (1) highly
comminuted debris, (2) prominent hummocky
terrain consisting of conical to elongated mounds
on the surface, (3) raised marginal edges forming
levees (see Fig. 2; McGuire 1996; Davies et al.
2010). Hummocks are often an indicator of
extensional spreading (e.g., Voight 1981; Glicken
1998; Ponomareva et al. 2006; Shea et al. Shea
et al. 2008). Detailed deposit descriptions exist
for debris avalanche events such as Mount St.
Helens (Glicken 1998), Socompa (van Wyk de
Vries et al. 2001), Mombacho (Shea et al. 2008),
and Parinacota (Clavero et al. 2002).
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In general the moving rock mass flows, rather
than slides, and the shearing action with the
substrate is low (Hsü 1975, 1978; Ui 1983;
Siebert 1984). Pervasive internal deformation
occurs during movement, and the resultant clasts
have a degree of relative motion and freedom
between each other. The inertial Bagnoldian
grain flow mechanics of avalanches means that
grain support, grain momentum, and flow
momentum are all maintained by grain-to-grain
collisions leading to a progressive transfer of
momentum through the flow (Hsü 1978; Pierson
and Costa 1987; Iverson 1997). Avalanches are
therefore incoherent and have considerable
interactions between clasts, making the flow
highly mobile. Deposition takes place through
frictional freezing of the rock mass as it loses
momentum, showing that the avalanche flow has
a relatively high bulk viscosity and a high degree
of clast interaction.

2.3 Volcanic Debris Flows

Debris flows are commonly the final stage of
transformation within the volcanic landslide
sequence (Fig. 2). A debris flow is typically a
flowing mixture of debris and water, with sedi-
ment concentrations between 70 and 90% by
weight (Pierson and Costa 1987). Volcanic debris
flows are commonly referred to as lahars and can
transform to even more dilute flows called
hyperconcentrated flowswith the addition ofmore
water. If the landside is large enough and contains
a high-enough percentage of water and fine
material (typically, >3–5% of clay-sized parti-
cles), these secondary flows can reach longer
distances than the debris avalanches, sometimes
traveling as much as 200 km downstream.

Volcanic debris flows owe much of their
behavior to excess pore-water pressure and a
pore fluid that is viscous and contains fine sedi-
ment. In cases of very hot lahars, steam may
contribute to mobility (Arguden and Rodolfo
1990). A moving lahar looks like a roiling rapid
slurry of wet concrete. As it travels downstream,
the size, speed, and amount of material carried
can constantly change. The initial flow may be

relatively small, but a debris flow may grow in
volume as it entrains (called bulking) and
incorporates anything in its path, including rocks,
soil, vegetation; and even buildings, cars, and
bridges. The flowing slurry may consume addi-
tional water through melting of snow and ice or
by engulfing river or lake water and can grow to
more than 10 times its initial size as it moves
downslope. In steep areas lahar speeds can
exceed 55 m/s.

Debris flows associated with volcanic land-
slides originate from: (1) direct transformation of
a debris avalanche during its long transport
(Scott et al. 2002); (2) transformation of the
distal portion of a more water-saturated debris
avalanche (Palmer and Neall 1989); (3) post-
depositional remobilization of water-saturated
parts of a debris avalanche (Glicken 1998;
Pulgarin et al. 1999); and (4) subsequent rupture
of natural dams formed by the earlier obstruction
of drainages during the emplacement of a debris-
avalanche deposit (Costa 1988; Costa and
Shuster 1988). The first two types take place
during the related collapse event or maybe some
hours later. In contrast, the last two types can
occur following an indeterminate lapse of time
ranging from hours to years (Costa and Shuster
1988).

2.4 Mount St. Helens, USA: Classic
Case Study of Cataclysmic
Collapse and Eruption

The largest and best known historically wit-
nessed volcanic landslide in a volcanic terrain
was the catastrophic event that initiated the
devastating 1980 eruption of Mount St. Helens
(Cascade Range, USA). On May 18, 1980, the
northern sector of Mount St. Helens failed ret-
rogressively and led to the formation of a
2.5 km3 volcanic landslide (Lipman and Mulli-
neaux 1981; Voight 1981; Glicken 1998).
Magma began intruding into the Mount St.
Helens edifice in early spring of 1980 and by
May 18, a cryptodome (forming the “bulge”) on
the northern flank (Fig. 3a) had deformed the
edifice to the point of instability. By that time,
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the northern flank had grown outward about
140 m at consistent rates of about 2 m per day
and was creeping more rapidly toward failure.

At 8:32 a.m. on May 18, 1980, a magnitude
5.1 earthquake triggered the volcano’s northern
bulge and summit to fail and slide away as a huge
landslide, first as slide blocks that quickly trans-
formed into a debris avalanche (Fig. 3b). The
debris avalanche swept around and up bedrock

ridges as far as 8 km north of the volcano crater,
but most of it turned westward and flowed 25 km
down the valley of the North Fork Toutle River
(Fig. 4) and formed a hummocky deposit (see
Fig. 1). The initial slide masses accelerated to an
average of 45 m/s 10 s after detachment and
increased to 70–80 m/s during the following 10 s.
The avalanche flow, with maximum velocities
around 90 m/s, took about 10 min to travel the

Fig. 3 Schematic cross
sections of Mount St. Helens
showing the cryptodome of
magma that produced the
bulge and the three major
blocks that collapsed
retrogressively to form the
debris avalanche. a The
volcano in the early morning
of May 18, 1980; the bulging
of the north flank is shown by
the pre-1980 and pre-collapse
profiles. b and c (within 30 s
after the collapse) shows the
progressive development of
the debris avalanche and the
beginning of both the lateral
blast and vertical eruption, as
the cryptodome was exposed;
the Bulge block was the first
to slide, followed by the
Graben block. d (30 s later),
by now the Summit block had
slid and the lateral blast had
stopped; the vertical eruption
was now in full fury.
After USGS Professional
Paper 1250, courtesy of
USGS
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25 km down the Toutle River (Voight et al.
1981). About 60 km2 of the North Fork Toutle
River valley system was choked with avalanche
debris to an average depth of 45 m.

The landslide removed Mount St. Helens’
northern flank, resulting in immediate depres-
surization of the volcano’s magmatic system and
triggering a powerful magmatic explosion that
blasted laterally through the sliding debris
(Fig. 3c). This directed blast consisted of hot
juvenile material, the initial volcanic unit of May
18, that accelerated to at least 480 km/hr and
overtook the debris avalanche and created a
600 km2 blast zone that devastated the forest and
blanketed it with a deposit of hot debris for as far
as 25 km north and northwest of the crater

(Hoblitt et al. 1981). With this release of pressure
on the volcano’s plumbing system (Fig. 3d),
which caused a depressurization wave to propa-
gate down the conduit to the subsurface magma
reservoir, a 9-h long Plinian eruption immedi-
ately followed, with its huge vertical eruption
plume and by far the largest of the six 1980
pyroclastic-flow events (Rowley et al. 1981,
1985; Kuntz et al. 1990).

During the first few minutes of the eruption,
parts of the blast cloud and pyroclastic flows
surged over the crater rim and down the west,
south, and east sides of the volcano and quickly
eroded and melted the snow and ice on the vol-
cano, creating surges of water that eroded and
mixed with loose rock debris so as to form lahars

Fig. 4 Generalized geologic map showing the impact and deposits of the climatic eruption in the vicinity of Mount St.
Helens volcano. Courtesy of USGS
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that poured down the volcano into river valleys,
ripping up trees and destroying roads and bridges
(see Fig. 4). The largest and most destruc-
tive debris flow occurred in the North Fork
Toutle River after the debris avalanche came to a
halt and some of the material was remobilized
hours later. The debris flow that formed by water
(originally groundwater and melting blocks of
glacier ice) escaping from inside the avalanche
deposit through most of the day, created a pow-
erful slurry that eroded material from both the
landslide deposit and from the channel bed of the
North Fork Toutle River. The debris flow
increased in size as it traveled downstream,
eventually reaching its maximum size at about
80 km downstream from the volcano (Voight
et al. 1981, 1983; Glicken 1998).

3 Collapse Styles in Volcanic
Terrains

Sources of structural collapse leading to volcanic
landslides have typically been recognized as the
“volcano type” similar to that described from
Mount St. Helens. However, other volcanic
landform collapse types have been recognized in
the geologic past that produced similar volcanic
landslides (e.g., Mackin 1960; Hacker et al.
2002, 2014; Rowley et al. 2006; Biek et al.
2015). These include the collapse of growing
laccoliths not associated with volcano edifice
intrusions, as well as collapse of large portions of
the volcanic field itself during volcanic buildup
(Fig. 5). Nomenclature varies widely on the use
of the terms flank versus sector collapses within
the “volcano” literature. Flank collapses do not
usually involve the magmatic conduit, while
sector collapses do, and usually involve taking
most of the volcano summit off in the process. In
the broadest meaning, a sector collapse is defined
as a gravity-driven movement of a portion of a
volcano, independent of its size, origin, and type
(Acocella 2005). Flank collapses would then fall
within the definition of a sector collapse. Without
introducing new nomenclature to collapses pro-
duced from laccoliths and volcanic fields, we
have adopted the volcano collapse terminology

for all three (volcano, laccolith, and volcanic
field) collapse types.

Smaller-scale failures are here referred to as
flank collapses that mostly produce debris ava-
lanche deposits from shallow slope failures
(Fig. 5). The larger-scale failures are referred to
as sector collapses and involve larger sections of
a volcanoes’ or volcanic field’s substrate, or a
laccolith’s laterally buttressed country-rock area.
With this usage, sector collapses from the three
collapse types involve movement along
deep-seated failure surfaces where the displaced
mass laterally ramps onto the land surface and
takes on the geometry of an extensional looking
“thrust fault” complete with a bedding-plane
fault (younger on older strata), ramp fault, and
former land-surface fault (older on younger
strata).

3.1 Volcano Collapse Type

Structural slope failures at volcanoes are the most
recognized and studied of the three collapse
types (see Fig. 5). Once considered rare, volcanic
collapse is now recognized to be a common
process in the evolution of volcanoes. Landslides
from volcanoes occur in many different settings
and scales, independent of their composition
(mafic and silicic), shape (cinder cones, strato-
volcanoes, and shield volcanoes), and geody-
namic setting (divergent and convergent margins,
hot spots). Volcanic edifices are the result of the
repeated emplacement, usually within time spans
of many thousands of years, of magmatic prod-
ucts in a limited area. As a consequence of this
relatively rapid construction, any volcanic edifice
with significant height can become unstable and
fail.

Structural failure at large volcanoes may be
confined to a volcano flank, or may involve a
large portion of the edifice (sector collapse).
Besides Mount St. Helens, there are several
well-known examples of volcanic landslides
during the twentieth century such as Bezymianny
(Gorshkov 1959; Belousov 1996), Shiveluch
(Gorshkov and Dubik 1970; Belousov 1995),
and the Soufriere Hills volcano in Montserrat
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(Voight et al. 2002). Sector collapses from vol-
canoes have also produced very large prehistoric
subaerial landslides: the 2200 km2, 22–33 km3

Nevado de Colima event, Mexico (Stoopes and

Sheridan 1992); the 500 km2, 36 km3 Socompa
event, Chile (van Wyk de Vries et al. 2001); the
990 and 1200 km2, *30 km3 Barú events,
Panama (Herrick et al. 2013), and the 450 km2,

Fig. 5 Schematic diagram of collapse styles associated with volcanoes, laccoliths, and volcanic fields. Upper
volcanoes diagram modified from van Wyk de Vries and Delcamp (2015)
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26 km3 Mt. Shasta event, USA (Crandell et al.
1984).

Volcano-generated landslides generally range
in size from less than 1 km3 to more than
100 km3. The high velocity and great momentum
of landslides allows them to cross valley divides
and run up slopes several hundred meters high,
as at Mount St. Helens where its 2.5 km3 land-
slide reached speeds of 50–80 m/s and surged up
and over a 400 m high ridge located about 5 km
from the cone. Another remarkable feature
derived from volcanic sector collapses of volca-
noes is the source area. Because most large
volcanic landslides remove the summit of the
failed volcano, a horseshoe-shaped crater or
semi-amphitheater is formed that varies in size
based on the volume of the removed slide, typi-
cally from more than 1 km3 up to several tens of
km3 (Carrasco-Núñez et al. 2011).

By removing a large portion of a volcano’s
cone, a landslide may abruptly decrease pressure
on the shallow magmatic and hydrothermal sys-
tems, which can generate explosions ranging
from a small steam explosion to large steam
and magma driven directed blasts. These result
in tephra and ash-fall-tuff hazards for surround-
ing areas. Collapse events can be grouped into
three types: those involving a magmatic eruption,
those involving non-magmatic explosions, and
those that are ‘cold’ and have no volcanic
activity associated with them (Siebert 1984;
Carrasco-Núñez et al. 2011). The first type is
called a Bezymianny-type, which refers to the
magmatic eruption and collapse of the Bezymi-
anny volcano in Russia in 1956 similar to Mount
St. Helens, where magma intruded the cone and
destabilized the flank. The second is called a
Bandai-type, which refers to the Bandai volcano
in Japan, whose flank collapsed in 1888 and
produced a phreatic eruption. In this case,
magma did not intrude the cone and the collapse
depressurized an active hydrothermal system,
producing vigorous phreatic eruptions without
magma reaching the surface. The third type is
generally referred to as an Unzen-type after a
sector collapse in Japan occurred in 1792 but did
not involve any volcanic activity.

3.2 Laccolith Collapse Type

Historic growth of laccoliths in volcanic fields
has been observed in the form of cryptodome
growth in the landscape surrounding volcanoes,
such as the classic growth of the Showa-Shinzan
dome in Japan in the mid-1940s (Yokoyama
2002). A postmaster, Masao Minatsu, in a nearby
village documented its growth by drawing its
slowly changing shape on a paper window of his
office. He showed that over a years’ time (from
August 1944 to September 1945) magma caused
the 100 m thick sedimentary cover to be uplifted
over 200 m. The top of the roof contained a
punched section that continued to rise like a
piston above the main dome, yet the roof did not
collapse to trigger a volcanic eruption.

The idea of volcanic landslides generated
from laccoliths was first described by J. Hoover
Mackin, who showed that laccoliths can produce
large landslides (Mackin used the term gravity
slide) on the scale of collapsing volcanoes during
the vertical growth of the laccolith (Fig. 6;
Mackin 1960). Laccolith intrusions “make room”
for themselves in the shallow crust and thus must
deform and inflate the surface considerably, in
places producing steep unstable slopes. Most of
the instructive field studies of laccoliths have
been made where erosion has stripped most of
the cover and surrounding strata to expose their
intrusive cores. Therefore, most evidence of
volcanic landsliding has been eroded from the
record of most exposed laccoliths. However,
studies from laccoliths in the Iron Axis magmatic
province in southwestern Utah have revealed
evidence of multiple collapse structures that led
to volcanic landsliding as well as to initiation of
volcanic eruptions (Fig. 5; Hacker et al. 2002,
2007; Rowley et al. 2006; Biek et al. 2009).

The Iron Axis laccolith group consists of a
series of lower Miocene calc-alkaline hypabyssal
laccoliths and associated volcanic rocks located
just west of the present Colorado Plateau
(Fig. 7). During Iron Axis magmatic activity,
ascending quartz monzonite to granodiorite por-
phyry magma from a deep batholith complex
intruded along one or more northeast-striking,

Catastrophic Collapse Features in Volcanic Terrains … 225



east-verging Cretaceous Sevier thrust faults
before being emplaced as bulbous laccoliths
within Mesozoic and Tertiary sedimentary rock
units (Mackin 1960; Blank and Mackin 1967;
Blank et al. 1992; Rowley et al. 1998; Rowley
1998). More than a dozen exposed intrusions
have been mapped within the magmatic province
and others are inferred from structures in the roof
rock, geophysical data, and drilling (Rowley
et al. 2006; Biek et al. 2009). The intrusions
occur in a northeast-trending belt that follows the
trend of the Sevier orogenic front. The intrusions
were forcibly emplaced into sedimentary rocks at
depths ranging mostly between 2.5 and 0.25 km
and deformed their roofs by upward folding and
faulting.

Detailed studies show that the laccoliths in the
Iron Axis form a continuum from sill injection to
domed laccolith structures through a rapid incre-
mental, or even a single-pulse growth (Hacker
1998; Hacker et al. 2002, 2007; Petronis et al.
2004). Structural and topographic relief produced
by the emplacement of laccoliths progressed in
stages, beginning with initial sill formation that
was either laterally fed by transport of magma
along pre-laccolith thrust faults or vertically
through feeder dikes, followed by subsequent
inflation of the sill by forcible intrusion of con-
tinuous or multi pulses of magma (Fig. 8).
Bending of the entire roof overburden began as
magma was continually added to the base of the
laccoliths to forcibly thicken the intrusions

Fig. 6 Structural features associated with the Iron
Mountain laccolith, Iron Axis, Utah. a Restoration of
pre-intrusive structure showing east verging Cretaceous
Sevier thrust sheet eroded and unconformably overlain by
Tertiary sedimentary and volcanic strata. b Restoration

after emplacement of Iron Mountain intrusion along
former thrust fault and vertical inflation. c Same as b but
showing gravity slides (remaining erosional remnants
colored) formed by collapse of oversteepened eastern
flank. Modified from Mackin (1960)
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vertically. As intrusions inflated, the overlying
host rocks were gently rotated and arched into
doubly hinged flexures around the periphery. Due
to the shallow emplacement (thin overburden),
extension over the up-arched area was accom-
modated by brittle fracturing and high-angle
reverse and normal faulting of the roofs. The
geometry of most laterally fed laccoliths is
asymmetrical in cross section, with the
over-steepened flank of the laccolith occurring on
the side farthest from the source area (to the east),
which corresponds to where the sill stopped. Thus
the laccolith is thickest where magma piled up, so
to speak, from continued lateral injections.

The unusual aspect of laccolith growth in the
Iron Axis group is the catastrophic structural
collapse of some of the laccoliths flanks and
roofs and subsequent venting of pyroclastic flows
(ash flows) and lava flows. As the concordant
intrusions continued their vertical growth, the
limbs of the overlying peripheral flexure steep-
ened as the hinges tightened. Extensional faulting

at the hinge crest most likely reduced the lateral
support of the limb on an otherwise already
steepened and unstable slope. The resulting slabs
of host rock detached within shale units of the
sedimentary rocks and slid onto the former land
surface below (see Hacker et al. 2002, 2007).
The sudden loss of peripheral overburden greatly
reduced the lithostatic pressure that was essen-
tially holding the roof “down” in advance of the
upward loading forces applied by the thickening
magma. This sudden release of overburden by
sliding most likely resulted in immediate frothing
of the magma due to massive pressure release,
as with the 1980 Mount St. Helens eruptions
(Lipman and Mullineaux 1981).

Field evidence clearly shows that intrusive
doming produced by the growing laccoliths cre-
ated unstable slopes from which large segments of
host rock material were catastrophically sloughed
by sliding prior to volcanic eruptions. This
sequence of events (i.e., doming, then gravity
sliding, then volcanism) indicates that volcanism

Fig. 7 Map of southwest Utah, USA, showing intrusions
of the Iron Axis magmatic province: B—Big Mountain;
BV—Bull Valley; D—The Dairy; G—Granite Mountain;
H—Hardscrabble Hollow; I—Iron Peak; IM—Iron Moun-
tain; LP—Lookout Point; MM—Mineral mountain;

PP—Pinto Peak; PV—Pine Valley; SM—Stoddard
Mountain; T—Three Peaks. General trend of Sevier age
thrust faults shown as dashed lines with saw-teeth.
Towns: CC—Cedar City; SG—St. George. Modified
from Hacker et al. (2007)
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(a)

(b)

(c)

(d)

Fig. 8 Schematic model for evolution of laccoliths in
Iron Axis using the Pine Valley laccolith as a proxy.
Cross-section is north-south through laccolith. Emplace-
ment and growth is envisioned to be a continuum from
one stage to the next. a Stage 1—ascent of magma
through en echelon dike system followed by lateral
migration of sill to its fullest extent. b Stage 2—vertical
laccolith growth by continued sill emplacements at the

base of the intrusion. c Stage 3—gravity sliding from
laccolith by flank failure and continued growth. d Stage
4—volcanic eruptions of pyroclastic flows (or in the case
of the Pine Valley laccolith, lava flows) onto the landslide
and surrounding surface, followed by continued lateral
laccolith growth. Modified from Hacker et al. (2007),
courtesy of Utah Geological Survey
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was initiated by gravity sliding. At least seven
major collapse episodes in the Iron Axis can be
attributed to the rapid emplacement of laccoliths
(Lookout Point, Pinto Peak, Bull Valley-Big
Mountain, Iron Mountain, Stoddard Mountain,
and Pine Valley; Fig. 7) with at least five (Pinto
Peak, Bull Valley-Big Mountain, Stoddard
Mountain, and Pine Valley) triggering a volcanic
eruption event (Blank et al. 1992; Hacker 1998;
Hacker et al. 1996, 2002, 2007). The volcanic
landslides were generated by three types of slope
failure (Fig. 5): (1) flank failure where sedimen-
tary host rocks failed on the over-steepened slopes
of the laccolith, (2) punched roof failure where
large block sections of the host-rock were faulted
upward in piston fashion by the magma to the
point that they lost lateral support and failed, and
(3) sector collapse where a thicker section of the
laccolith’s flank and surrounding buttressed sedi-
mentary strata failed laterally away from the lac-
colith (similar to the substrate failure type of
volcanoes). Most of the volcanic landslides gen-
erated were composed of slides, with minor por-
tions of the debris-avalanche component
occurring in more distal regions.

The largest slide mass (Big Mountain event),
with a volume of *50 to 60 km3, covers
>150 km2, is more than 550 m thick in places and
it extends more than 25 km from its parent lac-
colith dome (Figs. 9 and 10). The Big Mountain
event represents a sector collapse type, which
makes this laccolith collapse event larger than the
Mount St. Helens volcano event.

The transported stratigraphic units within slide
masses show attenuation and exhibit various
internal structural complexities; however, normal
internal stratigraphic succession is maintained.
Typically, the strata exhibit pervasive internal
fracturing and shattering but are well indurated.
Some members and formations are brecciated and
consist of pebble-to-boulder-sized, angular to
subangular rock fragments with a crushed matrix
of the same composition as the fragments
(Fig. 11). The brecciated zones are commonly
matrix-poor, with the fragments commonly
tightly packed in a jigsaw-puzzle mosaic sepa-
rated by a cataclastically generated
sand-to-granule-size matrix. Most fragments have
moved slightly relative to their neighbors, while
others show some rotation. Rocks from adjacent

Fig. 9 Laccolith intrusions
and slide masses within the
central area of the Iron Axis.
Arrows indicate primary
direction of slide movement
away from source intrusion.
Largest slide mass is the Big
Mountain slide. Modified
from Hacker et al. (2002),
courtesy of Utah Geological
Survey

Catastrophic Collapse Features in Volcanic Terrains … 229



Fi
g
.
10

G
eo
lo
gi
c
cr
os
s
se
ct
io
n
(e
as
t-
w
es
t)
th
ro
ug

h
th
e
B
ig

M
ou

nt
ai
n
gr
av
ity

sl
id
e
sh
ow

in
g
th
e
ra
m
p
ju
st
to

th
e
ea
st

of
A
tc
hi
ns
on

M
ou

nt
ai
n.

M
od

ifi
ed

fr
om

H
ac
ke
r
et

al
.

(2
00

2)

230 D.B. Hacker et al.



stratigraphic units are usually not mixed, but
locally are chaotically juxtaposed along close-
spaced shear domains. Omission or smearing out
of stratigraphic units takes place along low-angle
shear zones or bedding-plane faults. Mechani-
cally, the character of the internal deformation
varies with rock lithology. Softer, moderately
welded ash-flow tuffs deformed along sheared
zones as much as 3 cm thick that contain pul-
verized rock flour material (cataclasite) formed by
the mechanical breakdown by crushing and
grinding of the tuff. In contrast, the more com-
petent highly welded tuffs and lava flows
deformed along brittle intersecting or anasto-
mosing sets of shear fractures, which resulted in
brecciation of the rocks. In addition to internal
deformation fabrics of the rock units, many
structurally complex areas within the slide masses
contain extensively faulted and folded strata.
Faulting occurs along: (1) local tear faults oriented

parallel to transport direction, and (2) high-to
low-angle normal and reverse faults oriented
mostly perpendicular to transport direction.

Overall, the slide masses closely resemble
remnants of “erosional thrust sheets” in form. All
deformation is confined to the slide masses
themselves and abruptly terminates downward at
low-angle, basal-bounding gravity-slide faults
(analogous to attenuation or denudation faults or
to non-rooted detachment faults). The basal
gravity-slide faults are a composite of four types
of fault surfaces. They include: (1) a subhori-
zontal “bedding fault” (decollement) within
shale-rich sedimentary rocks in which younger
rocks overlie older rocks, (2) subvertical
“flanking faults,” which are lateral bounding tear
faults with strike-slip movement, (3) a trans-
gressive “ramp fault” that cuts upward across
bedding, and (4) a subhorizontal “land surface
fault,” which is a fault between the slide mass
and the pre-existing land surface of that time, in
which older rocks overlie younger rocks. All four
fault components are not necessarily preserved
beneath every slide mass due to differential ero-
sion, especially at the promixal ends of the slide
masses where the bedding and ramp structures
were mostly located at higher elevations on the
intrusive domes and therefore were more sus-
ceptible to erosion. Alternatively, some of the
components were destroyed by subsequent
extrusion of magma. The Big Mountain slide is
the most complete structure, for it retains a set of
all four bounding faults (see Fig. 15 for illus-
tration of fault types).

The relationship of gravity sliding as triggers
for volcanic eruptions is evident in the Iron Axis
laccoliths. The areas of structural and topo-
graphic relief that were necessary for the for-
mation of gravity slide structures were formed by
the forceful intrusion of quartz monzonite
magma into sedimentary rocks and structurally
uplifting these host rocks by laccoliths. The close
timing between sliding and volcanism suggests
that eruptions from the laccoliths could not take
place until the initiation of gravity sliding.
Sloughing off part of the roof of some of the
laccoliths reduced the overburden pressure on the
magma, leading to violent magma frothing

Fig. 11 Outcrop of pre-collapse welded tuff exhibiting
pervasive internal fracturing with angular to subrounded
fragments in a crushed matrix formed during slide
transport within Bull Valley gravity slide
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(vesiculation) and explosive eruptions. Most
initial volcanic activity was of the pyroclastic
flow type. The pyroclastic flows traveled laterally
outward over the landscape in the direction of the
slide movement, immediately burying most of
the slide deposits and surrounding landscape.
The largest pyroclastic deposit covered an area of
>1000 km2. The volumes of the volcanic
deposits do not appear to correspond to the size
of the collapse features, that is, the smallest of
failures (the punched roof block failure) could
release enough pressure to initiate the same size
eruption as the larger lateral failure.

3.3 Volcanic Field Collapse Type

Volcanic field collapses are the supervolcanoes
(e.g., Yellowstone caldera type eruptions) of the
volcanic landslide world. Although these vol-
canic field collapses are rare and the least rec-
ognized, due in part to the lack of modern
analogs, they have formed the largest subaerial
volcanic landslides on Earth (Hacker et al. 2014;
Biek et al. 2015). This type of collapse involves
shear failure along a large portion of the substrate
of a volcanic terrain, resulting in mass movement
of gigantic sections of the volcanic field (a
mega-sector collapse). Collapse of a volcanic
field can incorporate not only multiple volcanoes,
but also shallow or older stocks, laccoliths, sills,
and dikes, as well as any volcanic landform
associated with the field’s evolution (Fig. 5).

A volcanic field is an area of the Earth’s crust
that is prone to localized volcanic activity and
generally contains numerous volcanoes of either
the monogenetic or polygenetic type. A polyge-
netic volcanic field contains polygenetic vents,
each of which erupts repeatedly over long periods
of time. Unlike monogenetic volcanoes, polyge-
netic volcanoes reach massive sizes, such as
Mauna Loa, which is the world’s largest active
volcano. Polygenetic volcanoes include strato-
volcanoes, complex volcanoes, shield volcanoes
and calderas. The Marysvale volcanic field is a
polygenetic field located in southwestern Utah
and is one of the largest volcanic fields in the
western United States (Rowley et al. 1998, 2002,

2005).Most of its volcanism took place from early
Oligocene to late Miocene (about 32 to 14 Ma).

Partial collapse of the southwestern part of the
Marysvale volcanic field produced a volcanic
landslide, the Markagunt gravity slide, with an
areal extent of at least 5000 km2 (dimensions
revised from Hacker et al. 2014), making it the
largest known subaerial gravity slide on Earth. It
is larger than the famous 3400 km2 Heart
Mountain gravity slide of Eocene age in the
Absaroka volcanic field of northwestern
Wyoming, long considered to be the largest
subaerial landslide (e.g., Malone and Craddock
2008; Beutner and Hauge 2009; Craddock et al.
2009). The Markagunt gravity slide took place at
about 21.5 Ma, prior to basin-range tectonism.
Basin-range faulting, which produced
north-trending basins and ranges that form the
present topography, overprinted those structures
formed during gravity sliding. Nonetheless,
grooves, striations, Riedel shears, pseudotachy-
lyte (Fig. 12), crushed and rehealed clasts, basal
cataclastic breccia, and clastic dikes that we have
identified provide strong evidence of southward
catastrophic emplacement by gravity slid-ing.
The uniformity of directional indicators, the
stratigraphic sequence of volcanic rocks that
make up upper-plate strata, and the overall
geometry of the gravity slide show that it repre-
sents a single emplacement event (Biek et al.
2014, 2015; Hacker et al. 2014).

From its mapped breakaway zone in the cen-
tral Tushar Moun-tains and central Mineral
Mountains to the southern limit of its debris
avalanche deposits in the northern Markagunt
Plateau and eastern Black Mountains, the gravity
slide is presently about 95 km long and at least
65 km wide at the latitude of the ramp (Fig. 13).
Southward transport after the ramp of at least
32 km occurred over the former Miocene land
surface. The southwestern part of the Marysvale
volcanic field, which consists of clustered stra-
tovolcanoes and subordinate yet important cal-
deras, is built on a weak substrate of mostly
fine-grained volcaniclastic strata of the Brian
Head Formation, which to this day are famously
prone to modern landsliding. We remain uncer-
tain what triggered the giant gravity slide, but
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suggest that it was triggered by pre-caldera
inflation of the 20–18 Ma Mount Belknap cal-
dera (Fig. 14) or perhaps by earthquakes asso-
ciated with this inflation.

At its simplest form, the gravity slide is a
great sheet of volcanic rock that slid many km
southward and at its distal southern end placed
older rock on younger rock above a

Fig. 12 Upper image Pseudotachylyte on secondary
shear plane along sharp contact between highly fractured
sandstone of the Bear Valley Formation below and
volcanic deposits of the Mount Dutton Formation above.

Lower image close-up of pseudotachylyte-filled dike
injected downward into sandstone at GPS receiver in
center of photo
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Fig. 13 Simplified geologic map showing extent (heavy dashed line) and features of the Markagunt gravity slide
(MGS). C Circleville; IP Iron Peak intrusion; M Marysvale; P Panguitch. Modified from Hacker et al. (2014)
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subhorizontal surface (Fig. 15). It blankets the
entire central and northern Markagunt Plateau
and adjacent areas and consists of large blocks
many square km in size of Miocene and Oligo-
cene regional ash-flow tuffs and local volcanic
and volcaniclastic rocks (derived from the
Marysvale volcanic field stratovolcanoes and
calderas). One way to think of the Markagunt
gravity slide is as a thick stack of playing cards
representing the volcanic stratigraphy of the
volcanic field that are intensely deformed along
shears between individual sheets but remain rel-
atively undisturbed in the interior of the sheet (or
blocks). The fact that the gravity slide consists
mostly of undeformed large blocks above the
bedding plane segment, bounded below by an
inconspicuous shear plane, is one of the reasons
it remained undiscovered for so long. The
land-surface segment, however, is structurally
more chaotic and consists of large tilted blocks of
volcanic rocks in a more brecciated and sheared
matrix, thus representing a more debris ava-
lanche zone of the landslide (Fig. 16).

Characteristics of these astonishingly large
gravity slides suggest that these types of vol-
canic fields are preconditioned for gigantic dis-
placements by virtue of their: (1) large volume
of available slide material that rapidly accumu-
lated during volcanism, creating a thick,
potentially unstable wedge, (2) a possible sub-
strate of subhorizontal sedimentary strata con-
taining early ash from the start of volcanism
that weathers to incompetent beds, (3) an
underlying batholith whose growth tilts rocks
outward from the center of the volcanic pile,
(4) shallow intrusive complexes (mostly lac-
coliths and dike systems) that rose from the
batholith to feed the volcanism and which add
lateral stress, and (5) possible pre-collapse
development of summit fractures and normal
faults by intrusive doming or during gradual
lateral spreading on deeper-seated thrust faults
that weaken the structural integrity of the vol-
canic field. Recognition of these features in
modern volcanic fields could aid in potential
hazard assessments.

Fig. 14 Diagramatic N-S cross section of Markagunt
gravity slide before and after sliding; Although interpre-
tive (based on cross sections using petroleum exploration
wells), late-stage intrusions (area shown in black in lower
cross section) utilized Sevier thrust faults, doming the
overlying volcanic field. Pz-Mz, Paleozoic and Mesozoic

sedimentary rocks; N-C, Jurassic Navajo Sandstone and
Carmel Formation; K-CL, Cretaceous and Claron Forma-
tion sedimentary rocks; BH-V, Brian Head Formation and
oldest regional ash-flow tuffs; MV, Marysvale volcanics.
Modified from Hacker et al. (2014)
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4 Volcanic Landslide Features
and Deposits

Large volcanic landslides from the three main
collapse types described (i.e., volcanoes, laccol-
iths, and volcanic fields) share a number of

morphological and fabric-related features that
developed during transformation of slides to
debris avalanches to debris flows. Unlike indi-
vidual volcanic deposits such as pyroclastic
flows, recognition of prehistoric volcanic land-
slide deposits may be easier to identify by
large-scale properties rather than by

 

Fig. 15 Vertically exaggerated block diagram of an
idealized gravity slide. Here, we suggest that the trigger
is pre-caldera inflation of the Mount Belknap area,
causing arching of overlying strata and consequent failure
on over-steepened slopes. Note the four main bounding
surfaces: the bedding-plane slip surface in mechanically
weak clay-rich rocks of the Brian Head Formation; the
ramp, where the slide mass breaks upward to the surface;
the former land surface, now covered by the slide mass;
and the flanking failure that bounds the margin of the
slide. The basal slip surface resembles shallow low-angle
faults, complete with slickensided and striated surfaces,
cataclastic zones, local pseudotachylyte, and brittle
microfabrics. Extensional deformation characterizes the

upper part of the slide, whereas compressional deforma-
tion characterizes the toe area. The main part of the
gravity slide remains mostly intact with individual blocks
as much as several square km in size, preserving a
stratigraphy inherited from the source area. Distal portions
of the slide mass disaggregate into debris avalanche
deposits. Because gravity is the ultimate driver of
landslides, the dip of the slip surface must be sufficient
such that the downslope component of the weight of the
slide mass overcomes the frictional resistance to sliding at
the detachment layer. Once moving, however, the slides
can travel many km over former land surfaces. Haycock
Mountain photos shown in Figs. 16 and 18. Modified
from Biek et al. (2015)
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Fig. 16 Markagunt gravity slide exposure just south of
Haycock Mountain. Note planar basal slip surface and
underlying thin basal breccia, which in turn overlies
similarly dipping volcaniclastic pebbly sandstone of the
Brian Head Formation (Tbh). Basal breccia is
light-reddish-brown and consists of both angular (Isom
Formation) and rounded (intermediate volcanics and
quartzite) clasts floating in a well-cemented sandy matrix;
the breccia is texturally similar to concrete or glacial till
and was derived from pulverized Isom Formation and

underlying strata immediately above and below the slip
surface. This breccia is injected as clastic dikes into the
basal part of the gravity slide, which here consists of
resistant Isom Formation (Tm[Ti]) cataclasite. This pul-
verized and silicified Isom Formation forms a cliff
5–10 m high and grades upward into fractured but
otherwise undisturbed Isom Formation. Inset shows
close-up of clastic dikes and cataclastic Isom Formation.
Modified from Biek et al. (2014)
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outcrop-scale structures or lithologies, although
these are important where erosion has stripped
away major portions of a slide mass.

4.1 Slide Zone

The slide zone of the three collapse types
includes the area at the head of the slide mass
where large slide blocks are displaced downslope
as largely intact masses from the horseshoe
shaped scar of the breakaway area. The large
blocks are bounded by large high-angle normal
faults, not only the major breakaway fault but
faults that are antithetic and synthetic to it, that
may form a wide variety of structures and land-
forms, including horsts and grabens. In edifice-
scale collapses, slide blocks (toreva blocks) may
show backward tilting. These high-angle faults
pass into a low-angle, downslope-dipping plane
or strata of weakness, especially in the case of
volcanic field collapses. Typical planar surfaces
in the breakaway area and downslope are dis-
rupted by small high-angle normal and en eche-
lon faults that strike perpendicular to the
downslope direction. Most graben areas are filled
in with post collapse erosional debris. This zone
of the landslide is preserved only in the largest
sector collapses where the landslide cuts deeply
into volcanic landforms. Flank collapses are
generally smaller and lack the slide blocks, so the
main products preserved are debris avalanche or
flow deposits. Slide-zone runout lengths vary
greatly depending on the distance between the
head breakaway scarp and where the slide plane
daylights at the surface farther downslope, where
it is a ramp fault in deep-seated collapses. Vol-
canic field collapses contain the largest slide
zones with the Markagunt gravity slide bedding
plane slip surface reaching over 60 km in length.
The sides of the slide, parallel to the slide
direction, represent strike-slip movement, and in
the case of volcanic-field collapses may be rep-
resented by a subvertical lateral fault, much of
which is a broad subvertical zone of tectonic
breccia.

4.2 Debris Avalanche Zone

The surface morphology of most younger vol-
canic debris avalanche deposits is characterized
by a hummocky terrain with numerous hills and
closed depressions (Fig. 17). Hummocks (also
called mounds) may form by extension as the
laterally spreading avalanche produces horst and
graben structures, or the hummocks may repre-
sent the surface topography of the deposit pro-
duced by avalanche blocks rafted within finer
material (Voight et al. 1981, 1983; Glicken 1986,
1996; Crandell 1989). The long axis of hum-
mocks are mostly oriented parallel or perpen-
dicular to transport direction; some deposits
contain hundreds to thousands of closely spaced
hummocks. Hummock size ranges from *1 m
to several hundred meters in height and >1 km in
length, with height and density generally
decreasing toward its distal area, reflecting pro-
gressive disintegration of internal blocks (Ui
1983; Siebert 1984, 2002; Glicken 1986, 1996;
Crandell 1989). Distally, areas of flat surfaces
may increase as the hummocky morphology
becomes subdued and longitudinal ridges
become prominent. Avalanche deposits also
generally have sharply defined edges, with mar-
ginal levees and a steep terminus, although
levees may be subdued or absent in avalanches
that contain a higher water content.

Internally, most debris avalanche deposits are
poorly sorted and poorly graded, with particle
sizes ranging from silt size to extremely coarse
blocks. They typically have a more bimodal
fabric, consisting of a block facies and a mixed
facies (also referred to as a matrix facies)
(Crandell et al. 1984; Glicken 1991; Mehl and
Schmincke 1999). Block (or megaclasts)
dimensions range from meters to hundreds of
meters in diameter and represent fragments
of highly brecciated and fragmented segments of
volcanic material transported relatively intact and
surrounded by matrix. Block-facies material,
which dominates in most hummocks, can consist
of one large clast, multiple clasts of the same
lithology, or multiple deformed and faulted clast
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groups of different lithologies (Siebert 2002).
Mixed-facies material consists of poorly sorted
angular lithic fragments, in which the frequency
and size of blocks decreases with increasing
distance from the source and the matrix propor-
tion rises.

Clasts in all facies are angular to subangular,
highly fractured, and pervasively shattered,
forming a “jigsaw” texture (both jigsaw cracked
and jigsaw-fit textures) in which fragments of
adjacent clasts can be visually refitted across
fractures (Shreve 1968; Ui 1983). Fractured
clasts of one lithology surrounded by crushed
fragments of the same lithology represent the
crushing of individual blocks or stratigraphic
layers and are usually stretched or smeared in the
direction of transport. Fracturing of crystals,
glass, and lithic fragments extends to the
microscopic level (Komorowski et al. 1991).

The basal region experiences high normal and
shear stresses that result in intense comminution
(the action of reducing a material to minute par-
ticles or fragments). Basal zones of both debris
avalanches and slide zones show more penetra-
tive shear fracturing of clasts and a smeared-out
fabric of blocks, thus producing a crude layering.
Pervasive shearing usually decreases in extremely
short distances vertically. Clastic dikes formed by
injection of matrix material into fractures during
movement are commonly observed in basal
regions (see Fig. 16). Basal contacts of debris
avalanches show evidence of either relatively
passive transport or erosive scour, as observed by
lengthy contacts above largely undeformed soft
sediment substrate, or striations and grooves
found on substrate material or in the base of the
mass (Fig. 18), along with incorporation of sub-
strate material.

Fig. 17 The catastrophic debris avalanche at Mount
Shasta showing hummocky terrain. The deposits of an
exceptionally large debris avalanche extend from the base
of Mount Shasta volcano northward across the floor of
Shasta Valley in northern California. The

debris-avalanche deposits covers an area of about
675 km2, and their estimated volume is at least 45 km3.
Dating methods suggest that the debris avalanche
occurred between about 300,000 and 380,000 years ago.
(Image courtesy of USGS)
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Where large blocks are not present, avalanche
deposits resemble angular breccias with larger
clasts supported by a matrix of finer material that
in most places shows evidence of intense shear-
ing. Although a wide range of clast sizes may be
present at any one location, their composition is
usually not random and homogenization is far
from complete. The spatial distribution of clast
types reflects the original stratigraphy of the
collapsing source mass, thus broad stratigraphic
relationships in the source rocks are generally
preserved, a fact that indicates that debris ava-
lanche emplacement involves laminar flow rather
than turbulent flow (Fig. 19).

4.3 Debris Flow Zone

Where sufficient water is present during flow,
debris avalanche deposits generally grade
downslope into debris flows. Such a transition
has been observed at Mount St. Helens and
Mount Shasta, USA, where the two types of flow
deposits are distinguished on the basis of sedi-
mentological differences (Crandell 1989). Scott
et al. (2002) divide debris flows into cohesive

and noncohesive types. Most debris flows con-
tain less than 3% of the clay fraction in the
weight of the matrix (sand + silt + clay) and are
referred to as non-cohesive debris flows. When
the clay content is >3%, they are known as
cohesive debris flows, which are distinguished
by the fact that they do not change their character
throughout their runout as non-cohesive types do
(Scott and Vallance 1995). The higher clay
content in cohesive debris flows is in most cases
due to hydrothermal alteration within the vol-
canic landform, and therefore the resulting
clay-rich debris flows originate from volcanic
collapses, in contrast with non-cohesive flows,
which originate as meltwater surges during
eruptions or during excessive precipitation.

5 Causes of Volcanic Collapse
in Volcanic Terrains

Volcanic terrains are inherently susceptible to
instabilities by nature of their basic materials and
structures. Structural failure and collapse is a
common outcome of this slope instability. As
with nonvolcanic landslides, collapse of volcanic

Fig. 18 Close-up of slickenlines exposed at the base of the Markagunt gravity slide at Haycock Mountain. Riedel
shears and slickenlines at the base of the gravity slide demonstrate transport from north to south
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landforms is produced by a combination of cir-
cumstances rather than any single process or
cause. For conventional landslides, causes of
slope instability have been divided into factors
that produce an increase in shear stress (or
driving forces) on the slope and into factors that
contribute to the reduction in material shear
strength and/or friction (e.g., Varnes 1978;
Voight and Elsworth 1992). Slope angle is
clearly an important factor for increasing shear
stress that causes slope instability, especially on
stratovolcanoes, as indicated by the frequency of
their major slope failures. Precipitation and
seismic loading are important destabilizing cau-
ses of reducing a material’s shear strength on a
slope by increasing pore pressures. In many sit-
uations, it is the combination of both
stress-increasing and strength-deceasing factors
that lead to major volcanic landform instabilities.

Once a segment of a volcanic landform has
become destabilized, it becomes susceptible to
failure in response to one or more internal or
external “triggers” that may initiate collapse.
This trigger process may operate in the short term
(collapse during or immediately after a volcanic
event) or with delayed reaction (collapse many
years following an event). A comprehensive
review of the possible causes and triggers of
volcanic landslides can be found in Voight and
Elsworth (1997) and del Potro et al. (2013).

5.1 Role of Magma in Volcanic
Destabilization

Causes of slope instabilities are inherently due to
the nature of the slope, rock composition, layer-
ing in relation to strength and permeability zones,

Fig. 19 Outcrop of slide block within the Big Mountain slide showing fractured and sheared nature of the rock units
and preservation of original stratigraphy. Outcrop approximately 6 m high
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bedding planes, joints, faults, etc. and their ori-
entation relative to the slope (del Potro et al.
2013). Intrusions have a significant role as a
primary cause of large volcanic landslides by
contributing to these slope instabilities. Intru-
sions cause intense deformation and visible bul-
ging in all three styles of collapses, as well as
producing seismicity and elevated pore-fluid
pressure. The internal structure of a volcanic
landforms can exhibit intense fracture and fault-
ing caused by intrusions that enhance instability.
Hydrothermal alteration affects large segments of
volcanic landforms, producing clay minerals that
increase permeability and elevate pore-fluid
pressures. Such effects can drastically lower
shear strength of the rocks, thus weakening the
edifice (Lopez and Williams 1993; Frank 1995;
Day 1996). Fluid pressure can also be enhanced
by hydrothermal waters accompanying large
intrusions and dikes (Voight et al. 1983;
Elsworth and Voight 1996). Volcanic eruptions
continuously add material that lead to over-
steepening and overloading at the surface.

The behavior of the subvolcanic substrate is
also important, in both subsidence and uplift of
the volcanic landforms, to produce slope insta-
bilities. Also, the growth of volcanoes or a vol-
canic field onto a sloping or weak substrate (e.g.,
rich in clay or gypsum) enhances the develop-
ment of lateral spreading and produces instability
within and below the volcanic landforms
(McGuire 1996).

5.2 Triggers

Destabilization of volcanic landforms may occur
over a period of weeks or months, as was the
case for the rapid-onset instability produced by
the cryptodome intrusion at Mount St. Helens, or
destabilization may develop over thousands to
tens of thousands of years (McGuire 1996; van
Wyk de Vries and Francis 1997). However, once
a part of a volcanic terrain has become unstable
by one or more causes, it becomes susceptible to
failure due to one or more of many triggers that

initiate collapse and generate a volcanic land-
slide. The introduction of new magma within
dikes, sills, and laccoliths can trigger structural
failure due to increasing pore pressure and
reducing shear strength or to over-steepening of
surface slopes (Elsworth and Voight 1996). The
large amounts of internal and surface deforma-
tion produced by intrusions both increases shear
stress on the slope and reduces rock shear
strength through the creation of shear zones
and pervasive brecciation. Changes in the
hydrothermal groundwater system increases
pore pressure and causes fluid migration.
Because the hydrothermal system is driven by
intrusions, new intrusions may be responsible for
disturbances in the system and thus trigger a
landslide (van Wyk de Vries and Davies 2015).
Additional extrusive material added onto already
heavily loaded volcanic landforms may also
initiate failure and collapse. Other triggers
involve earthquakes (typically > M5) that may
quickly change pore pressure (Acocella et al.
2003), and displacements associated with
long-term structural spreading (van Wyk de
Vries and Francis 1997). Environmental factors
may also be important triggers, such as large
precipitation events or higher sea levels at island
volcanoes, both of which may elevate pore
pressures.

6 Volcanic Landslide Transport
and Mobility Mechanisms

Once failure has been initiated, the failed mass
moves with considerable inertial energy and may
travel in a largely coherent manner, or the mass
may be totally disaggregated with travel veloci-
ties of over 100 m/s during catastrophic failure.
Velocities of volcanic debris avalanches have
been calculated in the order of 50–150 m/s
(Ui et al. 1986; Siebert et al. 1995), whereas
direct measurements of the only observed ava-
lanche (from Mount St. Helens), provides an
average velocity of 35 m/s and initial velocities
ranging from 70 to 80 m/s (Voight et al. 1981).
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One of the first approaches used to determine
debris avalanche mobility was based on the
apparent coefficient of friction (H/L), using
the relationship between the drop height and the
maximum runout length of the flow (Hsü 1975).
This parameter has been largely used to describe
flow mobility, which generally increases as the
mass (volume) increases (Dade and Huppert
1998). Therefore, larger volumes generally mean
longer runouts as well as higher velocities. Some
large avalanches have been known to carry
blocks as long as three kilometers several kilo-
meters from their source (Francis 1993).

Despite our observations on volcanic land-
slides, understanding the physical processes
operating during exceptionally long run-out
distances is still problematic. Several dynamic
models about flow behavior and mechanism of
emplacement have been proposed, ranging from
fluidized granular flow (Bagnold 1954; Melosh
1983; Davies 1982; Campbell 1990) to plug
flow (Takarada et al. 1999). Movement occurs
over a lubricated, shearing basal layer that
allows much of the mobility yet has minimal
frictional effects (Voight et al. 1983; Reubi and
Hernandez 2000; Clavero et al. 2002; Shea
et al. 2008). A large list of transport mecha-
nisms has been proposed to explain reduced
friction of large avalanches, including fine basal
powders, interstitial fluids, pore-fluid pressure,
an air cushion, dispersive grain flow, local
steam generation, frictional melting, lubrication,
fluidization, entrainment, oscillation, and
dynamic fragmentation (Kent 1966; Shreve
1968; Howard 1973; Hsü 1975; Lucchitta 1978;
McSaveney 1978; Davies 1982; McEwen 1989;
Iverson 1997; Davies and McSaveney 1999;
van Wyk de Vries et al. 2001; Legros 2002;
Collins and Melosh 2003; Aharonov and
Anders 2006; Campbell 2006; Mangeney et al.
2007; Pudasaini and Hutter 2007; Deganutti
2008; Cagnoli and Quareni 2009; McSaveney
and Davies 2009; Davies et al. 2010). Of these
different mechanisms, no one dominant mecha-
nism stands out as an explanation for the
hypermobility of huge slides and avalanches
(Pudasaini and Miller 2013).

7 Hazards

The hazards that volcanic landslides at volca-
noes, laccoliths, and volcanic fields can produce
are numerous. Landslides can travel large dis-
tances and destroy everything in their paths, and
they can dam rivers and lakes to produce flood-
ing. It has been shown that landslides can lead to
a decrease in magma pressure and cause an
explosive volcanic eruption. The mixture of
water with debris from an avalanche may pro-
duce debris flows that have much greater
mobility, so can affect people living in valley
areas far away from the source of the avalanche.

Hazards of volcanic landslides can be amplified
by eruptions that are triggered by, or accompany,
collapse of their unstable slopes. These associated
eruptions can range from mild to moderate
phreatic explosions to major Plinian eruptions,
along with powerful lateral blasts from sudden
depressurization of hydrothermal-magmatic
systems.

Debris avalanches may convert to debris
flows that travel considerably farther than ava-
lanches and cover broad valley areas with great
impact. Debris flows can form directly by
transformation from debris avalanches during
displacement, from dewatering of debris ava-
lanche deposits shortly after emplacement, or
from breakouts of avalanche-dammed lakes
weeks to years after the avalanche (Pierson 1985;
Fairchild 1987; Scott et al. 1995; Vallance and
Scott 1997; Siebert 2002).

Another important hazard that can be pro-
duced from volcanic landslides are tsunamis.
Historically, the most deadly volcanic landslide
occurred in 1792 when sliding debris from Mt.
Mayu-yama near Unzen Volcano in Japan
plummeted into the Ariaka Sea and generated
a tsunami that reached the opposite shore 20 km
away, killing nearly 15,000 people in the process
(Siebert 2002). The effect of tsunamis generated
by volcanic landslides entering the seas or lakes
is considerable. Nearly 80% of the *25,000
historical fatalities from volcanic landslides came
from those that generated tsunamis upon entering
the water.
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8 Summary

Most studies of volcanic structural failure and
collapse have concentrated on volcano flanks, yet
other volcanic landforms in volcanic terrains
have produced collapse features that rival or
surpass them in scale. These include slope
failures from laccoliths and volcanic fields, both
of which produced volcanic landslides that share
many morphological and textural similarities
with volcanic landslides from volcanoes. Sub-
volcanic magma systems may play an integral
part in the collapse of all three volcanic collapse
types by creating elevated landforms with steep
slopes, by aiding in destabilizing slopes, and
locally by triggering a slope failure. Some slope
failures even triggered volcanic eruptions similar
to, but larger than, those produced at Mount
St. Helens. Although large-scale catastrophic
collapse of volcanic fields are rare, they represent
the largest know subaerial volcanic landslides on
Earth.
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Sub-Volcanic Intrusions
and the Link to Global Climatic
and Environmental Changes

Henrik H. Svensen, Sverre Planke,
Else-Ragnhild Neumann, Ingrid Aarnes, Julian S. Marsh,
Stéphane Polteau, Camilla H. Harstad and Luc Chevallier

Abstract
Most of the Large Igneous Provinces (LIPs) formed during the last 260
million years are associated with climatic changes, oceanic anoxia, or
extinctions in marine and terrestrial environments. Current hypotheses
involve (1) degassing of carbon from either oceans or shallow sea-bed
reservoirs, (2) degassing from flood basalts, or from (3) sedimentary
basins heavily intruded by LIP-related sills. These hypotheses are based
on detailed geological and geochemical studies from LIPSs or relevant
proxy data sequences. Here we present new data on gas generation and
degassing from a LIP, based on the LA1/68 borehole north of the
Ladybrand area in the Karoo Basin, South Africa. The borehole was
drilled in the middle of a phreatic breccia pipe and penetrated 11 sills
before reaching the basement at 1710 m depth. We present new data on
the lowermost 15 m thick sill emplaced in shale, and on the breccia
comprising the uppermost 154 m of the core. We show that (1) a reduction
in organic matter within a contact aureole can be explained by heating and
the formation of CH4, (2) a phreatic eruption and breccia formation was
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initiated from pore fluid boiling around sills emplaced in Beaufort Group
sandstones at 420–570 m depth, (3) the phreatic eruption cut through a
cover of solidified and partly molten lava flows that subsequently filled the
crater, and (4) the pipe has been used as a fluid flow pathway for millions
of years, demonstrated by fossil and active oil seeps. We conclude that the
sub-volcanic LIP environment hold the key to understand the relationships
between large scale volcanism and rapid environmental perturbations.

1 LIPs and the Environment

The causal relationships between Large Igneous
Provinces (LIPs) and environmental changes and
mass extinctions are debated. There is a broad
correlation between LIPs and global carbon iso-
tope excursions (i.e., global warming), oceanic
anoxic events, and extinctions in the oceans and on
the continents. Examples of events include the
North Atlantic volcanic province and the
Paleocene-Eocene thermal maximum (55.6 Ma),
the Karoo LIP and the Toarcian event (182.6 Ma),
the Siberian Traps and the end-Permian (252 Ma),
and the Central Atlantic magmatic province and
the end-Triassic (201Ma) (e.g., Bond andWignall
2014; Courtillot and Renne 2003; Stothers 1993;
Svensen and Jamtveit 2010; Wignall 2001).

Since the 1980s, Large Igneous Provinces were
regarded as key players in triggering mass
extinctions. Degassing from subaerial lava flows
could lead to short term global cooling and long
term global warming (Caldeira and Rampino
1990). However, the increasing interest in sedi-
mentary sections and proxy data measurements in
the 1990s, especially carbon isotope data, sug-
gested that large quantities of 12C-enriched carbon
was needed to explain events such as the PETM
and the end-Permian (Berner 2002; Dickens et al.
1997). As basaltic systems contain too little and
too 13C-enriched carbon, LIP lava degassing was
not consistent with available proxy data.

Following the work on marine gas hydrates in
the 1990s, rapid environmental changes and
carbon isotope excursions were almost exclu-
sively explained by gas hydrate dissociation
(e.g., Cohen et al. 2007; Dickens et al. 1997;

Hesselbo et al. 2000; Kemp et al. 2005). LIP
volcanism was not considered as a relevant part
of the long term climate system.

In 2004 it was suggested that the sub-volcanic
parts of LIPs may mobilize sedimentary carbon
during interaction between sills, dykes, and
carbon-rich sedimentary rocks (Svensen et al.
2004). This hypothesis, often referred to as ‘the
thermogenic gas hypothesis’, provided a new
framework for investigating the environmental
consequences of LIPs, volcanism, and meta-
morphic processes. The cornerstones of the 2004
hypothesis can be summarized as:

• Sill emplacement in organic-bearing sedi-
mentary units lead to heating and devolatil-
ization of the contact aureole, usually to a
distance equal to the sill thickness on both
sides of the sill.

• Generation of CH4 and CO2 from heating of
organic matter and carbonates, with
12C-enriched isotopic signatures.

• Degassing to the atmosphere following
release of overpressure, either during the
formation of breccia pipes and hydrothermal
vent complexes, or during long term seepage.

• Whereas carbon gases derived from organic
matter and limestone can contribute to climate
changes, sulfur- and halogen-bearing gases
formed during magma-evaporite interactions
may have led to mass extinction due to
atmospheric ozone depletion. Thus the envi-
ronmental effects of sill emplacement depend
on the type of sedimentary rocks intruded.

As sedimentary basins represent a vast reser-
voir of organic carbon, rapid heating events in the
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sub-volcanic domain of a LIP may generate suf-
ficient 12C-enriched gas to explain available
proxy data and carbon cycle models for past
warming events (Berner 2002). Recent results
have suggested that the hypothesis can be applied
to most of the major rapid climate and extinction
events since 260 Ma, including the Toarcian
(Lower Jurassic), the Triassic-Jurassic, the end-
Permian, the end-Guadalupian, and the Miocene
climatic optimum (e.g., Armstrong et al. 2014;
Beerling et al. 2007; Ganino and Arndt 2009;
McElwain et al. 2005; Retallack and Jahren 2008;
Ruhl and Kürschner 2011; Svensen et al. 2007,
2009a; van de Schootbrugge et al. 2009).

This study is a part of a large project at the
University of Oslo targeted at understanding
sub-volcanic processes and the link to global
environmental changes. Projects include sill geo-
chemistry and emplacement mechanisms, contact
metamorphism and organic maturation, venting
processes, extinction mechanisms, chemostratig-
raphy and tephra geochronology (Aarnes et al.
2010, 2011a, b, 2012; Galerne et al. 2008; Grab
and Svensen 2011; Jamtveit et al. 2004; Malthe-
Sørenssen et al. 2004; Mazzini et al. 2010;
Neumann et al. 2011; Polteau et al. 2008a, 2008b;
Roscher et al. 2011; Svensen and Jamtveit 2010;
Svensen et al. 2006, 2007, 2009a, b, 2010, 2012).

The aim of this study is to present new data
and interpretations that show how geological
processes in a sedimentary basin can be used to
understand the environmental consequences of
LIP formation, in particular the sub-volcanic
parts. We present new data from the Karoo Basin
on (1) contact metamorphism of black shale,
including volatile generation, and (2) formation
of a basalt-dominated breccia pipe, including a
comparison of the basalt breccia geochemistry
with that of the nearby Lesotho basalts.

2 Sills and Pipes in the Karoo
Basin

The Upper Carboniferous to Triassic Karoo
Supergroup in South Africa is divided in five
groups (the Dwyka, Ecca, Beaufort, Stormberg

and Drakensberg groups) with a postulated
maximum cumulative thickness of 12 km and a
preserved maximum thickness of 5.5 km (Tan-
kard et al. 2009). The depositional environments
range from marine and glacial (the Dwyka
Group), marine to deltaic (the Ecca Group), to
fluvial (the Beaufort Group) and finally aeolian
(the Stormberg Group) (Catuneanu et al. 1998,
2005). The Karoo Basin is overlain by 1.65 km
of preserved volcanic rocks of the Drakensberg
Group, consisting mainly of stacked basalt flows
erupted in a continental and dry environment
(Bristow and Saggerson 1983; Duncan and
Marsh 2006; Marsh and Eales 1984). The
plumbing system of the Karoo continental flood
basalts is a basin-scale intrusive complex con-
sisting of sills and dykes of varying thickness
(Fig. 1) (Chevallier and Woodford 1999; du Toit
1920; Marsh and Eales 1984) emplaced at about
182.6 Ma (Svensen et al. 2012).

The sedimentary rocks hosting the sill com-
plexes are affected by contact metamorphism.
Contact aureoles around the sills are particularly
well developed in the Ecca Group, and are
characterized by bleached hornfels where the
organic carbon content is reduced to zero near
the sill contacts (Aarnes et al. 2010, 2011b;
Svensen et al. 2007). Model simulations of
methane generation from dispersed organic
matter in black shale from the Karoo Basin
suggests a production potential of 50–500 kg/m3

in the inner contact aureole (Aarnes et al. 2011b).
In shales with very high organic carbon contents,
the resulting pressure increase during gas for-
mation is substantial, making it more likely that
fracturing and degassing take place compared to
a shale with no or little organic matter (Aarnes
et al. 2012). During fracturing, the fluids pro-
duced vertical breccia pipes and hydrothermal
vent craters at the surface. Hundreds of such
pipes and vents crop out in the Karoo Basin
(Dingle et al. 1983; Gevers 1928; Jamtveit et al.
2004; Svensen et al. 2006, 2007). The breccia
pipes are confined to the Ecca and Beaufort
groups, whereas the hydrothermal vent com-
plexes are present within the uppermost group,
the Stormberg Group (Fig. 1), formed during
shallow boiling of pore fluids. Figure 2 shows a
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selection of outcrops of pipes and hydrothermal
vent complexes. In addition, large phreatomag-
matic complexes are present in the Stormberg
Group (McClintock et al. 2008). The latter con-
tain a range of rock types (lava, sedimentary
fragments, and pyroclastic rocks) and formed
during interactions between magma and surface
water. Thus the Karoo Basin contains a remark-
able range of combined magmatic, metamorphic
and sedimentary degassing structures that were
active in the Early Jurassic.

This study presents another type of degassing
structure that has received only minor attention so
far: circular pipe structures dominated by volca-
nic breccia infill with a varying degree of sedi-
mentary fragments and intercalations. We focus
on a key area north of Ladybrand (Figs. 2a and 3)
where we have borehole and field constraints
from such a volcanic-dominated pipe. In addition,
numerous sills are present in the borehole. The
organic-rich Ecca Formation is thermally affected
and methane generation in the contact aureole
could have played a part in the Early Jurassic
climate change (cf. Svensen et al. 2007).

3 Methods

The LA1/68 borehole was drilled by Soekor
between 1968 and 1972 at the Olney farm 16 km
NW of Ladybrand (−29.09, 27.48) (Roux 1972).
The borehole was drilled in the middle of a basalt
breccia in the Elliot Formation, the Stormberg
Group (Figs. 3 and 4). The reason for choosing
this particular location for drilling was presum-
able the discovery of an active oil seep within the
breccia when it was quarried in the 1960s. The
borehole reached the base of the Ecca Formation
at 1710 m depth, terminated at 2002 m depth
within basement gneiss and is fully cored. Both
the core and the original logs were obtained at
the Council for Geoscience in Pretoria, South
Africa. Fieldwork at Olney and borehole sam-
pling in Pretoria was done in the period 2002–
2011.

Thin sections of selected basalt and sediment
samples were studied and analysed using a
Cameca SX100 electron microprobe with inte-
grated energy dispersive spectrometer and five

30
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Cape Foldbelt
Indian Ocean

Cape Town

LA1/68Basement

Dwyka Gr.

Ecca Gr.

Beaufort Gr.

Stormberg Gr.

Drakensberg Gr.

Sill intrusion

Breccia pipes (cluster)

Hydrothermal 
vent complex

Borehole

Fig. 1 Geological map of the Karoo Basin showing the distribution of sill intrusions and the locations of the LA1/68
borehole used in this study. Other localities refer to the vent structures presented in Fig. 3
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wavelength-dispersive crystal spectrometers at the
Department of Geosciences, University of Oslo.

A selection of dolerite and lava samples from
the borehole and outcrops were analyzed for
major and trace elements by inductively coupled

plasma atomic emission spectrometry (ICP-AES)
and inductively coupled plasma mass spectrom-
etry (ICP-MS) at the University of London,
Royal Holloway. See Neumann et al. (2011) for
analytical details. We have compared the

Olney

Jakkalskop

Modderspoort

Witkop I

Wolvefontein Witkop III

(a) (b)

(c) (d)

(e) (f)

Fig. 2 Overview of selected pipe structures and hydro-
thermal vent complexes in the Karoo Basin. a The Olney
breccia pipe, this study. b The modderspoort hydrother-
mal vent complex (see Fig. 4 for location). c The witkop I
hydrothermal vent complex. d The Jakkalskop hydrother-
mal vent complex (see Lock et al. 2007). e The

wolvefontein hydrothermal vent complex, representing a
sandstone-filles crater in the Elliot Formation, but never
subjected to detailed studies. f The witkop III hydrother-
mal vent complex, representing a crater filled with
sediment breccias and sandstone (Svensen et al. 2006)
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structures. The composite cross section is based on the
LA1/68 borehole log and surface geology

254 H.H. Svensen et al.



geochemistry of our samples with the geochem-
istry of Drakensberg lavas from the Moteng-
Oxbow section in Lesotho. Data from this sec-
tion was published in Marsh et al. (1997) but was
recently resampled in more detail by J.S. Marsh
and data from this new collection is used in this
study.

Shale samples from the lowermost contact
aureole in LA1/68 were analysed for total
organic carbon (TOC), Rock Eval, and vitrinite
reflectance. Total organic carbon (TOC) mea-
surements were conducted at the Department of
Geosciences, University of Oslo on a Carbon
Analyzer LECO (CR-412) instrument. The ana-
lytical details for the vitrinite and Rock Eval
analyses are given in Aarnes et al. (2011b).

Carbon isotopes on calcite were measured at
the Institute for Energy Technology, Kjeller,

Norway. Organic material was removed prior to
carbonate stable isotope analysis by vacuum
heating the samples in a furnace for 4 h at 400 °
C. Rock samples were ground and digested with
a 0.1 ml 100 % H3PO4 solution for two hours at
30 °C under vacuum. The released CO2 was
transferred to a FinniganMAT Delta XP isotope
ratio mass spectrometer (IRMS) for determina-
tion of δ13C. The performance of instrument was
monitored using in-house calcite standards.
Results are reported in δ notation, as per-mil (‰)
deviation relative to the VPDB standard. The
precision for δ13C is ±0.1 ‰.

The 1D numerical modelling of heat transport
and organic maturation in contact aureoles
around sills was done using the model and
procedure described by Aarnes et al. (2010,
2011b).

-29 05' 06''

-29 05' 08''

27 28' 51'' 27 28' 53''

N

Sandstone
(Elliot Fm.)

Altered
sandstone

Breccia

Escarpment

LA1/68

Dump

Cover

Vein

40m

Fig. 4 Detailed map of the Olney breccia pipe showing the outline of the pipe, the main rock types, and the position of
the LA1/68 borehole. The escarpment is due to excavation of the basalt material
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4 Results

4.1 Geology of the Ladybrand
Area

Several pipe structures are located in the Mod-
derpoort area north of Ladybrand (Figs. 2a, b and
3). Two of these, the Olney pipe and the

Modderpoort vent structure are briefly mentioned
in the literature. Four others (Two Sisters, The
Lake, and one un-named pipe) were discovered
during fieldwork in the area (Fig. 3). The LA1/68
borehole was drilled by Soekor in 1968–1972 in
the middle of the Olney pipe.

The Olney pipe is a circular structure cutting
through the Elliot Formation sandstone (Figs. 4
and 5). The outcrop is described below. Three
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other basalt-dominated breccias crop out in the
same region, but have never been subjected to
detailed studies. We briefly describe them here
and have included samples from these localities
into our analytical program. The Two Sisters
locality (local name), The Lake, and the
un-named pipe represent pipes filled with brec-
cias of basalt and varying amount of sedimentary
rock fragments. Calcite veins cutting
matrix-dominated zones are common. To the
west of Olney, next to the Mooderpoort com-
munity, a structural sandstone-anomaly crops out
at the edge of the Clarens Formation plateau
(Figs. 2b and 3). This structure resembles the
hydrothermal vent complexes found further to
the south-west in the Karoo Basin (Svensen et al.
2006), thus likely representing a phreatic explo-
sion crater subsequently filled with sediment
breccias and sand from the Clarens Formation.

4.2 The Olney Breccia

The Olney pipe is a circular depression in the Elliot
Formation sandstone and is about 120 m in
diameter (Fig. 4). The exposed part of the breccia
is dominated by lava blocks up to 40–50 cm in
diameter. Both fine-grained lava and vesicular lava
is common. Partly altered Elliot Fm. sandstone
surrounds the breccia. In the central parts of the
pipe, calcite- and quartz-bearing veins are com-
mon, as are 2–3 cm large fragments of black vol-
canic glass. The glass demonstrates that partially
molten lava was present during breccia formation.
The contact between the breccia and the Elliot Fm.
sandstone is sharp, locally with sediment veinlets
extending from the margin into the breccia.

Based on the outcrops and the LA1/68 core,
the breccia can be grouped in three main classes:
(1) matrix-supported basalt breccia, (2) clast-
supported basalt breccia, and (3) sediment-
dominated matrix-supported breccia (Figs. 5
and 6). The clast-supported breccias are the most
abundant, as seen in Fig. 6. This interpretation is
supported by breccia logging done by Woodford
et al. (2002). Locally, both volcanic glass (Fig. 7)
and calcite veins with bitumen are abundant
(Fig. 8), mostly in the clast-supported parts. The

breccia is cemented by calcite with abundant
authigenic pyrite (Fig. 8b). Note there is an
absence of high temperature (>250 °C) minerals
such as epidote, pyroxene, or biotite.

The basal part of the breccia is dominated by
sediment fragments with minor volcanic clasts,
and gradually fades into normal-faulted and dis-
torted host sedimentary rocks at about 154 m
depth. Based on the outcrops of the nearby
Clarens Formation (Fig. 3), we infer that the base
of the Drakensberg flood basalts were located at
least 120 m above the current pipe outcrop. Thus
the pipe extended to a depth of at least 270 m
deep at the time of formation, with a crater of
perhaps 240 m in diameter (double the current
pipe width). Deformed sedimentary rocks with
micro-faults are common in the 180–350 m
interval in the core, with displacements in the
centimeter to millimeter range. Note that dolerite
dykes have not been found in the immediate
surroundings of the pipe.

The log in Fig. 6 shows the visible oil shows in
the LA1/68 core. Oil is abundant in four intervals,
including the upper 50 m of the breccia. The oil is
viscous and thus likely affected by near-surface
bacterial degradation. Figure 9 shows a close-up
of a calcite and quartz vein from the upper 20 m
of the core, where light brown liquid oil is present
in fluid inclusions, and black bitumen fills the
pore space in the vein. The bitumen in this sample
(OL11-2) has a bulk δ13C value of −28.0 permil,
suggesting bacterial degradation which results in
13C enrichment (Table 1). Isotope analyses on the
matrix calcite, calcite veins and calcite nodules in
the Elliot Formation document fluid flow and
precipitation during a range of temperatures
(Fig. 9). The trend towards more depleted carbon
and oxygen isotopes seen in Fig. 9 is consistent
with a thermogenic and organic source of carbon
with increasing temperatures, giving low δ18O
values. Most of the δ13C values from the breccia
have values between −10 and −12 permil, which
is generally too 12C-enriched to be explained by a
mantle or marine source for the carbon. Compared
with reference samples of calcite veins in dolerite
from various localities show comparable sources
of carbon but also suggests that sill-hosted veins
were formed at slightly higher temperatures.
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4.3 Basalt and Dolerite
Geochemistry

The compositions of dolerites and a sedimentary
rock in the LA1/68 core were presented and
discussed by Neumann et al. (2011). Data on
magmatic fragments in the LA1/68 and Two

Sisters breccias, together with data on a sedi-
mentary rock, are given in Table 2 together with
representative data on LA1/68 dolerites.

The LA1/68 dolerites have relatively uniform
basaltic compositions (e.g. MgO 6.1–7.8 wt%;
mg# = cation ratio Mg*100/[Mg + Fetotal]: 49–
59) and belong to the low-Ti Karoo series. The
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Fig. 7 Thin section scan (1.5 cm across) of a quart and
calcite vein from the upper 12 m of the breccia. Not the
dark fragments (glass-rich basalt) and the bitumen in the

vein. The inserted picture shows liquid oil inclusions in
quartz from the vein

100 micron (a) (b)

Quartz

Glass

Pyroxene

500 micron

Quartz
Quartz

Calcite

Calcite

K-feldspar

Mica

Chlorite

Pyrite

Fig. 8 Electron microprobe backscatter images. a Volcanic glass in the breccia, with pyroxene crystals. b Sediment
grains (quartz and feldspar) cemented by calcite and locally pyrite

Sub-Volcanic Intrusions and the Link … 259



lowermost sill at the base of the Ecca Group is
slightly more evolved than those emplaced into
the overlying Beaufort Group.

The geochemistry of the dolerite fragments in
the breccia is similar to those of the dolerite sills
in LA1/68 and the LOI (loss on ignition) is low
(Table 2, Fig. 10). The basalt fragments, how-
ever, have significant LOI (3.9–14.3 wt%) and
show increasing CaO with increasing LOI. The
highest LOI and CaO are found in a tuff fragment
in the Two Sisters breccia. The basalt and tuff
fragments with the highest LOI and CaO con-
tents also have significantly lower Rb, Ba and
K2O contents than the least altered basalt
(LA-413). These features strongly suggest alter-
ation by Ca-rich hydrothermal fluids.

4.4 Contact Metamorphism
of Ecca Shale

A total of 11 sills are present in the LA1/68
borehole, with a cumulative thickness of 266 m.
The thickest sill is 199 m (Fig. 5). Note that the
base of the Karoo stratigraphy is located at
1710 m depth, and that the Dwyka Group is
absent. The Ecca Group is shale-dominated and
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Table 1 Stable isotope analysis of calcite and organic matter

Sample Setting Depth LAI/68 (m) δ13C δ18O

VPDB (permil)

LA1/68-HS1 Matrix calcite in breccia 6.0 −10.4 −13.9

LA1/68-HS6 Matrix calcite in breccia 88.1 −12.0 −17.0

LA1/68-HS7A Matrix calcite in breccia 125.6 −11.4 −15.7

LA1/68-HS2B Matrix calcite outside calcite vein 6.0 −9.9 −12.1

LA1/68-HS4 Matrix calcite in breccia 6.1 −10.7 −15.6

LA1/68-HS2A Calcite vein with asphaltene 6.0 −11.5 −18.4

LA1/68-HS5 Calcite vein in sandstone clast 34.4 −10.1 −14.1

LA1/68-HS7B Calcite vesicles in basalt 125.6 −12.1 −17.6

OL11-2 Bulk oil in breccia −28.0 −

OL11-3 Carbonate nodule in Elliot Fm. −4.9 −11.5

LAI/68-07 Calcite vein in dolerite 1798.8 −8.6 −23.1

LAI/68-07 Calcite cemented basal breccia 149.7 −12.2 −16.9

LA1/68-HS38 Calcite cemented coarse ecca ss 1566.4 −0.2 −24.1

K04HS-26 Soetwater calcite in dolerite, Ecca −8.0 −19.0

K04HS-30 Soetwater calcite in dolerite, Ecca −8.0 −20.0

G39980-92,9 Fractured and brecciated dolerite −11.1 −23.1

G39980-133,7 Brecciated dolerite, close to lower contact −10.1 −21.2
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438 m thick (Fig. 5c). Figure 12 shows pictures
from the contact aureole above the 15 m thick sill
at the base of the Ecca Group. Note the sharp
contacts, the fractured upper contact, and the

variation in textures and color of the hornfels
(coarse grained to light brown to grey). Also, note
the chilled fine-grained margin of the sill contacts.

The measured total organic carbon (TOC) in
the whole Ecca Group varies from zero close to
the sill contacts, to maximum values above 4 wt
% in the lower half of the group (the local
equivalent of the Whitehill Formation). Note that
the organic-rich part of the Ecca Group is virtu-
ally unaffected by contact metamorphism and
that metamorphism is restricted to a zone of
equal thickness to the sill. Total organic carbon,
vitrinite reflectance and temperature estimated
based on the thermal modelling are presented in
Fig. 13. Vitrinite reflectance ranges from 1.0 in
the background, to 5.7 %Ro at 9.2 m above the
sill. Our model calculations show that the
observed TOC profile can be explained by gen-
eration of methane from and reduction in TOC
from calculated background values (2.3 wt%
TOC in the lower parts of the group). The
maximum temperature obtained from the mod-
elled contact aureole is about 550 °C (Fig. 13)
compared to an estimated background tempera-
ture of about 150 °C.
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5 Discussion

In this study, we have presented a case study that
demonstrates various aspects of the thermogenic
gas hypothesis that links sub-volcanic intrusions
to global environmental changes. In the follow-
ing, we discuss our data into the context of three
key processes: (1) Estimates of gas volumes from
contact aureoles, (2) timing of gas release, and
(3) long-term fluid flow. We conclude the dis-
cussion with summarizing the current and future
research directions needed for further testing the
link between LIPs and environmental changes.

5.1 Aureole Thickness and Gas
Volume

The aureole thickness around sills has been a
source of confusion in the literature. Some sills
have thick visible aureoles whereas others have
thin visible aureoles, sometimes used as an
argument against widespread gas generation
during contact metamorphism (e.g., (Gröcke
et al. 2009). However, there is nothing mysteri-
ous about contact metamorphism. Even very thin
sills show well-developed contact aureoles (e.g.,
Senger et al. 2014). The most important factors
controlling the aureole thickness, as stressed by
Aarnes et al. (2010), are: (1) sill thickness, (2) sill
temperature, (3) emplacement depth and geo-
thermal gradient (higher background T gives
thicker aureole), (4) type of host rock (porosity
and thermal conductivity properties). Addition-
ally, long-term magma flow in a sill will result in
a thicker aureole (although this is poorly docu-
mented in the literature), and significant fluid
flow in the aureole will cool the aureole quicker
but also result in a thicker aureole. Note that
aureole thickness can be measured by a wide
range of methods with contrasting results.

The thickness of aureoles also depends on the
measuring method. The most widely used

methods are vitrinite reflectance (measures the
organic matter, but usually poor data quality in
the inner aureole), petrography and mineral
isograds (difficult in the fine grained rocks of the
outer aureole), bleaching and visible effects
(pronounced in inner aureoles, limited value
further out), total organic carbon measurements
(need to know the background variation), and
finally petrophysical measurements (for instance
seismic velocity and density, mostly measured in
boreholes). Geochemical analyses of elements
and isotopes can be useful in many cases, espe-
cially around dykes where sampling of a specific
sedimentary rock unit can be done, but is of
limited use when sampled across layered units as
the natural background variation is usually
unknown. A rare example, where the geochem-
istry of a sedimentary sequence and the meta-
morphic equivalent both were studied, is the
KL1/78 and DP1/78 boreholes from the northern
parts of the Karoo Basin (Aarnes et al. 2011b).
Bulk carbon isotope systematics of organic
matter during contact metamorphism is usually
not fractionated beyond 1–2 permil, where case
studies show that the remaining carbon can be
either mildly 12C-enriched or depleted (Arneth
and Matzigkeit 1986; Meyers and Simoneit
1999; Peters et al. 1981). As a consequence,
carbon isotopes cannot be used to infer aureole
width or gas volumes generated during heating.

Our data from LA1/68 shows that the 15 m
thick sill at the base of the Ecca Group resulted in
intense high temperature metamorphism of the
shale. Background vitrinite reflectance values
from parts of the borehole unaffected by sills, is
from 1.0 %Ro (Table 3). In the outer aureole,
there is an increase to 5.7 at about 9 m from the
contact. At the same time, the total organic
carbon content decreases to 0.7 wt%. Our
modelling results have captured the coupled
vitrinite and TOC trends, which show that
methane generation took place according to the
reaction:
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2CH2O ¼ CH4 þ CO2

CH2O is an approximation to the composition of
organic matter. Organic parameters, such as S2
(mg generated hydrocarbons during pyrolysis per
g rock), also follows the same trend as the TOC,
showing that the remaining organic matter has
lost the hydrocarbon productivity following
heating. Note that the thick sill in the lower
Beaufort Group is included in the thermal cal-
culations, showing that almost half of the Ecca
Group is thermally affected by the two sills.

The mass of methane generated from the
contact aureole can be calculated from the miss-
ing organic material in the contact aureole using
the following relationship (Svensen et al. 2007).

WC ¼ FC � A � h � d;

where WC is the total mass of carbon generated
in contact aureole. WC also depends on the
contact aureole volume (area A * sill thickness
h), the amount of carbon in wt% converted to
methane or carbon dioxide (FC) and the rock
density (d; 2400 kg/m3). The thickness h of the

Table 3 LAI/68: TOC, Rock-Eval and vitrinite reflectance

Depth
(m)

S1
(mg/g)

S2
(mg/g)

S3
(mg/g)

Tmax
(°C)

PP
(mg/g)

PI (wt
ratio)

HI* OI** TOC (wt.
%)

%
Ro

std #

637.2 0.00 0.04 0.11 349 0.04 0.09 80 220 0.05 1.33 0.18 5

1553.6 0.17 0.96 0.15 447 1.13 0.15 39 6 2.47 1.24 0.12 20

1598.8 0.33 3.00 0.36 464 3.33 0.10 69 8 4.37 1.11 0.09 33

1618.3 0.08 0.94 0.22 455 1.02 0.08 58 13 1.63 0.84 0.08 21

1650.8 0.06 0.86 0.24 458 0.92 0.07 58 16 1.49 1.02 0.09 21

1650.8 0.07 0.83 0.07 458 0.90 0.08 38 3 2.19 1.55 0.12 22

1674.4 0.03 0.15 0.12 547 0.18 0.14 13 10 1.19 1.81 0.12 9

1677.9 0.06 0.11 0.10 605 0.17 0.34 4 4 2.77 2.94 0.37 23

1682.5 0.12 0.12 0.22 330 0.24 0.49 11 19 1.14 5.46 0.40 3

1685.5 0.09 0.28 0.10 471 0.37 0.24 42 15 0.66 5.65 0.68 14

1686.9 0.47 0.21 0.35 323 0.68 0.70 23 38 0.91 4.51 0.41 24

1687.8 0.32 0.14 0.08 326 0.45 0.70 28 16 0.50 4.22 0.28 21

1689.0 0.53 0.43 0.16 408 0.96 0.55 73 27 0.59 4.01 0.44 20

1689.8 0.43 0.40 0.13 409 0.83 0.52 72 24 0.55 3.75 0.72 21

1691.0 0.11 0.26 0.09 482 0.38 0.30 90 31 0.29 3.06 0.30 20

1691.7 0.45 0.47 0.26 436 0.93 0.49 67 37 0.71 2.72 0.53 21

1692.6 0.22 0.26 0.09 343 0.48 0.46 64 23 0.40 1.39 0.14 20

1692.9 0.12 0.18 0.04 432 0.30 0.40 87 19 0.21 1.42 0.14 4

1693.5 0.01 0.02 0.09 482 0.02 0.24 160 900 0.01

1694.5 0.00 0.03 0.02 373 0.03 0.06 1 1 0.00 0.85 0.05 2

1694.8 0.01 0.04 0.03 377 0.05 0.11 200 150 0.02 0.27 0.07 3

1695.0 0.00 0.05 0.17 361 0.05 0.08 225 850 0.02

1695.6 0.00 0.03 0.00 373 0.04 0.11 1 0.00

1689.0 0.00 0.05 1.01 439 0.05 0.02 157 3367 0.03 4.12 0.27 22
amg HC/gTOC
bmg CO2/g TOC
1710.1 m upper contact
1698.0 m lower contact

266 H.H. Svensen et al.



contact aureole can be estimated from field and
seismic observations or TOC and vitrinite
reflectance data. The total mass of carbon pro-
duced, WC, can be converted to equivalents of
methane (= WC * 1.34) and carbon dioxide
(= WC * 3.66).

If only 1 wt% of the organic carbon in shale or
siltstone is transformed into gaseous carbon
compounds, the gas production potential associ-
ated with a cumulative volume of 5,000–
10,000 km3 sill intrusion is 230–460 Gt C (cor-
responding to 310–600 Gt CH4).

5.2 Relative Age of Sills,
Phreatomagmatism,
and Lavas

The phreatic explosion that formed the Olney
breccia pipe was likely initiated by boiling and
pore fluid expansion around the intrusion of the
sills in the Beaufort Group sandstones. In the
model by Jamtveit et al. (2004), boiling is most
efficient around thick sills emplaced within the
upper 1000 m of the basin where the pore fluid
content is high and the volume contrast between
vapor and liquid phase water is the greatest. In
order to form lava fragments inside the explosion
breccia, the lava source must have been present
in the area before the explosion, and thus the lava
must be older than the sill(s) that caused the
boiling. The lava fragments must consequently
be older than the LA1/68 sills, and the lower part
of the Lesotho lava units. This reinforces the
notion of contemporaneity of lava eruptions and
sill emplacement.

The age of emplacement of the magmatic
rocks in the breccia pipes, relative to the Dra-
kensberg lava units, has been tested on the basis
of “geochemical fingerprinting”, that is plots of
ratios between incompatible elements that are
relatively insensitive to weathering and alter-
ation. The Drakensberg lavas have relatively
uniform major element compositions, but Marsh
et al. (1997) showed that most lava units may be
identified on the basis of the “geochemical fin-
gerprinting” method. We use geochemical data

on the Drakensberg Group lavas for comparison
with the volcanic fragments in the LA1/68
breccia. The present areal extent of the Dra-
kensberg lavas (Fig. 1) is very limited due to
erosion (Eales et al. 1984). However, the original
extent of the lava cover has been estimated to
about 1 million km2, covering most of South
Africa and Namibia (Richardson 1979; Cheval-
lier and Woodford 1999). This means that the
lava cover extended far beyond the Olney pipe
and LA1/68 borehole. In order to have the most
realistic basis for comparison with magmatic
rocks in the LA1/68 borehole, we use only data
on lavas sampled in the northwestern part of
the Drakensberg Group, the Moteng-Oxbow
section.

The lava fragments in the LA1/68 pipe differ
from most of the Drakensberg lavas by having
low Ti/Zr (Fig. 11) and P/Zr, and high Zr/Nb
ratios. This is particularly the case for the least
altered basalt sample. The closest chemical
characteristics are presented by the Golden Gate
unit at the base of the Barkly East Formation.
Other ratios between incompatible elements gave
similar results but are not shown. An alternative
possibility is that the lava fragments represent
basalts now removed from the Drakensberg
Group by erosion (cf. Marsh et al. 1997).

The LA1/68 dolerite sills show no affinity to
lavas in the Barkly East Formation (Golden Gate,
Letele, Wonderkop), nor to the lava fragments.
However, they closely resemble lava units in the
younger Lesotho Formation (Fig. 11). The clos-
est similarity is with the Senqu unit (Lower and
Upper) in the central part of the Lesotho
Formation.

The relative sequence of emplacement of the
11 sills in LA1/68 cannot be further constrained,
but we emphasize that a cover of flood basalts
would make it more likely that sills are emplaced
shallow in the stratigraphy (upper Beaufort
Group or shallower). Late sill emplacement is
however not regarded as common in the Karoo
Basin due to the absence of sills within the
Drakensberg Group and the absence of basalt
fragments in hydrothermal vent complexes
(Svensen et al. 2006).
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5.3 Short- and Long Term
Fluid Flow

The whole pipe system likely originated from
contact metamorphic boiling of pore fluids
around the LAS1/68 sills 420–550 m interval
(Jamtveit et al. 2004), suggesting that the pipe
system cut across at least 570 m of basin stra-
tigraphy at the time of formation. Quartz and
calcite veins show that fluid flow took place
during cooling. The presence of oil, both liquid
and solid bitumen, demonstrates a long-lived
petroleum system that could only have originated
from the organic-rich parts of the Ecca
Group. No other parts of the stratigraphy are
capable of generating petroleum. Rowsell and De
Swardt (1976) compiled borehole data from
LA1/68 including oil and gas shows in the
borehole. Their data is shown in Fig. 14 as a
histogram of depths of oil and gas shows. Even
though the base of the Karoo sequence is located
as shallow as 1710 m, the petroleum in the lower
half of the borehole is present as gas. This indi-
cates a very high thermal gradient in the region,
either explained by heating from the sill intru-
sions or the presence of a very thick paleo lava
cover. The abundant quartz cementation in the
shallow Molteno Formation in the Karoo Basin is
most likely due to burial under thick lava flows

(Svensen et al. 2008), although we cannot rule
out that the sills played a prominent role in the
Ecca Group maturations, as indicated by both our
data and model calculations (Fig. 13).

5.4 Perspectives on Sills,
Aureoles, Venting
and the Environment

Contact metamorphism in the Karoo Basin has
been studied for a range of purposes in the last
decades. In the 1960s and 70s, there were con-
cerns about the influence of sills on the petro-
leum systems, with focused reports from the
Council for Geoscience (Mills and Fourie 1976).
Rowsell and De Swardt (1976) compiled bore-
hole data demonstrating the effect of sills on clay
minerals and petroleum systems. Coal mining
has also triggered many studies about contact
metamorphism in the Ecca Group coal deposits
and the coal rank in aureoles, especially in the
eastern parts of the basin (de Oliveira and Caw-
thorn 1999). During the latest years, several
studies have been done on the details of Karoo
sills and lavas aiming at investigating the role of
degassing on the Toarcian climate (Aarnes et al.
2010, 2011a; Gröcke et al. 2009; Jourdan et al.
2005; Mazzini et al. 2010; Svensen et al. 2007).

Fig. 14 Compilation of gas and oil shows in the LA1/68 borehole, from Rowsell and DeSwardt (1976)

268 H.H. Svensen et al.



These studies have used a combination of field
data, borehole data, geochemistry and numerical
modeling. In addition, the recent interest in shale
gas in the Karoo Basin has led to a new focus on
the role of contact metamorphism.

Our data shows that contact metamorphism
around sill intrusions must be taken into account
when considering the climatic effects of Large
Igneous Provinces. Figure 15 summarizes the
three main degassing systems during LIP
emplacement, where deep sills lead to breccia
pipe formation, shallow sills lead to boiling and
phreatic eruptions, and lava flows lead to sub-
aerial degassing. The Olney case, as presented
here, represents an example of a phreatic erup-
tion at the time of lava emplacement.

6 Conclusions

The Olney pipe and the LA1/68 borehole repre-
sent a unique case in demonstrating the effects of
sill emplacement for gas generation and release

during LIP formation. Based on fieldwork, core
studies, petrography, organic and inorganic
geochemistry, and thermal modelling, we con-
clude that:

• A phreatic eruption followed boiling around
sills emplaced at shallow levels.

• The resulting pipe cut through a partially
molten lava cover, likely representing the
basal flows of the Drakensberg Group.

• Geochemistry of contact metamorphic Ecca
Group, and thermal modelling, shows wide-
spread gas generation and temperatures up to
550 °C during peak metamorphic conditions.

• The breccia contains abundant calcite cement
and oil trapped in inclusions and in veins.
Isotope analyses of the calcite suggest a
thermogenic origin. The oil can only be
explained by a source within the middle Ecca
Group that migrated at least 1500 m toward
the surface long after the breccia formed.

• The studied area in the Karoo Basin holds a
key to understand the geological processes
taking place following intrusive volcanism in
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Sub-volcanic domain

Shale

Sandstone
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The Olney Case

Fig. 15 Schematic cross section through a large igneous
province showing surface flood basalts and an extensive
sub-volcanic complex of dolerite sills and dykes. The
Olney and LA1/68 case is highlighted in the box.
Pervasive heating of the sedimentary rocks around the
intrusions lead to widespread gas generation from organic

matter and carbonate-bearing lithologies, subsequently
released and emitted to the atmosphere via seepage or
violent venting through breccia pipes and hydrothermal
vent complexes. Note that the isotopic composition of the
emitted carbon gases is determined by the composition of
the mantle or the original sedimentary carbon
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a sedimentary basin: (1) contact metamor-
phism of organic-bearing sedimentary rocks,
(2) rapid gas generation and migration,
(3) explosive venting of gases to the atmo-
sphere, and (4) long-term re-use of fractures
and pipe systems for fluid migration. We
suggest that the sill-induced processes con-
tributed to the climate change and mass
extinction during the Toarcian, Early Jurassic.
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Abstract
Our knowledge of igneous emplacement in sedimentary basins has been
revolutionised by studies of offshore 3D seismic reflection data, where large
scale structures and relationships are realised. These offshore data sets require
detailed information from onshore analogues to fully understand subsurface
structure of such intrusions and their potential effect on petroleum systems.
The Inner Hebrides ofWestern Scotland, which contains an onshore record of
the extensive Palaeogene magmatic activity that affected much of the North
Atlantic, allows us to examine some of the classic sill geometries on a seismic
to sub-seismic (outcrop) scale. As hydrocarbon exploration moves to more
challenging basins, it is clear the need exists for us to fully understand the role
in which intrusive volcanism plays in active hydrocarbon systems. Intrusions
in general can have major effects on prospective sedimentary basins by
forming interconnected low-permeability zones which can compartmentalise
significant volumes of source and reservoir rock. We present a series of
outcrop case studies which allow the potential influences of sills on what
would represent potential source and reservoir rock intervals to be addressed
and discuss the wider implications for sill emplacement in such basins.
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1 Introduction

Volcanic margins are found globally and are
characterised by large volumes of extrusive vol-
canism and associated intrusions (Mahoney and
Coffin 1997; Jerram and Widdowson 2005).
Their associated continental flood basalts repre-
sent some of the largest outpourings of volcan-
ism on the planet (e.g. Bryan et al. 2010). Such
volcanism and magma fluxes involve the move-
ment of significant volumes of material from
deep within the earth to the surface through
magma plumbing systems, in the form of dykes,
sill complexes and intrusive centres (e.g. Jerram
and Bryan 2015, this volume). Volcanic rifted
margins themselves are partitioned into sedi-
mentary basins, and it is often through these
basins that shallow level magma systems migrate
(Cartwright and Hansen 2006) and where intru-
sions, commonly found as complexes of inter-
connected sills, are concentrated in volume.
Magma that migrates through such basins can
often come into direct contact with both hydro-
carbon reservoir and source rock regions (e.g.
Rateau et al. 2013), leading potentially to a
profound impact on petroleum systems within a
sedimentary basin (e.g. Holford et al. 2012).

Our knowledge of igneous emplacement in
sedimentary basins has been revolutionised by
studies of offshore seismic reflection data (Thom-
son 2005; Cartwright and Hansen 2006; Jerram
et al. 2009; Schofield et al. 2012a; Wright et al.
2012; Schofield et al. 2015). New and enhanced
imaging techniques (Thomson 2005; Archer et al.
2005), in conjunction with the proliferation of 3D
seismic data sets acquired in volcanic basins (e.g.
Schofield et al. 2015), have enabled the imaging of
large parts of these magmatic systems. Many of
these studies have been focussed on offshore
late-Cretaceous to Eocene aged sill complexes
along the Northwest Atlantic margin (e.g. Scho-
field et al. 2012a; Magee et al. 2014), from the
SouthRockall Basin to theNorwegianmargin (e.g.
Planke et al. 2015, this volume).

The Inner Hebrides of Western Scotland, which
contains an onshore record of this extensive

magmatic activity such as the Palaeogene aged
Trotternish/Minch Sill Complex, Isle of Skye,
allows us to examine some of the classic sill
geometries on a seismic to sub-seismic (outcrop)
scale. Linking from seismic to sub-seismic scales
is valuable as it allows us to relate the bigger
structures that we see in 3D seismic reflection data,
to what might be happening in areas below the
resolution of seismic reflection data (commonly
20–40 m). These outcrops therefore, provide a
detailed understanding of the structure of the sill
complexes and the sub-seismic interaction
between volcanic rocks and host rock strata. This
is particularly important, as the basins situated
along the Northwest Atlantic margin represent
particularly challenging hydrocarbon exploration
environments due to the presence of areally and
vertically extensive sills, which inhibit seismic
imaging within underlying sequences, such as
those of Jurassic age, which may contain
organic-rich source rocks. This makes it difficult to
predict the potential interaction that the sill intru-
sions may have had with both reservoir, but par-
ticularly source rock intervals within the
sedimentary basins along the Northwest Atlantic
margin.

We present a series of outcrop case studies
which allow the potential influences of sills on
what would represent potential source and reser-
voir rock intervals to be addressed. It is important
to note that the Isle of Skye has undergone pre-
vious hydrocarbon exploration, including the
drilling of an onshore exploration well, meaning
that unlike many other areas with exposed sills,
direct outcrop-to-subsurface comparisons can be
made. The associated seismic exploration and
also recent studies of other remote geophysical
techniques such as magnetotelluric data (e.g.
Hautot et al. 2007) mean that detailed knowledge
of the hydrocarbon aspects of the area are at least
partly known, allowing comparison with the
hydrocarbon systems present within the North-
west Atlantic margin basins. The discussion is
focused around the petroleum implications of
such sill complexes in the Northwest Atlantic
margin and volcanic margins in general.
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2 Geological Summary of the Isle
of Skye

The Isle of Skye and its surrounding basins have
been documented in terms of their regional
structural geology (e.g. Stein and Blundell 1990),
burial/uplift history (e.g. England et al. 1993) and
the igneous/volcanic rocks that form the expres-
sion of the North Atlantic Igneous Province
(NAIP) in this area (e.g. Williamson and Bell
1994; Single and Jerram 2004; Emeleus and Bell
2005; Nelson et al. 2011). The geological context
of the Isle of Skye is complex and diverse
(Fig. 1), and contains a number of geological
units from the Precambrian to Quaternary
(Fig. 1). The continental crust in Skye underwent
several rifting episodes, with associated sediment

fills, before the final rifting and opening of the
NE Atlantic. These include pre-Cambrian (Tor-
ridonian), lower Palaeozoic, and a sequence of
Triassic—Mid Jurassic rifting, late Jurassic sub-
sidence and Late Cretaceous uplift (and erosion)
before Eocene break-up (Stein and Blundell
1990; England et al. 1993). During the Palaeo-
gene, Skye was subject to volcanism in the form
of intrusive sills and dykes, eruption of lava
(Skye Main Lava Series) and the emplacement at
depth of gabbros and granites (the Cuillins).

The Isle of Skye is bounded by two major
structural lineaments; the OuterHebrides fault zone
(also known as the Minch Fault) to the NW and the
Moine Thrust to the SE (see Fig. 1). The basement
rocks of the region consist of pre-Cambrian Lewi-
sian Gneiss, which are thought to underlie most of

Fig. 1 a Overview map of Skye and the Sea of Hebrides
basin (modified from Schofield 2009), showing main
tectonic and volcanic elements. Note the

Trotternish/Minch Sill Complex extending into the Sea
of Hebrides and North Minch Basin. b Simplified geo-
logical map of Skye
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the area (Emeleus and Bell 2005) and form the
majority of the Outer Hebrides landmass.

The dolerite sills of the Minch Sill Complex,
exposed extensively around the Trotternish
Peninsula, locally cut the Skye Main Lava Series
at the base of the sequence, and are thought to
post-date the eruption of the lava flows, but
pre-date the last generation of dykes which
cross-cut the area (Anderson and Dunham 1966;
Emeleus and Bell 2005). The chronological
relationship of the sills and the lavas is corrobo-
rated by geochemical analysis of the sills which
show that they are contaminated by upper crustal
rocks, compared to the lava field which displays
mostly lower crustal contamination, suggesting
that the lavas and sills were fed from two separate
magma sources (Kerr 1993), and that interaction
has occurred with different potential crustal con-
taminants highlighting a complex petrogenesis
and magma migration pathway (Font et al. 2008).

3 Petroleum Geology of the Isle
of Skye/Sea of Hebrides

To assess the potential impact of intrusions on
sedimentary basins it is important to understand
the basin stratigraphy and petroleum potential. In
the case of Skye, it is necessary to consider and
understand this region and the offshore Sea of
Hebrides Basin in terms of its known stratigraphy
from both outcrop and any available well data.

The Isle of Skye and Sea of Hebrides Basins
were the focus of hydrocarbon exploration in the
late 1980s and early 1990s, which culminated
with two wells being drilled: Upper Glen-1
onshore in North Skye by Pentex Oil Ltd. (Fig-
ure 2), and the offshore Sea of Hebrides well
(134/5-1), drilled by Chevron in the southern Sea
of Hebrides. Although both wells where ulti-
mately unsuccessful, the data from the drilling
demonstrated that Skye and the Inner Hebrides
have many elements needed for a successful
petroleum system to operate, including good
source rock and reservoir potential. Below we

will briefly consider the detailed information from
the Skye based Upper Glen-1 well and onshore
sequences, in the context of a petroleum system.

3.1 The Upper Glen-1 Well

The Upper Glen-1 well was drilled on Waternish
Peninsula, Northern Skye in 1989 by Pentex Oil
Ltd (Fig. 2; see location on Fig. 1), and much of
the information in the section below is taken
from the final well report. The well was a wildcat
exploration well, designed to test the hydrocar-
bon potential of the Sea of Hebrides Basin,
which up to that point was largely unknown. The
primary objective of the well was to target
Jurassic and Triassic sands within the up-dip
portion of the Sea of Hebrides half-graben basin.
The secondary target was Carboniferous (West-
phalian) coal measures. The pre-drill plan was to
drill to a total depth of 1676 m, terminating in the
Carboniferous, however on drilling, the pre-drill
prognosis was found to be incorrect, with the
Jurassic and Triassic sequences coming in much
deeper than anticipated and the hole was tem-
porarily abandoned, at a depth of 1829 m, before
being re-entered to drill to a total depth of
2682 m, terminating within the Triassic. The well
penetrates all sequences which can be seen at
outcrop onshore Skye and Raasay to the Triassic,
giving a unique opportunity to study outcrop to
well relationships. This detailed stratigraphy and
its relationships to the outcrop geology is pre-
sented in Fig. 2 and discussed below.

The well penetrated*600 m of the Skye Main
Lava series, and basal intrusions, before entering
into 320 m of the Middle Jurassic Great Estuarine
Group, which displayed several moderate poros-
ity reservoir sections (e.g. Elgol Sandstone)
(Fig. 2). The well then penetrated* 400 m of the
Bearreraig Sandstone Formation, which showed
moderate reservoir quality in the uppermost
sequences. The well then encountered *90 m of
early Jurassic Lower Toarcian shales with high
total organic carbon (TOC), before penetrating
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the Lower Jurassic Pabba and Broadford Forma-
tions, eventually terminating within the Triassic.

The well did not encounter any liquid hydro-
carbon accumulations, but a gas peakwas detected
in the Lower Jurassic Broadford Formation/Top
Triassic. The volcanic and intrusive units can be

identified from the well log using their character-
istic rock property profiles (e.g. Nelson et al.
2009). Subsequent Drill Stem Tests (DST’s) to
assess the hydrocarbon viability and producibility
of the particular zone proved inconclusive, due to
technical issues with the DST’s.

Fig. 2 aFigure showing detailed stratigraphy of theUpper
Glen-1well, with accompanying Faroe-Shetland basin time
equivalent sequences and also the relative visible porosity

recorded in sequences from the well. b Figure showing
coastal section on Skye with equivalent sequences pene-
trated by the Upper Glen-1 well highlighted
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In terms or reservoirs, the Middle Jurassic
Great Estuarine and Bearreraig sandstone group
where found to possess good reservoir quality,
displaying moderate visual porosity, interspersed
with mudstone forming potential for
reservoir-seal pairs.

3.2 The Potential Petroleum System
Across the Sea
of Hebrides/Malin Basins

The source rock potential of the Jurassic sequen-
ces on Skye and in the Inner Hebrides is good,with
the lower Jurassic containing high TOC (2–6 %)
early Toarcian shales (Butterworth et al. 1999),
equivalent to the Posidonia Shale, which forms a
highly prospective hydrocarbon producing
sequence across large parts of Northern Europe
(Rohl et al. 2001). These potential source rocks are
areally extensive onshore through the Inner Heb-
rides (Emeleus and Bell 2005), although their
offshore distribution in the Sea of Hebrides/Malin
basins is less well understood. Other source rock
regions also occur in the Great Estuarine Group, in
the form of the Lealt Shale (0.5–2.4 % TOC) and
Cullaidh Shale Formation (up to 4.5 % TOC)
(Butterworth et al. 1999).

Onshore sections of the Jurassic source rocks
are immature for hydrocarbons, except where
directly adjacent to igneous intrusions, where
localized cracking of the kerogens has occurred
(Thrasher 1992; Muirhead 2011). This highlights
the potential of intrusive rocks to raise the mat-
uration of otherwise immature source rocks.
Burial history diagrams suggest that in the
onshore sections, no part of the Jurassic has ever
been buried deeper than a few km’s (Morton and
Hudson 1992; Holford et al. 2010). The potential
lack of burial of the Jurassic sequences (although
exact knowledge of this is still poor), remains a
major limitation to the working hydrocarbon
system and exploitation of the inshore basins
West of Scotland. Potentially, offshore, within
the Sea of Hebrides and adjacent Malin basins,
next to some of the major graben and half-graben
bounding-faults, source rock sequences may

have been buried deeply enough to enter the oil
window. Equally, igneous intrusions in both the
form of large igneous centres (e.g. the offshore
Blackstones igneous centre) and sills, may play
an important role in helping bring the close to
mature source rocks to maturity by localized
heating (e.g. Thrasher 1992).

4 The Trotternish/Minch Sill
Complex

The Trotternish Sill Complex, and sills on Raa-
say and the Shiant Isles represent a small onshore
exposure of the much more extensive but mainly
submarine, Minch Sill Complex (sometimes
referred to as the Shiant Isle Sill Complex) which
covers an area of *4000 km2 (Gibson and Jones
1991) (see Fig. 1). Onshore, although it is best
seen on the Trotternish Peninsula, prominent
isolated outcrops of the complex also occur on
the Duirinish Peninsula (e.g. Neist Point). Off-
shore, the complex which is generally exposed at
or just below the sea bed, often forming promi-
nent bathymetric features, extends into the NW
portion of the Sea of Hebrides Basin and SW
portion of the North Minch Basin (Fig. 1). The
sills of the Trotternish peninsula form the largest
single on-land expression of the Minch Sill
Complex with individual sills ranging in average
thickness between 10 and 120 m (Emeleus and
Bell 2005).

The sill complex as a whole is both struc-
turally and petrologically complicated. Previous
studies have been concerned predominantly with
field relationships, petrography and geochemistry
of the sill complex (Anderson and Dunham
1966; Gibson and Jones 1991; Emeleus and Bell
2005). Gibson and Jones (1991) provide a com-
prehensive petrographic and geochemical inves-
tigation of sills of the Trotternish Peninsula. As
yet no published studies have dealt with the
structure, emplacement and effect of intrusions
on the petroleum system in detail.

The sills within the Trotternish complex do
not possess a clear saucer-shaped morphology
such as those imaged in offshore seismic data
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(Thomson and Hutton 2004). Although local
transgressions of the sills do occur, most notably
at Kilt Rock, the sills are generally tabular and
sheet like in nature, being approximately con-
cordant with the Jurassic host rocks.

The emplacement of sills into Jurassic host
rock is associated with the development of several
structural and morphological features that are
related to the mechanism of magma emplacement
and flow within the sills. These structures mainly
take the form of bridge structures, which have
been shown to form perpendicular to the axis of
magma flow (e.g. Hutton 2009; Schofield et al.
2012a, b). The formation of these structures is
presented in Fig. 3 in both 2D section and 3D
schematic. These structures and how they are
visualised in 2D and 3D will become important as
we consider the Skye case studies.

5 Key Outcrops and Structures

Case Study 1 (Intrusion into potential source
rocks) At low tide the foreshore on the northern
side of the Rubha nam Brathairean (Brothers
Point) peninsula (Figs. 4 and 5) exposes a series
of dolerite sills intruding into the Middle Jurassic
Lealt Shale Formation, which possesses rela-
tively high TOC (0.5–2.4 %), and represents one
of the potential source rock units within the Inner
Hebrides region (Butterworth et al. 1999).

On the foreshore, inclined rafts of Lealt shale
can be seen separating bodies of dolerite (Figs. 4
and 5). Figure 4 shows a 2 m thick raft of shale
sandwiched between two dolerite sills which have
intruded on separate stratigraphic horizons. Evi-
dence of re-orientation of the Lealt shale raft as a

Fig. 3 Figure showing the development of bridge and
broken bridge structures in 2D (a) and (b) 3D. Bridge
structures are a common occurrence within the Trotternish

Sill Complex and provide a useful tool for assessing the
magma flow axis within the sills forming the complex
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result of inflation of the two sills is clearly visible,
which has resulted in the development of a tensile
fracture extending upwards from the lower sill
tip. Although large portions of bridge have now
been removed, the lowermost unit of the bridge
can be seen to directly contact the lower sill.

The example on the foreshore of Rubha nam
Brathairean provides an excellent demonstration
of bridge formation as a result of sill intrusion,
and the 3D exposure of these bridges on the
Rubha nam Brathairean foreshore gives a clear
indication of the magma flow axis of the sills in
this area of SW–NE, as the axis of the bridges of
Lealt shale exposed are orientated approximately
perpendicular to the magma flow axis (Hutton
2009; Schofield et al. 2012a, b) (Figs. 4 and 5).

The Rubha nam Brathairean foreshore pro-
vides an important example of sill intrusion into

a potential source rock region. The sills exposed
at Rab Nam Brathairean occur in the same
stratigraphic interval (the Lealt Shale Forma-
tion.), where within the Upper Glen-1 well, sills
were also intersected, implying that the forma-
tion has acted as an important regional horizon
that has focused sill emplacement. The implica-
tion of this is that offshore, in regions such as the
Jurassic of the North Atlantic, potentially regio-
nal mudstone/source rock horizons may be
intruded by sills over a large areal extent within
individual fault blocks.

Case Study 2 (intrusion into potential reservoir
intervals) The Dun Dearg and Kilt Rock expo-
sure begins approximately 400 m northwards
along the coast from Rubha nam Brathairean,
where the coastline is characterized by a series of

Fig. 4 a Bridge structure visible at low tide at the Rubha
nam Brathairean (Brothers Point) foreshore. Note person
for scale. b A inclined bridge of Lealt shale can be seen to
occur between the upper (now eroded) sill and lower sill,
a tensile cross-fracture can be seen to have formed at the
tip of the lower sill, see (d), (e) and (f). c Reconstruction
of the likely emplacement geometry within the subsurface
prior to erosion. d and e Showing zoom in of the tensile
cross-fracture which has formed as a result of the inflation

of the sill bodies during magma emplacement (see f), note
that ahead of the actual tensile fracture, a zone of
deformation can be seen within the host rock bridge. The
magma, which has formed the lower dolerite sill, can also
be seen to have intruded into the fracture, confirming that
the formation and deformation of the bridge occurred
during magma emplacement. f Figure showing zone in
which tensile failures are developed across the bridge
during sill inflation
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steep cliff faces composed of the Valtos Sand-
stone Formation (Fig. 6a). The Dun Dearg sec-
tion is characterized by a series of bedding
parallel dolerite intrusions, ranging from 10s of
centimetres to 10s of metres in thickness. The
section contains several structures related to
magma intrusion, in the forms of steps, offset sill
segments, un-broken and broken bridges,
including isolated rafts of the Valtos Sandstone
Formation (Fig. 6a). The prevalence of such
features along strike within the cliff face suggests
that the current orientation of the cliff face is
orientated approximately perpendicular to the
axis of magma flow within the intrusions,
approximately West–East.

The section is characterised by multiple intru-
sions of sills; Gibson and Jones (1991) showed
that the sills within the section are all crinanitic in
composition (Dolerite with <5 % olivine). How-
ever, evidence for multiple intrusion phases is
observed in the form of cross-cutting relationships

by separate dolerite sheets, and also in the form of
internal contacts within the intrusion (Fig. 6b, c),
which suggests a series of temporally restricted
magma pulses. Local transgression or
‘stepping-up’ of the sills can be seen to occur,
particularly at the headland of Kilt Rock (e.g.
Fig. 6c). The thickness of the dolerite is fairly
uniform at *40–50 m in thickness, except in the
structurally lowest area of the sill at Lough Mealt
were the sill thickness is in the region of 80 m
(Fig. 6b).

Several key structural elements related to
magma flow can be identified when the sills are
examined from offshore. It can be seen that the
sill that forms the upper cliff is actually composed
of two separate sill lobes (Fig. 6a, b). The most
striking feature of this section is the occurrence of
a large bridge structure inclined at approximately
35° between the sill lobes (Fig. 6b). This indicates
that the axis of magma flow was approximately
perpendicular to orientation of the current cliff

Fig. 5 Another bridge structure exposed on the Rubha nam Brathairean (Brothers Point) foreshore, with a bridge of
shale showing the axis of the bridge (and therefore magma flow axis). The bridge separates two separate sill lobes
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section at Kilt Rock. This aspect appears to be
additionally confirmed by the occurrence of a
broken-bridge structures in the lower tier sill
around sea-level (e.g. Fig. 6a), which were
formed as result of the initial propagation and
subsequent inflation of three separate offset but
overlapping sill segments.

In terms of their impact on petroleum aspects,
the sills at Kilt Rock and Dun Dearg offer a good
opportunity to see the highly compartmentalizing
effect that intrusions can have on a reservoir sec-
tion (see Holford et al. 2012; Rateau et al. 2013). It
is clear to see that entire sections of Valtos
Sandstone Formation, which would potentially
make a viable reservoir in the subsurface, is
compartmentalized and isolated between separate
tiers of sill intrusions. Within the subsurface, such
a scenario may lead to impeded fluid flow and
hydrocarbon migration in the subsurface, if the
sills (or surrounding contact metamorphic zones)
act as barriers or baffles (see discussion).

Case Study 3 (Seismic-scale sill structure 1) The
area of Staffin Harbour consists of two main tiers
of sills, intruded into the upper Great Estuarine
Group. The uppermost tier is intruded into the
lower portion of the Kilmaluag Formation with
the lower tier forming a wave cut platform hav-
ing intruded into the Duntulm Formation
(Fig. 7a, b). The top contact of the lower sill is
extensively exposed forming the harbour and
foreshore area. Upon its top surfaces, flow indi-
cators in the form of aligned vesicles and ropy
flow structures can be found in abundance, such
features can be successfully used to infer both the
axis of magma flow (aligned vesicles; Rickwood
1990) and direction of flow (ropy flows; Liss
et al. 2002) (Fig. 7c).

The wave cut platform exposes the top contact
of the lower tier sill, where in places erosion has
removed the overlying Kilmaluag Formation, the

top surface of the dolerite sill can be seen to
possess an abundance of flow indicators, in the
form of aligned vesicles and ropy flow structures
(Fig. 7d, e). Ropy flow structures, which appear as
small scale pahoehoe textures, form as a result of a
free-surface of gas being created at the interface
between magma and host rock during emplace-
ment of magma (Liss et al. 2002). In places the
ropy flow structures form chaotic structures,
however where the top contact with the limestone
country rock was uneven, pendants of limestone
country rock protruded into the underlying
magma as it flowed (Fig. 7e). This caused the ropy
flows to drape and drag around the roof pendants,
giving a direction of magma flow (Fig. 7e).

Another feature which can be seen at Staffin
Harbour in the upper tier of dolerite is the pres-
ence of a convex top surface to the sills (Fig. 7a,
b), which resemble morphologies of large scale
magma fingers that have been documented from
the field (Schofield et al. 2010), and in seismic
reflection data (Thomson and Schofield 2008).
These convex-up profiles are preserved inland,
and can be traced for 800 m in a SSE orientation
through changes in slope and on aerial pho-
tographs where they form tapering finger-like
landforms. When the axes of these convex-up
fingers is compared to the flow indicators in the
other sills at Staffin Harbour, it indicates that they
are orientated approximately along the direction
of inferred magma emplacement, suggesting that
the structures are indeed related to magma flow
and therefore do represent magma fingers (sensu
Schofield et al. 2010) (Fig. 7c). The magma
fingers seen at Staffin Harbour have not been
identified previously in the published volcanic
literature on Skye, possibly because the features
were interpreted to be the result of glaciation and
erosion. However, the features do not appear to
be related to later stage glacial processes, as the
Devensian ice-flow across the Trotternish

b Fig. 6 a Figure showing Kilt Rock sills from offshore.
Note the numerous occurrences of broken bridge struc-
tures within the cliff face. b A bridge of the Valtos
Sandstone Formation can be seen to be sandwiched
between two separate sill lobes which form the prominent
cliffs of the section. c Figure showing the northern
exposure of the Kilt Rock outcrop. At least two phases of

sill intrusion can be seen (note the cross-cutting relation-
ship in the bottom left of the figure). Also note the
compartmentalization and isolation of entire rafts of the
Valtos Sandstone Formation between separate sill intru-
sions, see main text for details. Internal contacts within
the intrusions appear to indicate separate pulses of magma
that occurred during the inflation of the sills
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Peninsula is thought to be oblique to the axis of
the fingers (Benn 1997).

Case Study 4 (Seismic-scale sill structure 2) The
sills exposed at Niest Point, located on the
western most extent of the Duirinish Peninsula,
represent the most westerly onshore exposed
example of the Minch Sill Complex. The locality
also offers a good opportunity to study the
immediate sub-basalt structure where the under-
lying sediments have been intruded by sills.

Exposed on the foreshore of Moonen Bay,
1 km southwards along the coast from Niest
Point, are a series of intrusions which intruded
into the Lealt Shale Formation (Fig. 8). The most
striking aspect of the outcrop is the occurrence of

a large, seismic-scale bridge of Lealt Shale which
is*40 m in thickness, oriented at*40° between
two separate sills (the top most sill has been
partially eroded away from the cliff edge). The
bridge of Lealt Shale can be seen to be cut by a
series of dyke segments. These appear to be pri-
marily related to cross-connecting fractures that
would have formed during the inflation of sills
(and subsequent deformation of the bridge). The
orientation of the bridge within the cliff face,
which does offer enough exposure to see the
bridge exposed in three dimensions, indicates that
the magma flow axis within the sills was orien-
tated approximately in an east–west orientation.

The sills at Niest Point and Moonen Bay are
some of the thickest andmost complex sills exposed

Fig. 7 Figure showing Staffin Harbour sill outcrops.
a The upper tier of sills can be seen to display the
presence of convex magma finger-like cliff profiles (see
Schofield et al. 2010). b These finger-like structures can
be seen to extend inland. c Flow indicators occurring
within the sills show that the direction of flow of magma
appeared to orientated approximate parallel to the

finger-like structures. d Ropy flow structures preserved
on the top surface of the sills at Staffin Harbour. e Also
visible at Staffin Harbour is a roof pendant of the
Kilmaluag Fm which shows draping of ropy flow
structures around it, indicating magma flow direction
(see main text for details)
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onshore Skye, and the near seismic-scale bridge
structure at Moonen Bay additionally represents the
biggest visible at outcrop on the Isle of Skye.

6 Discussion

6.1 Emplacement of the
Trotternish/Minch Sill
Complex Compared with
the North Atlantic Margin
Sill Complexes

The close spatial distribution of the
Trotternish/Minch Sill Complex in relation to the
onshore Skye main lava field and associated
dykes, suggests potentially that the sill complex is
being fed laterally from feeders running under the
main Skye lava field, with the sills having been
emplaced away from what is now the Skye
landmass into the Sea of Hebrides region. How-
ever, as noted by Kerr (1993), the sill complex
shows a distinctly different geochemistry from
that of the lava fields, suggesting that the source
of magma (and ultimately plumbing system) was
different than for that of the Trotternish/Minch
Sill Complex. Additionally, the sill complex can
be seen to have locally cut the lava field in areas,
suggesting that the Trotternish/Minch Sill

Complex (or at least parts of it) post-dated the
eruption of at least the basal sequences of the
Skye Main Lava Sequence.

The points discussed above raise the question
as to where the Trotternish/Minch Sill Complex
was actually sourced from. Work on Palaeogene
sills in adjacent basins to the Inner Hebridean
margins along the Atlantic margin, e.g. the
Faroe-Shetland Basin, have demonstrated that
pre-existing basin structure imparts a large control
sill emplacement (Schofield et al. 2015). More
specifically, the bounding faults of half-grabens
and hanging walls created during pre-intrusion
rifting appeared to have acted as controlling sites
for magma input into the sedimentary basins, with
sills then transiting up-dip within the half-graben
basins over 10s of kilometres laterally (Schofield
et al. 2015) (see Fig. 9a).

The Inner-Hebridean basins are thought to be
composed essentially of series of Jurassic
half-graben structures (Roberts and Holdsworth
1999), created by Triassic and Jurassic rifting
being accommodated on largely what was
dip-slip movement on the Outer Minch Fault and
Camasunary-Skerryvore Fault (see Fig. 1).
Therefore given the relationship of magma input
in relation to half-grabens seen in basins along
the Atlantic margin, the disparity in timing and
geochemistry between the lava fields and sills in

Fig. 8 a Outcrop at Moonen Bay, Duirinish Peninsula,
West Skye, showing a large-scale bridge structure of the
Lealt Shale Formation. b The bridge shows a complicated

array of cross-fractures as a result of bridge deformation
during intrusion
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Fig. 9 a A geo-seismic line from the Faroe-Shetland
Basin (from Schofield et al. 2015), showing the emplace-
ment of sills into the half-graben hanging wall of the Flett
Basin, with magma having transited up-dip. b Fig-
ure showing line of section in 3D schematic. c 3D
schematic east to west cross-section (see b for orientation)
showing Upper Glen-1 well, and the hypothesised
half-graben structure of the Sea of Hebrides Basin.

d Potential similar scenario utilizing the relationship seen
in a. We therefore hypothesise that the Trotternish/Minch
Sill Complex was intruded into the half-graben away from
the Minch fault. Such scenario would explain the
discrepancies in magma source and timing of the
Trotternish/Minch Complex in respect to the lava field
on Skye (see main text for details)
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the Inner Hebrides, could suggest that the
Trotternish/Minch Sill Complex may not have
been fed away from what is now the Skye
Landmass, but actually towards it. We suggest
that magma was emplaced into the half-graben
hanging wall of the Sea of Hebrides, away from
the outer Minch fault and Isle of Lewis transiting
in an essentially W–E direction towards Skye
(Fig. 9), in a fashion similar to that seen within
the Faroe-Shetland Basin (e.g. Fig. 9a).

Although it is currently difficult to prove this
hypothesis offshore, based on the poor and sparse
2D seismic data that exists within the Sea of
Hebrides, invoking this mechanism of magma
would explain the inferred separate source of the
sill complex from the main lava series, and also
the occurrence of the significant sill bodies
mapped on the seafloor within the Sea of Heb-
rides and Minch basin (Fig. 1).

In terms of onshore evidence for such propa-
gation, it is worth noting that the sills exposed on
the far west coast of Skye, i.e. those at Niest
Point and Moonen Bay (Fig. 8), represent some
of the thickest visible on Skye, and the axis of
magma flow of the Moonen Bay bridge is ori-
ented in an approximately West–East direction,
which is what would be expected if magma was
intruded into the basins away from the outer
Minch Fault. Along the east coast of the Trot-
ternish Peninsula, which sits at the inferred up
dip extent of the Sea of Hebrides half-graben, the
axis and directional magma flow indicators
appear to show a dominant general West to East
magma flow (Fig. 10), again consistent with
magma being emplaced up-dip away from the
Outer Minch Fault (Fig. 9).

6.2 How Does the Structure
of the Trotternish/Minch
Sill Complex Compare to
Offshore Examples in Other
Sedimentary Basins?

The sills on the Trotternish Peninsula and
throughout Skye offer a good opportunity to
explore seismic scale-to-sub-seismic scale rela-
tionships within sill intrusions in sedimentary

basins. Some of the bed parallel geometrical
relationships of the sills on Skye also offer a
chance to examine structures in more
planar/concordant parts of the sill system, seen in
the deeper areas of many sedimentary basins
(e.g. Karoo Basin).

Sills within sedimentary basins are known to
display lobe like morphology formed during the
intrusion of magma, as illustrated in both seismic
and field data (Schofield et al. 2010, 2012a).
They occur essentially as a result of separate
sills, with a common magma source, propagating
through host rock together on the same or
slightly offset horizons (Schofield et al. 2012a,
b). The Flett Ridge Sill, imaged within the
sub-surface of the Faroe-Shetland Basin, repre-
sents a good example of a sill intrusion that
displays clear magma lobes (Schofield et al.
2012a; Fig. 11).

The two separate sills/magma lobes forming
the Kilt Rock viewpoint represent a good onshore
near seismic-scale example of the potential
geometry of magma lobes in cross-section, which
can be directly compared to those magma lobes
imaged within the Faroe-Shetland Basin, offering
the chance to understand the sub-seismic rela-
tionships which are not visible within the 3D
seismic data (Fig. 11). In particular, although the
presence of bridge structures between separate
magma lobes has been inferred from seismic data
through detailed analysis of sill structures (e.g.
Flett Ridge Sill—Schofield et al. 2012b), the
constraint of seismic imaging and limited vertical
resolution means that bridges are difficult to
image directly. From an offshore viewpoint at
Kilt Rock, the two sills can be seen to be sepa-
rated by a host rock bridge of the Valtos Sand-
stone Formation, in the same way that a bridge
would be expected to occur in the subsurface
between the magma lobes of the Flett Ridge Sill
(e.g. Fig. 11).

Bridge structures are potentially an important
element within prospective sedimentary basins
which contain extensive intrusions located in
stratigraphic levels between the source rock and
reservoir rock intervals, as the bridge structures
potentially offer a permeable fluid pathway for
migrating hydrocarbon through potentially
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sealing sills (or contact metamorphic zones),
which may act to inhibit hydrocarbon migration
(Schofield et al. 2012a).

6.3 Effect of Sill Intrusions
on Jurassic Sequences
and Source Rocks

The Jurassic sequences on the Isle of Skye,
represent the most westerly exposed example of
Jurassic strata on the UK mainland before

encountering the buried Jurassic of the North
Atlantic and Rockall Trough. Therefore they
provide some insight into the interaction of
igneous intrusions with the Jurassic sedimentary
sequences of the prospective basins along the
Atlantic margin where the Jurassic strata are
often unresolvable on 2D and 3D seismic
reflection datasets, due to the extensive
sub-surface sill complexes intruded into the
Cretaceous strata.

The Jurassic sequences of the north Trot-
ternish Peninsula, Isle of Skye, are heavily

Fig. 10 Overview map of the axis of magma flow and
magma flow directions within sills along approx. 8 km
coastal profile, from Rubha nam Brathairean (Brothers
Point) to Staffin Harbour showing that magma flow within

the sills appears to have been predominantly in a W–E
and W–NE orientation, aside from at Staffin Harbour
where the magma flow appears to have been orientated in
a NW to N direction
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intruded by sills (Emeleus and Bell 2005;
Schofield 2009), with entire sections of the
Jurassic (incl. of reservoir and source rock
intervals), being isolated and compartmentalized
between different tiers of intrusions (Schofield
2009). If such a scenario occurs in similar
Jurassic sequences within the offshore basins
along the Atlantic margin, the potential for the

compartmentalization and creation of completely
isolated volumetrically extensive ‘pods’ of
source and reservoir rocks exists (Fig. 12).

On the Isle of Skye, the Trotternish/Minch Sill
Complex preferentially exploit the Middle-Upper
Jurassic Great Estuarine Group, above the main
source rock regions (3–6 % TOC) in the Lower
Jurassic. This also seems to be the case offshore

Fig. 11 a Figure showing the two separate sills lobes
that form Kilt Rock, b Seismic line (X–X′) through the
Flett Ridge Sill (modified from Schofield et al. 2012a)
showing the separate magma lobes in cross-section,

analogous to the outcrop at kilt rock in a. c Plan view of
the Flett Ridge Sill showing separate magma lobes
(modified from Schofield et al. 2012a) visible within the
seismic data, seismic line X–X′ marked
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Fig. 12 Figure showing end-member models of potential effect of igneous compartmentalization on reservoir and
source rock intervals within a prospective sedimentary basin (modified from Rateau et al. 2013)
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into the Sea of Hebrides Basin, located to the
NW and west of the Trotternish Peninsula, where
many of the intrusions crop out on, or are close to
the gently dipping Jurassic seabed, suggesting
that they also exploit the upper-middle Jurassic.
However, to the southern Sea of Hebrides Basin,
the Sea of Hebrides well (134/5-1) intersected 9
sill intrusions between 1 and 2 km below the sea
bed, within the lower Jurassic Pabba shale and
Broadford Beds (Fig. 13). This suggests that
towards the southern Sea of Hebrides Basin, sill
intrusion may occur into the potential source
rock regions of Lower Jurassic age as well.

Apatite fission track analysis (AFTA) and
vitrinite reflectance (VR) data from Well 134/5-1
clearly show that Lower Jurassic rocks have
experienced paleotemperature of up to 260 °C as
result of contact heating associated with the
igneous intrusions penetrated by the well

(Holford et al. 2010) (Fig. 13). The perturbation
in paleotemperature caused by the intrusions
affected approximately 1 km of host rock verti-
cally, even despite the total thickness of the
intrusions penetrated by the well being only
52 m, and aside from one intrusion of 19 m in
thickness, all the other eight intrusions penetrated
by the well are <10 m in thickness.

6.4 Thermal Effects of the Skye
Central Complex
on Reservoir and Source
Intervals

Although the main focus of this paper has been
the Trotternish/Minch Sill Complex, Skye also
contains one of the major onshore exposures of
an igneous centre, forming the Cuillins and

Fig. 13 Modified from Holford et al. (2010), showing
paleotemperature reconstruction through the offshore Sea
of Hebrides well (134/5-1). The well intersected nine
separate sill intrusions ranging in thickness from 0.6 to

19 m in thickness (totalling *52 m in thickness). The
sills intruded into the lower Jurassic and top Triassic. The
sill caused surrounding sediments to be heated to between
100 and 260 °C
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Redhills (see Fig. 1) (termed the Cuillin Centre in
this study). Offshore, the basins along the
Atlantic margin also contain a number of large
igneous centres analogous to the Cuillin Centre
on Skye (e.g. Rosemary Bank, NE Rockall
Trough). These centres have the potential to also
significantly influence the thermal history of the
basins, and where these are coincident with sill
complexes, such as in Skye, the combined ther-
mal influence should be taken into account.

Although the direct contact metamorphic
effect of the Cuillin Centre on Skye appears to be
limited to a ring of hornfels that can be mapped at
its contact (Emeleus and Bell 2005), the thermal
impact of the complex is much further reaching.
This influence is shown when examining AFTA
data from around the complex and the region

(Fig. 14). It is apparent from the AFTA data that
the thermal impact of the Cuillin Centre occurs at
considerable distances away from the centre
(potentially up to 80 km) (Fig. 14), and this effect
may also have been enhanced by the emplace-
ment of the sill complex. Initially, Lewis et al.
(1992) showed resetting of AFTA ages in a radius
of approximately 20 km away from the Cuillin
Centre, suggesting that the rocks in these areas
had undergone at least some degree of
hydrothermal fluid flow. More detailed analysis
(Holford et al. 2010) from around the Hebridean
region, shows the degree to which heating
occurred. In the zone between 5 and 10 km away
from the Cuillin centre it can be seen that the
rocks have consistently been subjected to tem-
perature of >110 °C during the Palaeogene.

Fig. 14 Modified from Holford et al. 2010, showing
map of early Palaeogene paleotemperature. The thermal
influence of the Cuillin Centre is clear, with elevated
Paleotemperature (90 °C) being apparent, even beyond

what would be expected from a normal contact aureole.
Note the thermal effect of the Mull Igneous Centre, which
appears to be less areally extensive compared to the
Cuillin Centre
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Interestingly, however, even within the North
Minch Basin, and on the Scottish mainland at
Applecross (some 35 km away), the rocks have
seen paleotemperature in the region of 90–100 °C
during the Palaeogene (Fig. 14). This suggests
that within the Inner Hebridean regions and in at
least some areas of the Hebrides, long distance
hydrothermal fluid flow may have occurred
through sedimentary aquifers which were present
during the Palaeogene. The exact impact of this
on the source and reservoir rocks is not fully
constrained over this much larger area, but clearly
the influence of sill complexes and igneous cen-
tres on the thermal history need to be taken into
account within basin models in volcanic margins
containing large igneous centres (e.g. Archer
et al. 2005; NE Rockall).
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The Subvolcanic Units of the Late
Paleozoic Halle Volcanic Complex,
Germany: Geometry, Internal Textures
and Emplacement Mode
Christoph Breitkreuz, Bodo-Carlo Ehling,
and Nicole Pastrik

Abstract

The Late Paleozoic Halle Volcanic Complex (HVC) formed in the Saale
basin, a NE-SW-trending intermountain depositional system located in the
Variscan orogen in Central Europe. Apart from minor lava flows and
pyroclastic deposits, the HVC is dominated by a c. 300 km³ rhyolitic
laccolith complex. The individual porphyritic rhyolite units display aspect
ratios between 0.04 and 0.07. They initially emplaced at different levels of
the Saale basin fill. As a consequence, the units are separated by tilted host
sediments. Precursory to the emplacement of the rhyolitic laccoliths, a
small-volume intermediate sill complex formed at the northern margin of
the HVC. This chapter summarizes knowledge on the geometry,
composition, internal textures, age, and host rock deformation of the
HVC subvolcanic units.

1 Introduction

In central Europe, the aftermath of the Variscan
orogeny during the Late Paleozoic was charac-
terized by, among others, the formation of exten-
ded subvolcanic complexes (Fig. 1; Von
Seckendorff 2012). Outcrops, intensive quarrying
and drilling provide, in places, excellent 3d

exposure which has been utilized to improve our
understanding for the evolution of large scale
dyke, sill and laccolith complexes. Awdankiewicz
(2004) reported on silica-rich laccoliths and basic
sill complexes that formed in the Intra-Sudetic
basin. Lorenz andHaneke (2004) discussed the sill
and laccolith systems that developed during the
Early Permian in the Saar-Nahe basin in south
western Germany. Awdankiewicz et al. (2004)
carried out a detailed textural analysis of a 30 km
andesitic sill system exposed in the Flechtingen-
Roßlau Block (FRB in Fig. 1) emplaced during the
Carboniferous-Permian transition above folded
Variscan basement and below a thick welded
ignimbrite. Extensive dyke swarms developed
co-genetically with the Altenberg-Teplice Volca-
nic Complex during the Late Carboniferous
(Winter et al. 2008; Hoffmann et al. 2013, and
references therein). A number of sills and dykes
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have been reported from the Thuringian Forest
(Fig. 1; e.g. Obst et al. 1999).

Breitkreuz and Mock (2004) employing
examples from Late Paleozoic complexes in
Germany (i.e., Saar-Nahe basin, Ilfeld basin, and
the Halle Volcanic Complex, Fig. 1) proposed a
genetic relation between laccolith formation and
the activity of trans-tensional basin systems.
They suggest that in these intra-montane basins
the accumulation of thick sedimentary infill and
the vertical orientation of the maximum principal
stress (i.e., σ1 = σv = ρgz) favoured low ascent
rates and devolatilisation of magma resulting in
their emplacement as subvolcanic complexes.
Also, sub-horizontal strength anisotropies in the
host rock may arrest the ascent of rising magma
(Hogan and Gilbert 1995).

This chapter integrates 20 years of joint
research of the authors on the Halle Volcanic
Complex (HVC). Our work has benefited from
200 years of research in the area and a long-
standing debate about the effusive versus subvol-
canic nature of the HVC rhyolitic and intermediate
magmatic bodies (see references in Ehling and
Breitkreuz 2006; Breitkreuz et al. 2009). In the
present contribution, a geometric model for the
Halle Intermediate Subvolcanic Complex (HISC),
precursory to the HVC rhyolitic laccoliths, is
presented; however, the HVC rhyolitic laccolith
complex comprises the focus of this chapter. The
HVC is dominated by a 300 km3 rhyolitic laccolith

complex the units of which were emplaced at
different depths within a pile of then unconsoli-
dated sediments1 (Fig. 2). As such, Breitkreuz and
Mock (2004) defined the HVC rhyolites as a type
of laccolith complex (“Halle Type”). As will be
shown below, the intrusive nature of the main
HVC rhyolites is indicated by the geometry of
the units, its textural homogeneity and the defor-
mation of the hosting sediments (Mock et al. 2003,
2005; Schmiedel et al. online).

2 The Tectonic and Stratigraphic
Framework of the Halle
Volcanic Complex (HVC)

The HVC formed in the north eastern part of the
Late Paleozoic Saale Basin (Fig. 1). The NE-SW
trending basin developed as an intra-montane
system under dextral trans-tension in the Saxo-
thuringian Block during the decay of the Variscan
orogen (Ehling and Gebhardt 2012). Subsidence
and sedimentation started in the Moscovian

Fig. 1 Sketch map of central Europe depicting the
location of Late Paleozoic basins and volcanic complexes
which comprise a large portion of subvolcanic units;
ATVC Altenberg-Teplice Volcanic Complex, FRB

Flechtingen-Roßlau Block, IB Ilfeld Basin, ISB Intra-
Sudetic Basin, SB Saale Basin, including the HVC Halle
Volcanic Complex, SNB Saar-Nahe Basin, TF Thuringian
Forest

1 The HVC comprises subvolcanic bodies and a minor
amount of lava and pyroclastic deposits. The rhyolitic
subvolcanic units have non-plutonic textures. Therefore
we maintain the term “rhyolite” for the laccolith bodies
and we use the notion “Halle Volcanic Complex”, both
terms have been established in regional literature over the
last 200 years.
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(Westfalian) and continued into the Permian. Part
of the basin fill consists of alluvial to fluvial
conglomeratic to sandy red beds, the Siebigerode
Formation (lower Gzhelian), which is replaced in
the basin centre by grey coal-bearing clastics of
the Wettin Member (≤350 m thickness; Ehling
and Breitkreuz 2006; Breitkreuz et al. 2009). In
some drill cores, the Wettin Member contains
silica-rich volcanic fragments and subvolcanic
intrusions demonstrating initial volcanic activity.
Thus, the Saale Basin was affected relatively late
by magmatism in its evolution.

The Halle Formation (Gzhelian-Asselian)
overlies, locally unconformably, the Wettin
Member. The >700 m thick Halle Fm. comprises
reddish to green alluvial, fluvial to lacustrine
(volcani-) clastic deposits (Ehling and Gebhardt
2012). It starts with a characteristic fluvial

quartzite-chert sandstone-conglomerate complex
(“Kieselschiefer-Quarzit-Konglomerat”, KQK,
Kampe et al. 1965) which contains up to 20 % of
carbonate pebbles (stromatolith fragments, ooids,
onkoids, and pedogenic nodules; Ehling and
Gebhardt 2012). Field relations and radiometric
dating (Breitkreuz et al. 2009) indicate that the
subvolcanic intrusions and volcanic eruptions of
the HVC took place for some 9 Ma (292–
301 Ma; Breitkreuz et al. 2009) contemporane-
ously to the deposition of the Halle Formation.

Only about 20 % of the HVC is exposed in
natural outcrops or quarries (Mock et al. 2005).
The area is relatively flat with a total relief less
than 140 m. It was levelled by Pleistocene gla-
ciers and the HVC rocks are partly covered by
Cenozoic sediments. The 3d geometry of the
HVC is constrained by data from more than

HVC host sedimentsFine-grained porphyritic rhyolite
(lava flow)

Fine-grained porphyritic rhyolite
(laccolith)

Fine-grained porphyritic rhyolite
(neck facies)

Coarse-grained porphyritic rhyolite
(dike)

Coarse-grained porphyritic rhyolite
(laccolith)

village

drilling

Saa
le

WieskauWieskau

Peters-
berg

Peters-
berg

LandsbergLandsberg

5 km

Well 1044/80

+ aM 2492

LöbejünLöbejün

WettinWettin

+ aM 2592

301 3 Ma+

+ aM 2292

Steinmühle
+ aM 2392

+ aM 3292

Well 1424/80

+ aM 3792

SchlettauSchlettau

+ aM 3792 BrachstedtBrachstedt

SchwerzSchwerz

Großer Dautzsch
+ aM 2292

Giebichenstein
+ aM 2292

298 3 Ma+

Fig. 6

Fig. 3

Approx. subcrop area of the HISC

Well 426/57

Fig. 9
„Halle Störung“
(major fault)

Fig. 2 Outcrop/subcrop map of the Halle Volcanic Complex (HVC) in the north eastern Saale Basin (Fig. 1), post-
HVC cover not depicted; the age data have been taken from Breitkreuz et al. (2009)

The Subvolcanic Units of the Late Paleozoic Halle … 297



6,000 wells; most of which are shallow wells for
foundation ground investigation and raw material
exploration. Nevertheless, several hundreds of
wells (coal and uranium exploration, and scien-
tific investigation) have perforated the HVC to a
depth of a couple of hundred metres (one well
reached 1,100 m depth; Breitkreuz et al. 2009). A
fraction of the recovered drill core is preserved
in the core depository of the Sachsen-Anhalt
Survey for Geology and Mining in Halle; docu-
mentation exists for every well.

3 The Magmatic Units of the HVC

Figure 2 depicts the outcrops and subcrops of the
HVC. In the south west, the HVC is truncated
along the “Halle Störung” (Knoth et al. 1998), a
major fault which apparently confined the HVC
already during its activity. This is suggested by
drillings located some 10 km south west of the
fault, such as well Querfurt 1/64 which does not
cross HVC rhyolitic bodies (Hoth et al. 1993;
Gebhardt and Lützner 2012). Whether this fault
acted as a feeding system for HVC laccoliths, as
e.g. Grocott et al. (2009) documented for plutons
in northern Chile, is not known.

The HVC is dominated by rhyolitic laccoliths
(Mock et al. 2005). Apart from these, the fol-
lowing other volcanic and subvolcanic rock types
are known:
• Lava complexes developed late in the evolu-
tion of the HVC; e.g., a c. 100 m thick por-
phyritic lava flow with a basal and top breccia
has been documented by Geißler (2001) in
drilling 1044/80 (Fig. 2) and it has been dated
with SHRIMP U/Pb on zircon at 292 ± 2 Ma
(Breitkreuz et al. 2009); another, aphanitic lava
is exposed in well 1424/80 (Fig. 2).

• Ignimbrites and other pyroclastic deposits such
as fallout and flow deposits, some associated
with vulcanian eruptions, are present within
the Halle Fm. (Breitkreuz et al. 2009).

• Within the city of Halle, a number of perma-
nent and temporary outcrops exposed products
of explosive volcanic centres such as the
Steinmühlen Vent Complex with diatreme

breccias and pyroclastic dykes (Fig. 2,
293 ± 3 Ma; Ehling and Bachmann 2006;
Breitkreuz et al. 2009).

• The Halle Intermediate Sill Complex (HISC),
scarcely outcropping, but intensively drilled,
has been discovered at the northern margin of
the HVC (Fig. 2; Kampe et al. 1965; Schulz
2010). Furthermore, a number of other dril-
lings detected intermediate sills and dykes in
the eastern HVC (Breitkreuz et al. 2009).
The HISC rocks are of trachybasaltic to trac-

hydacitic composition, and contain petrographic
features that are interpreted to indicate magma
mixing (Siegert 1967a; Romer et al. 2001). In
contrast, the HVC rhyolites have a very
homogenous, calc-alkaline, mildly peraluminous
low-SiO2 composition (71.2–72.2 wt% SiO2,
A/CNK = 1.04 – 1.21; Romer et al. 2001). Major
and trace element whole rock composition, and
Nd-, Pb-, Sr-isotope ratios in alkali feldspar
phenocrysts indicate the source for HVC magma
was an enriched mantle mixed with a large
crustal component. The trace element and isotope
systematics indicate that the HVC rocks were
affected by hydrothermal alteration (Romer et al.
2001), presumably during the early Mesozoic
(Brecht 1999; Jacobs and Breitkreuz 2003).

4 The Halle Intermediate
Subvolcanic Complex (HISC)

The HISC located in the north of the HVC
(Fig. 2) has been interpreted as a lava complex
by Kampe et al. (1965) and subdivided into four
units which allegedly evolved over a long time
during the deposition of the Wettin Member and
Halle Formation (Siegert 1967a, b). Subcrop
relations indicate that the HISC is a precursor of
the HVC rhyolitic laccoliths (Fig. 3). Using data
from 1,200 wells in a 58 km2 area at the northern
margin of the HVC (Fig. 2), we constrained the
3d geometry of the 3rd and 4th series of HISC
(Schulz 20102). The geological objects were

2 Unpublished diploma thesis by Nicole Schulz, co-author
of the present contribution (N. Pastrik)
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modeled and interpreted by the 3d-software
GOCAD which is based on Discrete Smooth
Interpolation (DSI) and uses nodes and control
points to define heterogeneous data. GOCAD
incorporates other numeric properties, not only
the geometry like other 3d-modeling software
(Mallet 2002). The Delauney-triangulation (min-
max-criterion) is used for minimizing the
roughness of the interpolation surface by the
optimization of the triangulated mesh.

A number of HISC bodies cross cut the KQK
at the base of the Halle Fm.; an observation that
resulted in a reinterpretation of the HISC as a
subvolcanic system of saucer-shaped sills
(Fig. 4). Figures 4b, c illustrate that the HISC
units, up to 290 m thick and up to 3.6 km long
with aspect ratios between 0.08 and 0.14, were
emplaced into the Wettin Member and the Halle
Formation on both sides of a NW-SE trending
horst structure marked by the KQK (Fig. 4c).
Complex interactions between tectonic, volcanic
activities and sedimentation affected magma
rising, sill emplacement and subsequently dis-
placements. Some units appear to be stacked one
upon the other (e.g. HISC units AN 3a and 4a;

Fig. 4c), possibly fed by common conduits. The
andesites are mainly fed by single-feeder systems
(e.g. HISC unit AN 4c, Fig. 4b) but also multi-
feeder dykes are identifiable (e.g. HISC unit AN
4a, Fig. 4b). The model reveals geometric rela-
tionships of the HISC with the KQK which
suggests that the then unconsolidated conglom-
eratic horizon facilitated initial sill emplacement
(Fig. 4a, c). Furthermore, from the modelled
cross-sections (e.g. Fig. 4c) we infer that the
KQK was displaced into today´s horst structure
before the HISC melts took place (Schulz 2010).

5 Geometry of the HVC Rhyolitic
Laccoliths

The HVC is dominated by ca. 300 km3 of rhy-
olitic laccoliths (Mock et al. 2005). This is a
minimum estimation, as it includes known units
and does not consider parts of laccoliths removed
by erosion. The larger rhyolitic HVC units are (i)
the coarsely porphyritic laccoliths, such as
Löbejün-, Giebichenstein-, Großer Dautzsch- and
Landsberg units, and (ii) the finely porphyritic

(a) (b)

Fig. 3 The NE margin of the Löbejün laccolith unit: a In
the contact zone of the intrusive-extrusive complex pepe-
ritisation and intense shearing took place; the photo shows
aligned fragments of porphyritic rhyolite in highly

deformed host sediments (drill core 426/57, for location
see Fig. 2); b SW-NE profile through the margin of the
rhyolite and its deformed and overturnedhost sediments and
HISC units (after Kampe et al. 1965; for location see Fig. 2)
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units like Wettin, Petersberg, Brachstedt and
Schwerz (Figs. 2 and 5; Breitkreuz et al. 2009).
The most intriguing aspect of the HVC are the
domains of deformed host sediments (Siebige-
rode Formation, Wettin Member and Halle For-
mation) separating the laccolithic units (Figs. 2
and 6). Integration of field observations, drill
hole data, and modelling of the magnetic field
intensity (Fig. 7; Lange 2000) were used to
constrain the distribution of the intervening sed-
iments and the thickness of the HVC laccolith
units (see also Schmiedel et al. online).

The Wettin laccolith unit has been eroded
down to about 50 m (Mock et al. 1999; Exner
and Schwab 2000). The Petersberg unit measures
about 380 m (Mock et al. 2003), and the
Brachstedt laccolith about 500 m. For the other
units such as Löbejün and Landsberg only min-
imum thickness estimates (>600 m) can be given
as the floor of these laccoliths has never been
penetrated by drilling (Breitkreuz et al. 2009).
Schmiedel et al. (online) calculated aspect ratios
between 0.04 and 0.07 for the HVC rhyolitic
laccoliths.
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Fig. 4 The Halle
Intermediate Sill Complex
(HISC) in the northern part
of the HVC (see Fig. 2 for
location); a birds eye’s
view of the 3d HISC model
(GOCAD) showing the top
plane of the KQK (red; see
text) and subvolcanic units
AN 3a and 4a–e, AN 3b
covered by KQK; b lateral
geometry of five HISC
bodies and the KQK
viewed from different
directions; the white areas
in the KQK plane mark
locations where the HISC
units pierced the KQK;
c profiles A–B and
C–D (see Fig. 4a for
location) generated from
the 3d model emphasizing
the cross cutting relation of
the HISC bodies with
respect to the horst
structured KQK (=base of
the Halle Fm.), showing the
nested units AN 3a and AN
4a, the conical feeding
structure of AN 4d and the
implications of the Löbejün
fault for the sill
emplacement on the
western margin of KQK
(from Schulz 2010), note
the vertical exaggerations
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The Löbejün and the Landsberg units display
features indicative of intrusive-extrusive com-
plexes. Intrusive-extrusive complexes receive
high volumes of viscous magma sufficient to lift
up the overburden and pierce the sedimentary
cover (Stark 1912; Lorenz and Haneke 2004).

Coal exploration drilling at the north eastern
margin of the Löbejün complex revealed vertical
to overturned contact zones of the coarsely por-
phyritic magmatic body with the host succession
(Fig. 3; Kampe et al. 1965; Mock et al. 2005).
Piercing is also inferred from the fact that

Fig. 5 Photographs of
polished rock slabs and thin
sections of HVC rhyolites;
a finely porphyritic
Petersberg unit; b coarsely
porphyritic Löbejün unit;
c Petersberg unit, x nicols;
d Löbejün unit, x nicols
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different units of the overburden (Siebigerode
Formation, Wettin Member, Halle Formation,
and intercalated HISC units) are in direct contact
with the magmatic body, in places displaying
intensive shearing and peperites (Fig. 3). Finally,

four isolated pockets of Siebigerode Fm. have
been detected by drilling in the top region of the
Löbejün subvolcanic body (Figs. 2 and 6). These
pockets are interpreted as remnants of the upper
host sediments of the initial sill intrusion. Similar
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Fig. 6 Schematic WNW-ESE profile through the major
HVC laccolith units; topography and post-emplacement
tectonic displacement not depicted; for location see

Fig. 2; note strong vertical exaggeration (Schmiedel et al.
online)

Fig. 7 Euler de-convolution of the pole-reduced mag-
netic field of the HVC area (from Lange 2000); the
coloured dots display only a relative depth trend; the
violet lines mark the geological HVC borders according

to Knoth et al. (1998); The model indicates the position of
the host sediments separating HVC laccolith units (com-
pare to Fig. 2)
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pockets of host sediments have been mapped in
the summit area of the Late Paleozoic Donners-
berg intrusive-extrusive complex in the Saar-
Nahe basin in western Germany (Fig. 1; Lorenz
and Haneke 2004). Therefore we infer that the
Löbejün intrusive-extrusive complex represents a
Donnersberg-type laccolith (Breitkreuz and
Mock 2004), where several rhyolitic units were
initially emplaced at a common level in the
Siebigerode Fm.

For the Landsberg unit, evidence of an
extrusive late phase comes from the presence of
monomict mass flow deposits exposed in the
Halle Fm. in the lower part of drilling WISBAW
1424/80 (Fig. 2). These sedimentary breccias
comprise exclusively clasts of Landsberg por-
phyritic rhyolite, and are interpreted as gravita-
tive mass flow deposits originating from the
upper extrusive part of the Landsberg laccolith.

6 Internal Textures of the HVC
Laccoliths

The HVC rhyolitic laccoliths are highly por-
phyritic with phenocrysts of alkali feldspar, pla-
gioclase, and quartz (and minor amounts of
biotite) in a finely crystalline groundmass (65 to
90 %, Figs. 5 and 8; Mock et al. 2005). Except
for some domains of black rhyolites in the
Schwerz laccolith unit (Fig. 2) which contains
magnetite in the groundmass (Krauß 2003), the

rhyolites are typically reddish to pink in color
due to fine-grained hematite in the groundmass
and in the alkali feldspar phenocrysts. The most
noticeable difference between the coarse and
fine-grained HVC units is the size of alkali
feldspar that ranges from less than 10 to almost
40 mm (Figs. 5 and 8). Crystal size distribution
analysis (CSD) suggests that the size of felsic
phenocrysts in HVC rhyolites did not change
significantly after emplacement (Mock et al.
2003, 2005). Instead, it must have been attained
during magma ascent and temporal storage in
magma chambers below the Saale basin at mid-
crustal level (Breitkreuz and Mock 2004).

A major difference between subvolcanic rhy-
olites (sills and laccoliths) and subaerial lava is
the dominance of carapace facies over core
facies, the latter being characterized by breccia-
tion, vesiculation, and the formation of spheru-
lites and lithophysae (Manley and Fink 1987;
Paulick and Breitkreuz 2005; Breitkreuz 2013).
With the HVC subvolcanic rhyolites, the cara-
pace facies is restricted to dm-wide marginal
domains with spherulitic and perlitic groundmass
and sheared phenocrysts (Mock et al. 2005;
Schmiedel et al. online). Drilling Brachwitz 2/62
revealed larger brecciated domains at the south
western margin of the Wettin laccolith unit
(Fig. 8 in Mock et al. 2005). The rest of the HVC
laccolith units display core facies with a
homogenous finely crystalline groundmass
(Fig. 5c, d).

Fig. 8 Maximum particle size (MPS) of alkali feldspar phenocrysts versus area % of groundmass of HVC rhyolites
(Mock et al. 2005)
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Only the finely porphyritic units show flow
foliation and scarce irregular-shaped vesicles
(Mock et al. 2005). Mock et al. (1999) reported
brecciation planes associated with the flow foli-
ation from the Wettin laccolith unit. Flow folia-
tion is marked by a variation in phenocryst
concentration and size, the presence of brecciated
lenses, and scarce vesicles aligned along flow
planes. Distance between foliation planes is
20–40 cm. In the Wettin laccolith unit, the flow
foliation resembles a bowl-shaped architecture,
with the planes dipping towards the centre of the
laccolith body with dip angles between 8°–80°
(Mock et al. 2005). The bowl-shaped flow
geometry is consistent with the assumption of
advanced erosion removing the upper portions of
the Wettin laccolith such that only the lower third
remains. In contrast, the flow foliation architec-
ture in the Petersberg laccolith unit resembles a
complex cupola shape with dip angles of
18°–83° away from the centre of the magmatic
body. This and the occurrence of carapace facies
in the summit area of the Petersberg hill suggest
that the today’s erosional level exposes the upper
third of that unit (Mock et al. 1999, 2005).

7 Emplacement of HVC
Laccoliths: Textures andModels

Different models have been proposed for the
horizontal and vertical growth of silica-rich
subvolcanic systems. Inflation by periodic or
continuous magma intrusions into the central part
of the growing laccolith is the traditional model
(“ballooning”; e.g., Schwab 1959; Corry 1988;
Lorenz and Haneke 2004). Successive emplace-
ment of magma sheets at the top of the growing
subvolcanic body is the other, more current
concept (Horsman et al. 2009). As will be dis-
cussed below, in the HVC laccolith complex we
find indications for both models.

With some local exceptions, such as the
Wettin (Mock et al. 1999) and the Schwerz lac-
colith complex (Krauß 2003), outcrops and drill
cores of the HVC typically do not show promi-
nent liquid-solid contacts within a given laccolith

unit. From this, a batch-wise or continuous
laccolith growth can be inferred, where the fol-
lowing magma batch was emplaced before the
previous batch solidified (Horsman et al. 2009).

In R-value versus matrix % plots, the spatial
distribution patterns (SDP) can be differentiated
for ordered versus clustered distribution of
phenocrysts (Jerram et al. 1996). This plot also
allows for a distinction between touching and
non-touching phenocryst frameworks. Mock
et al. (2003) explored the SDP for six samples
from a 300 m well through the Petersberg lacco-
lith, revealing a non-touching framework (see
also Mock and Jerram 2005) and a clustering to
ordered distribution of felsic phenocrysts. R-value
versus sample depth (from drill cores) plots have
been applied for the Petersberg-, Löbejün- and
Landsberg laccolith units to estimate the thick-
ness of emplacing sheets in the growing laccolith
(Mock et al. 2005). The data suggest sheet
thickness in the order of 100 and up to 200 m.

In some areas of HVC, well spacing density
allows for a more detailed geometric modelling
of the laccolith margins. “Fingering” of rhyolite
melt (Hutton 2009) into the sedimentary host has
been documented for the Wettin laccolith unit
(Fig. 8 in Mock et al. 2005), and for the western
margin of the Petersberg laccolith unit (Schmi-
edel et al. online). Drill core data, from a dense
cluster of uranium exploration wells, allowed the
spectacularly complex margin of the Landsberg
laccolith unit to be constrained by GOCAD
geometric modelling (Schmiedel et al. online).
Based on these results, the Landsberg laccolith
is interpreted to have formed from melt sheets
100–300 m thickness. At its north western mar-
gin, the melt batches tilted, engulfed, and
deformed rafts, up to 1,400 m in diameter, of the
host Wettin Member and Halle Formation,
(Fig. 9). A few xenoliths of sedimentary and
crystalline rocks up to several meters in diameter
have also been described from other HVC lac-
coliths (Koch 1981; Mock et al. 2005).

Similar deformed sedimentary domains sur-
rounded by subvolcanic sheets, however on
much smaller scale, have been described from
the margin of the Trachyte Mesa laccolith in the
Henry Mountains, Utah (Morgan et al. 2008;
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Horsman et al. 2009). Textural and AMS anal-
ysis in the Trachyte Mesa, Maiden Creek and
Black Mesa intrusions in the Henry Mountains
of Utah (USA) revealed that a series of sub-
horizontally stacked dacitic magma sheets were
emplaced at 3–4 km depth into consolidated
sediments resulting in horizontal and vertical
growth of the subvolcanic bodies (Horsman et al.
2005, 2009; Morgan et al. 2008). Individual
sheets measure between 1 and 20 m thick. We
speculate that the greater thickness of HVC
sheets is probably related to a higher viscosity of
the porphyritic rhyolites and to a shallower depth
of intrusion (<1,000 m).

Estimating an original thickness of about
1,000 m for the Löbejün and Landsberg laccolith
units may have formed by emplacement of
5–6 successive batches of magma. Assuming a
cooling time of about 300 years per batch—
inferred from calculations carried out by Mock
et al. (2005)—emplacement of the c. 65 km3

Löbejün and Landsberg units would have lasted
less than 2,000 years. This corresponds to
magma ascent rates of 0.01–0.1 km3 a−1, which
are typical values for magmatic bodies of this
size (de Saint-Blanquat et al. 2011).

In summary, HVC evolution lasted about
9 Ma (Breitkreuz et al. 2009), punctuated by the
short-lived formation (<2,000 years each) of
coarsely and finely porphyritic laccoliths some of
which grew up to 65 km3 (Löbejün and Lands-
berg units). Explosive and effusive volcanic
eruptions occurred late in the HVC evolution. As
emphasized by Romer et al. (2001), throughout
the HVC evolution the rhyolitic rocks are of
remarkably homogenous composition, implying
the longstanding existence of a large mid-crustal
magma chamber which had been tapped repeat-
edly during active phases of HVC construction
(Breitkreuz and Mock 2004). In this Halle-type
laccolith complex, highly porphyritic units em-
placed initially at deeper levels of the Saale basin
fill, compared to less porphyritic units such as
Wettin, Petersberg- and Brachstedt. During
ascent and emplacement, the highly porphyritic
Löbejün and Landsberg melts presumably were
characterized by density 17–20 kg/m3 higher
than the finely and less porphyritic melts (Mock
et al. 2005). High density together with high
viscosity, the latter inferred from the high phe-
nocryst content and thus higher supercooling,
presumably led to a deeper level of initial
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Fig. 9 GOCAD modelled cross section through the
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Halle Formation, yellow Cenozoic cover, dip angles
bedding relative to drill axis; (Schmiedel et al. under
review)
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emplacement, and to a stronger vertical inflation
of the Landsberg and Löbejün units (Mock and
Breitkreuz 2006).
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Rise and Fall of a Multi-sheet Intrusive
Complex, Elba Island, Italy
D.S. Westerman, S. Rocchi, A. Dini, F. Farina, and E. Roni

Abstract

Elba Island intrusive complex: multisheet laccoliths, sheeted pluton, mafic
dyke swarm. Laccolith magma fed from dykes and emplaced in crustal
discontinuities (traps). Pluton growth by downward stacking of three
magma pulses. Laccoliths and plutons: different outcomes of similar
processes in different conditions. Emplacement of excess magma in a
short time led to massive gravity slide.

1 Introduction

Elba Island is the site of a prime example of a very
young intrusive complex including multiple mul-
tisheet laccoliths, a sheeted pluton and an extensive
dyke swarm, all emplaced at the same location in
about 1.5 Ma. Elba Island is located at the northern
end of the Tyrrhenian Sea, a region affected by

extensional processes leading to the opening of
an ensialic back-arc basin behind the eastward
progressing compressive front of the Apennine
mobile belt (Malinverno and Ryan 1986).

The structural framework of Elba Island
(Fig. 1) developed during the Apenninic com-
pressional event before 20 Ma, which led to the
stacking of five major tectonic complexes on
east-verging thrusts. The three lowest complexes
(I–III) have continental features consisting of
metamorphic basement and shallow-water clastic
and carbonate rocks, while the upper two com-
plexes (IV–V) have oceanic characteristics:
Complex IV consists of Jurassic oceanic litho-
sphere of the western Tethys Ocean (peridotite,
gabbro, pillow basalt and ophiolite sedimentary
breccia) and its late Jurassic—middle Cretaceous
sedimentary cover (chert, limestone, and argillite
interbedded with siliceous limestone); Complex
V consists mostly of a late Cretaceous silici-
clastic turbidite sequence (Pertusati et al. 1993).
This stacking of tectonic complexes on top of the
Apennine fold-and-thrust belt is characterized by
a large number of physical discontinuities such
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as thrust contacts between tectonic complexes
and bedding planes within the turbidite sequence
of Complex V.

After 20 Ma, compression continued, but the
stalled subduction transformed to an eastward-
migrating slab rollback and lithospheric delami-
nation of the Adriatic plate (Serri et al. 1993).
Asthenosphere rose against the base of the mid-
dle-upper crust, became partially molten by
decompression, and generated uplift and exten-
sion of the crust, heat transfer, and ultimately
anatectic melting of crustal materials. In turn,
extensional tectonics produced low- and high-
angle normal faults, adding physical discontinu-
ities to the stacked Tuscan tectonic complexes.

In this framework, magmas were generated in
the crust and in the mantle, leading to the variety
of intrusive and extrusive products of the Tuscan
Magmatic Province exposed across an area of
about 30,000 km2 of southern Tuscany and the
northern Tyrrhenian Sea. This igneous activity
migrated from west (14 Ma) to east (0.2 Ma)
(Serri et al. 1993).

Igneous activity in western-central Elba Island
(Tuscany) led to the emplacement of several
magma bodies over a time span of about 1.5 Ma

during the Late Miocene, with the relative chro-
nology of all units firmly established on the basis
of consistent crosscutting relations. The igneous
sequence can be subdivided into three main
events: (1) the construction of three multilayer
laccoliths, first by the emplacement of the layers
of Capo Bianco aplite, followed in succession by
the layers of the Portoferraio laccolith and finally,
the San Martino laccolith (Rocchi et al. 2002);
(2) intrusion and/or deformation of the deepest
laccolith layers by the Monte Capanne pluton and
its associated late leucocratic dykes and veins
(Farina et al. 2010); (3) emplacement of the mafic
Orano dyke swarm, cutting through the entire
succession (Dini et al. 2008). Absolute ages,
noted subsequently, are consistent with the rela-
tive chronology constrained by field relations.

Shortly after the intrusive sequence was
assembled, the upper part of the igneous-sedi-
mentary system was tectonically translated east-
ward along the low-angle Central Elba Fault
(Fig. 1). Following this eastward translation, a
“west side up” movement occurred along the
high-angle Eastern Border Fault (Fig. 1) with a
throw of 2–3 km so that the lower part of the
sequence is presently exposed in western Elba at

Fig. 1 Simplified geological map of western and central Elba Island. In the inset, the hatched line represents the
present front of the Apennine-Maghrebide and Alpine chains
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the same level as the upper part in central Elba
(Westerman et al. 2004). This process, coupled
with nearly 100 % coastal exposure on the island,
led to the serendipitous exposure of a 5-km-thick
crustal section including nine intrusive layers of
late Miocene age that built up three multilayer
Christmas-tree laccoliths.

2 The Intrusive Sheets
(Multilayer Laccoliths)

2.1 Christmas Tree Geometry
of the Laccolith Complex

Magmatism in Elba was initiated with emplace-
ment at c. 8.5 Ma of the Capo Bianco aplite, a
bony white rock, so unique that it is also reported
in ancient Greek myths (Dini et al. 2007). This
unit is found in two layers, within tectonic Com-
plexes IV and V (Fig. 1): the lower layer is pre-
served as caps on ridges with a minimum
thickness of 50 m, while the upper horizon crops
out along the north coast of central Elba with a
minimum thickness of 120 m. Mineralogy
includes microphenocrysts of sanidine, plagio-
clase and muscovite, with significant amounts of
tourmaline occurring as dark blue orbicules (Dini
et al. 2007). Intrusive contacts are very rare for the
Capo Bianco aplite, seen only locally against
flysch of Complex V. Elsewhere, the stratigraphic

and tectonic thrust surfaces along which Capo
Bianco magma intruded also served as the loci
for magma injection during the next episode of
magmatism. This resulted in the remaining
Capo Bianco aplite material being entirely
encased in younger laccolith horizons. Calcu-
lated minimum volume for the Capo Bianco
system is 0.63 km3, and can be thought of as the
crust “breaking a sweat” of anatectic melt gen-
erated by muscovite dehydration melting, set-
ting the stage for arrival of a much larger
volume of magma derived by a higher degree
(muscovite and biotite involved), and much
greater amount, of melting in the source area
(Dini et al. 2002).

This second episode of magmatism led to the
emplacement, at c. 8 Ma, of the Portoferraio
porphyry at the same magmatic center, ultimately
occupying four major horizons with two thin
sheets (75 m) and one thick sheet (700 m) in
Complex IV, and another thick sheet (400 m) in
the flysch sequence of Complex V (Figs. 2 and
4). These porphyries are characterized by sani-
dine phenocrysts typically averaging 1–2 cm
(Fig. 3a). Quartz and biotite phenocrysts are
ubiquitous, all set in a very fine-grained matrix
predominantly made of quartz and K-feldspar.

The third and final episode of laccolith
emplacement occurred following a delay in
magmatic activity of approximately 0.6 Ma. It
was marked by the arrival of the very distinctive

Fig. 2 Geological map of the western-central Elba laccolith layers draped over a digital elevation model. View from
the south. Scale varies in perspective view
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Fig. 3 a Portoferraio porphyry, with sanidine phenocrysts
up to 2 cm long; hammer for scale. b Foliated Portoferraio
porphyry, 1.5 km NW of Marciana; the foliation is N52W,
55N (parallel to the local contact with the Monte Capanne
pluton) with stretching lineation 50, N5E, pointing out a
genetic link between pluton emplacement and deforma-
tion; width of the field of view: 15 cm. c San Martino
porphyry, eastern side of Marina di Campo Bay, showing
abundant aligned sanidine megacrysts in relief (width of
field of view: 1.6 m). dMegacryst-rich Sant’Andrea facies
of the Monte Capanne pluton, Sant’Andrea shore; note the
euhedral shapes of megacrysts (as opposed to those in the

San Piero facies) and the coarse-grained matrix (as
opposed to the San Martino porphyry); notebook for scale
is 20 cm-long. e Megacryst- and mafic microgranular
enclave-rich Sant’Andrea facies, Sant’Andrea shore.
f Megacryst-poor San Piero facies of the Monte Capanne
pluton, abandoned quarry close to Seccheto; hammer for
scale. g Typical Orano dyke within Monte Capanne
granite, close to Chiessi; hammer for scale. h Orano dyke
(left) in contact with Monte Capanne granite (right); note
the dyke contains xenocrysts of quartz with ocellar texture
and of K-feldspars with rounded shape; coin for scale
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San Martino porphyry characterized by promi-
nent euhedral decimetric megacrysts of sanidine
(Fig. 3c). These megacrysts are accompanied by
remarkable amounts of quartz, plagioclase and
biotite phenocrysts, all suspended in a very fine-
grained isotropic groundmass of quartz and
feldspars, with mafic microgranular enclaves
generally present as well (Dini et al. 2002). With
the exception of a principal feeder dyke located
in western Elba (Fig. 1), the three main horizons
of the San Martino laccolith are currently located
in central Elba where they were translated by the
tectonic-gravitational decapitation of the com-
plex (Figs. 2 and 4). Two lower horizons (100–
200 m thick) occur beneath the main 700-m thick
sheet that has a reconstructed diameter of nearly
10 km (Fig. 5) (Rocchi et al. 2002); the
emplacement sequence for these three sheets is
unresolved.

2.2 Magma Flow in the Laccolith

One aspect of the study of laccoliths involves
developing insight to processes of magmatic flow
associated with the feeding and filling of such
bodies. The San Martino laccolith system (Fig. 5)
lends itself very well to this type of work owing
to the ubiquitous presence of euhedral sanidine
megacrysts, and platy biotite phenocrysts, which
can reveal the occurrence of a fabric via attitude
measurements or via AMS analysis (anisotropy
of the magnetic susceptibility), respectively. A
combined analysis of megacryst orientations and
AMS fabric (Roni et al. 2014) demonstrated a
strong correlation between orientations of
megacrysts and magnetic fabric, strengthening
the use of AMS as a magma strain indicator. It

further suggests that: (i) together the lack of post-
emplacement tectonic deformation, as well as the
fast cooling of the shallow igneous system, the
quick emplacement, and the high magma vis-
cosity, permit direct correlation between strain in
the rock and magma flow, (ii) a central dyke with
sub-vertical flow fed the main laccolith horizons,
(iii) magma spreading laterally from the feeding
system built the laccolith layers as single prop-
agating and inflating pulses, in which the planar
surfaces of particles became aligned perpendic-
ular to the magma displacement direction (Fig. 6)
in an inferred divergent flow field (Paterson et al.
1998), and (iv) the absence of internal disconti-
nuities agrees with the hypothesis of continuous
feeding of the magma injected as a single pulse
or a series of pulses that quickly coalesced,
confirming rapid emplacement of the body.

2.3 Laccolith Growth

Excellent exposure and significant 3-D relief has
allowed detailed mapping leading to reconstruc-
tion of the geometries of nested multi-layered
laccoliths on Elba, with each lithologically rec-
ognizable laccolith consisting of a set of individ-
ual sheets with measured thicknesses and
diameters (Rocchi et al. 2002). The dimensional
parameters of these intrusive layers fit a power-
law distribution (Fig. 7) indicating that, after a
likely first stage of horizontal expansion, the lay-
ers underwent a second stage of dominantly ver-
tical inflation (Rocchi et al. 2002). It is worth
noting that, once the layers of the Portoferraio and
San Martino laccolithic layers are virtually
merged as two single intrusive bodies and plotted
again in the length versus thickness diagram, they

Fig. 4 Geological cross-sections of the western-central Elba laccolith units
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plot on the fit lines proposed for plutons (Cruden
and McCaffrey 2002) (Fig. 7). This evidence
shows that, if the laccolith sheets had coalesced,
they would have ended up as two plutons having
aspect ratios compatible with both (i) the power-
law fit curves for plutons worldwide (McCaffrey
and Petford 1997; Cruden and McCaffrey 2001)
and (ii) the S-type fit curve proposed for all
intrusive bodies (Cruden and McCaffrey 2002).
Taken together, the laccoliths from Elba can be
seen as sheet-like intrusions that did not coalesce
to form single laccoliths or plutons.

2.4 Laccolith Emplacement

The observation that the laccolith failed to coa-
lesce to form a composite pluton but emplaced as
separate sheets in a Christmas tree geometry
raises questions regarding the mechanisms gov-
erning the emplacement of shallow level granitic
intrusions. Each magma batch created its own

room by lifting the rock overburden, indicating
that the magma driving pressure was greater than
the vertical stress (Hogan et al. 1998; Kerr and
Pollard 1998). These conditions provide evi-
dence that crustal magma traps arrested the ver-
tical ascent of Elba magmas (Hogan and Gilbert
1995; Hogan et al. 1998). A significant control
on the ascent of Elba magma by magma driving
pressure is supported by the aspect ratios of all
the Elba intrusions (i.e. their overall tabular
shapes), coupled with the occurrence of vertical
dykes below the subhorizontal sheets, indicating
that magma ascent at Elba occurred through
feeder dykes that likely remained connected to
the magma reservoir (Brown and Solar 1998;
Dehls et al. 1998; Hogan et al. 1998). The
magma driving pressure is

Pd ¼ Ph þ P0� Pvis� Sh

(Reches and Fink 1988; Baer and Reches 1991;
Hogan and Gilbert 1995; Hogan et al. 1998),

Fig. 5 Schematic representation of the San Martino multilayer laccolith, superimposed on a field photo of the laccolith
layers cropping out on the south-facing cliffs east of Marina di Campo Bay (width of photo is *1 km)
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where Ph is the hydrostatic pressure, P0 is the
magma chamber overpressure, Pvis is the viscous
pressure drop, and Sh is the horizontal stress, i.e.
perpendicular to the ascending dyke walls. In the
case of the Elba magmas, the magma chamber
overpressure can be considered negligible due to
the low volatile contents, and the viscous pressure
drop is of little influence when values of
0.5MPa km−1 are adopted (Baer andReches 1991;
Hogan et al. 1998). The hydrostatic pressure,

defined as the difference between the lithostatic
pressure at the top of the magma reservoir (i.e. at
the source depth) and the pressure at the tip of the
column of magma as it rises through the crust
(Hogan and Gilbert 1995) can be calculated at any
depth based on the knowledge of the depth of the
magma source, the integrated density of the crust
overlying the magma source, and the integrated
density of the rising magma (Rocchi et al. 2010).
The horizontal stress is the sum of the lithostatic

Fig. 6 Magmatic flow
pattern in the San Martino
laccolith based on poles of
restored magmatic and
magnetic foliations
projected on the current
map pattern. Dashed blue
line trending E-W marks
separation of N and S
halves of the main laccolith
layer, with the west end
representing the
approximate eastern
terminus of the Marciana
feeder dyke system. The
upper-left inset depicts the
relationships between
magma flow (red arrows)
and the orientation of the
platy K-feldspar and biotite
crystals (Roni et al. 2014)
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load and the tectonic stress, which is a function of
the regional state of crustal stress. In late Miocene
time, the upper crust at Elba was in a tensional
stress regime, and all the intrusionswere emplaced
within the two uppermost Apennine tectonic units,
i.e. in the brittle crust (Rocchi et al. 2010).

All the Elba magma batches project a positive
driving pressure value at the surface, thus having
the potential to erupt (Fig. 8), yet, to our
knowledge, none of them did so. The only
known volcaniclastic material in the late Mio-
cene sediments in mainland Tuscany has an
isotopic age (7.4 Ma) comparable to that of the
San Martino laccolith, yet its mineral and
chemical features correlate this material to the
volcanic activity of Capraia Island (Rocchi et al.
2010). The two main laccolith units were em-
placed at depths shallower than where the
ascending magma driving pressure first exceeded
the vertical stress. The Portoferraio laccolith
layers were emplaced on a set of available

physical discontinuities in a depth zone only
slightly shallower than that point, that is the
magma switched from vertical to horizontal
movement as soon as the magma left behind the
densest host rock unit (the ophiolite sequence)
and acquired the ability to lift the overburden
(i.e. driving pressure exceeds vertical stress;
Fig. 8a). Furthermore, a prominent physical dis-
continuity occurred at that depth, namely the
thrust surface between tectonic complexes IV
and V. The San Martino magma layers were
emplaced in a zone some 1,000 m above the
Portoferraio laccolith layers, in that the younger
magma was able to ascend higher than the pre-
vious batch. It switched from vertical to hori-
zontal propagation and had the ability to lift the
overburden when it met a set of crustal magma
traps (Fig. 8b), i.e. the physical discontinuities
within the turbidite sequence (competence con-
trast between sandstone and shaly layers, plus
internal thrusts).

Fig. 7 Log-log plot of T versus L (T = thickness;
L = diameter of sheets). The general power-law equation
describing the relationships between L and T has the form
L = kTa (where k is a constant and a is the slope of a
regression line in a log-log plot. Dimensional data for
laccoliths from (Rocchi et al. 2002) and for Monte
Capanne pluton sheets from (Farina et al. 2010). Fit lines
for plutons and laccoliths from McCaffrey and Petford
(1997) and Cruden and McCaffrey (2001); bold violet

S-type fit line for all intrusive bodies from Cruden and
McCaffrey (2002). The grey balls represent the L-T
values for virtually amalgamated laccoliths and the
naturally amalgamated pluton: laccolith values calculated
from total thickness and average diameter; pluton value
from all sheets naturally amalgamated as a result of the
intrusion process. The number inside each grey ball
indicates the intrusion volume (in km3)
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3 The Sheeted Intrusion (Pluton)

3.1 Internal Structure of the Monte
Capanne Pluton

Western Elba is dominated by the Monte Cap-
anne pluton with its nearly circular map pattern
and impressive relief as it rises 1 km out of the
sea. Formal study of the geology of Elba has
gone on for more than two centuries, fueling
controversy on both absolute and relative ages of
the porphyries and the granite pluton (Dini et al.
2009). Despite the absence of mappable internal
contacts, the Monte Capanne pluton is now rec-
ognized as consisting of three distinct facies
(Fig. 3d, f) emplaced at approximately 6.9 Ma
(Dini et al. 2002). Common characteristics of the
three facies include a monzogranitic composition
with variable proportions of plagioclase, K-feld-
spar (commonly as large megacrysts), quartz, and
biotite, and the occurrence of mafic microgran-
ular enclaves, displaying strongly variable size
and composition (Dini et al. 2002; Farina et al.
2010). Detailed mapping, along with petro-
graphic and geochemical analyses (Farina et al.
2010) indicate that these three facies represent
three subhorizontal sheets sequentially emplaced

by underplating as discrete magma batches
(Fig. 9). Radiometric dating has not yet sub-
stantiated the emplacement sequence, and argu-
ments rely primarily on (i) the absence of feeding
structures to the uppermost, highly distinctive
Sant’Andrea facies, despite excellent field expo-
sures (Farina et al. 2010), and (ii) emplacement
of increasingly more mafic facies (from San-
t’Andrea to San Piero facies) following the
overall temporal trend of progressive increase of
mantle contribution to the magmas as reported
for all of western-central Elba magmatism (Dini
et al. 2002). The total thickness of the pluton has
been estimated at *2.5 km using magnetic data
(Dini et al. 2008). Rocks of the Sant’Andrea
facies are preserved along the pluton margin and
at high elevations, and are characterized by the
highest SiO2 content, highest biotite Mg#, high-
est K-feldspar megacryst content (area % is
3.37 ± 0.56 (1σ), corresponding to *57 mega-
crysts/m2), and highest mafic microgranular
enclave content. The facies exposed at the
deepest levels is the San Piero facies, which has
opposing characteristics (area % is 0.26 ± 0.21
(1σ); *4 megacrysts/m2), while rocks of the San
Francesco facies are intermediate both in char-
acter and in spatial distribution (Fig. 9). The
process of stepwise emplacement of the pluton

Fig. 8 Variations in magma driving pressure
(Pd = Ph + P0 – Pvis – Sh; see text), magma pressure
(Pm = Ph + P0 – Pvis – Sv) and vertical stress (Sv = ρgh,
where ρ = integrated crustal density, g = gravity accel-
eration, h = depth) as a function of depth for a Portoferraio
laccolith magma, b San Martino laccolith magma, and
c the Sant’Andrea sheet magma, the first magma batch of

the Monte Capanne pluton; magenta dashed line corre-
sponds to increased magma driving pressure resulting
from a 40 % horizontal stress reduction. Each curve is
constructed according to Hogan and Gilbert (1995) and
Hogan et al. (1998) using published crustal density
profiles for Elba (Rocchi et al. 2010)
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deformed the surrounding host rocks while
metamorphosing them, resulting in flattening of
its thermal aureole with mylonitization of the
deepest porphyry layers of the Portoferraio lac-
colith (Fig. 3b).

3.2 Sheet Growth and Pluton Build-
Up

The reconstructed original dimensional parame-
ters of the three intrusive sheets making up the
Monte Capanne pluton (Farina et al. 2010) dis-
play a power-law correlation that, in analogy
with the laccolith layers, can be interpreted as
indicative of a similar vertical inflation stage in
the sheet growth history (Fig. 7), such that both
the multilayer laccoliths and the sheeted pluton
formed in a “laccolithic” way.

When the dimensional parameters of the Monte
Capanne pluton as a whole (i.e. the result of the
amalgamation of three sheets in a single intrusive
body) are plotted in the length-thickness diagram,
they fit those predicted for plutons worldwide
(McCaffrey and Petford 1997; Cruden and
McCaffrey 2001, 2002). In summary, the magma
batches forming the pluton did amalgamate in a

single, composite intrusive body, while the
amalgamation was not possible for the laccolith
sheets since they were emplaced on multiple
surfaces separated by intercalating host rocks and
“frozen” in their vertical inflation stage (Rocchi
et al. 2010).

3.3 Magma Sheet Emplacement

The sequence of events that led to formation of
an amalgamated pluton such as the Monte Cap-
anne pluton, rather than a set of discrete sheets
such as Portoferraio and San Martino laccoliths,
has significant implications for our understanding
of magma emplacement mechanisms in the upper
crust (Rocchi et al. 2010).

The first magma batch of the Monte Capanne
pluton (Sant’Andrea sheet) was emplaced deeper
than the laccoliths, at about 6 km, but its petro-
chemical features do not differ enough from
those of the San Martino magma to explain such
a difference in emplacement level. Therefore,
there is no straightforward explanation why the
*8 Ma and the *7.4 Ma magma batches were
emplaced at depths of less than 3 km as separated
intrusive sheets with aphanitic groundmass,

Fig. 9 Geological map area% of K-feldspar megacrysts,
translated to intrusive facies of the Monte Capanne
pluton, draped over a digital elevation model. Data for

map construction after Farina et al. (2010). View from the
south. Scale varies in perspective view
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whereas the three *7 Ma magma batches did, in
fact, coalesce at a deeper level to form a single,
coarse-grained intrusive body. A plausible
explanation is linked to the combined occurrence
of (i) magma source deepening as a direct con-
sequence of the addition of*2.4 km of porphyry
to the uppermost crust, and (ii) increase of the
magma supply rate, as suggested by the abundant
mafic microgranular enclaves of metric size in
the Sant’Andrea magma batch (Westerman et al.
2003). The inferred increase in rate of supply and
resulting dilational stress gave way to a transient
reduction of the horizontal stress (Hogan and
Gilbert 1995), possibly supplemented by ongo-
ing slab roll-back. In this context, a stress
reduction of about 40 % is enough to cause an
increase in magma driving pressure (Fig. 8c,
magenta dashed line) sufficient to overcome the
vertical stress at a depth corresponding to the
emplacement depth of the Sant’Andrea magma
pulse (Rocchi et al. 2010). This batch of magma
thus emplaced as a rather thin (250 m) sheet,
very rich in K-feldspar megacrysts, large quartz
phenocrysts and large mafic microgranular
enclaves. The following San Francesco magma
batch was emplaced below the Sant’Andrea
sheet, with the cryptic nature of the contact
between the two facies suggesting that the sec-
ond one was emplaced at the base of a mushy
tabular body (Saint-Blanquat et al. 2006; Farina
et al. 2010). Such mushy bodies are natural traps
for ascending batches of magma (Brown 2007)
because they generate a rigidity anisotropy that
triggers horizontal expansion of subsequent
magma batches (Menand 2008) and growth of
the intrusion by under-accretion. A similar his-
tory was repeated on the arrival of the third (San
Piero) magma batch that was emplaced at the
base of the San Francesco sheet.

The remarkable increase in matrix grain size
from laccoliths to pluton is a consequence of the
more extended crystallization history of the plu-
ton’s magma batches. This is, in turn, linked to
the greater depth of the pluton’s magma trap in
two ways: (i) the higher temperature of the crust
at the depth of pluton emplacement results in a
slower crystallization, and (ii) the slightly higher

depth of emplacement, at such low pressures
(<200 MPa), may result in significant increase in
water solubility, depression of solidus tempera-
ture, and more extended crystallization tempera-
ture range, all leading to a coarser-grained matrix
(Hogan et al. 2000). This extended crystallization
can also help explain the cryptic nature of the
contacts between facies of the pluton. Taken
together, all three pulses of magma were
assembled in a downward stack by exploiting
traps of their own making, thus building a
“successful” pluton. This is contrasted with the
slightly older multisheet laccoliths located above
(Fig. 7), which exploited pre-existing structural
traps and, therefore, could be seen as “failed”
plutons. Additionally, progressive warming of
the crust during magma emplacement throughout
growth of the entire igneous complex is also
suggested by the increasing evidence of mafic
magma intruding the crust, as seen from the
growing amount of mafic enclaves through time,
and the emplacement of the late mafic Orano
magma (Dini et al. 2002).

3.4 Plutons Versus Laccoliths

The shape, emplacement and assembly history of
the Monte Capanne intrusion raises questions as
to which category of intrusive bodies it belongs.
For its medium- to coarse-grained texture and
emplacement depth, Monte Capanne has been
classically regarded as a pluton. Nevertheless, it
could also be regarded as a sheeted laccolith that
was emplaced deeper than the normal depth limit
of about 3 km, and slightly exceeded the ca. 2 km
limiting thickness owing to the rapid removal of
the roof by tectonic-gravitational collapse.
However, more important than its classification
is the understanding that at Elba Island, similar
magma batches in similar settings resulted in
intrusive bodies that significantly differ in their
shape, texture and emplacement depth.

As a take-home lesson, in an upper crust
characterized by abundant magma traps, the failed
(laccolith) or successful (pluton) assembly of
magma batches can thus be linked to different
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outcomes of the same geological process operat-
ing under different transient conditions. The
transition from a laccolithic to a plutonic intrusive
shape having a higher thickness-to-diameter ratio
can be governed by a combination of factors such
as variations in rates of magma supply and hori-
zontal extensional tectonic stress, as well as
downwardmigration of both the source region and
the magma traps as a result of the addition of
magma layers at higher levels in the crust.

4 The Dyke Swarm

4.1 Geometry of the Orano Dykes

More than 200 individual dykes with cumulate
length in excess of 90 km were emplaced
6.85 Ma mostly in the northwestern half of the
still not completely solidified Monte Capanne
pluton (Figs. 1 and 10) and, more limitedly, in its
covering laccolith layers (Fig. 1) (Dini et al.
2008). These dark dykes (Fig. 3g), are porphy-
ritic, with plagioclase, biotite, clinopyroxene and
amphibole phenocrysts set in a very fine-grained
matrix of plagioclase, K-feldspar and phlogopite.
Some dykes, generally the thickest, are zoned
with borders similar to unzoned dykes, and inner
portions reaching monzogranitic compositions

owing to the incorporation of abundant quartz
and K-feldspar xenocrysts (Fig. 3h) from the still
mushy Monte Capanne magmatic system. The
original melt derived from a specific mantle
source with geochemical–isotopic characteristics
intermediate between Capraia K-andesites and
Tuscan lamproites (Dini et al. 2002).

Vertical expression of the dykes exceeds
4 km, ranging from sea level exposures in the
Monte Capanne pluton, upward through the
exposed thickness of the pluton, and finally
through the entire exposed cover sequence tec-
tonically translated to the east and now preserved
in central Elba. The dykes were probably fed by
a mafic magma reservoir located below the
northwestern half of the Monte Capanne pluton,
as suggested by magnetic data (Dini et al. 2008).
The dykes reveal an organized structural pattern
with a dominant system made of one set trending
ENE, and a minor system consisting of two sets
trending NNE and NW (Fig. 11). Analysis of the
structural patterns in conjunction with estab-
lished tectonic conditions at the time of
emplacement of the dyke swarm suggests that
they developed in a NE-SW dextral shear zone
within which zones of differential strain created
local zones of sinistral shear (Dini et al. 2008). It
is interesting to note that an overall N-S exten-
sional stress field apparently persisting at this

Fig. 10 Geological map of
the Orano dyke swarm
draped over a digital
elevation model, view from
the SW. The Pomonte-
Procchio (PP) line,
bordering the SE margin of
the outcrop area of Orano
dykes, is also reported
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location from the time of emplacement of the San
Martino laccolith system with its E-W feeder
system, through emplacement of the Monte
Capanne plutonic complex, and into emplace-
ment of the Orano dyke swarm.

4.2 Insight to the Regional Geology

Emplacement of the Orano dyke swarm closed a
*1.5 Ma long episode of magmatism located at
a single center and fed by sources from both the
crust and underlying mantle. This final stage in
the development of the entire igneous complex,
with the high degree of hybridization and xeno-
cryst capture, documents that a late-plutonic
dyke swarm can intrude before complete con-
solidation of its host. The Orano dyke swarm
offers further evidence for a regionally significant
implication that magmatic activity in the late
Miocene occurred within a transfer zone in the
northern Tyrrhenian region. However, as impor-
tant as the sequence of igneous activity is, its
cessation at an individual center also carries
significance. Regional patterns of magmatism in
the Tuscan Magmatic Province shows how that
transfer zone structure, and perhaps others
aligned parallel to it, served as a “fire line” along
which magmatism migrated northeastward

producing a trace of progressively younger
magmatic centers (Dini et al. 2008).

5 Post-magmatic Evolution: The
Structural Failure

5.1 Collapse of the Magmatic Edifice

The rocks comprising western Elba prior to the
magmatism discussed above had been assembled
as a stack of eastward-directed thrusts of bedded
sedimentary rocks above an ocean lithosphere
sequence. In approximately 1 Ma, this 2.7 km
thick tectonostratigraphic section was inflated by
the addition of a total of 2.4 km of intrusive
layers (Rocchi et al. 2002) in a roughly circular
region with a diameter of approximately 10 km
located over a common magmatic center
(Fig. 12). The primary crustal magma trap for the
first half of that magmatism was at the well-
defined top of the Complex IV ophiolite
sequence and beneath the overlying Complex V
flysch sequence. This structure was located at the
middle of the newly thickened section that
defined a domal structure with a new slope of
about 25° (Westerman et al. 2004).

As pulses of Monte Capanne magma
approached the base of Complex IV, adding an

Fig. 11 Rose diagrams of the strike of dykes (see maps
in Figs. 1 and 10) for zones dominated by the major and
minor systems, respectively. Each 10 m section of the
90 km of dykes mapped in the swarm generated a strike
value, producing the *9,000 data points making up the

two rose diagrams (from Dini et al. 2008). The diagram
on the right has a radius scaled 4x with respect to the one
on the left to emphasize the strike distribution within the
minor system
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additional estimated 2.5–3 km of new rock under
the laccolith intrusions (Dini et al. 2008), the
slopes would have steepened (Fig. 12). The
system held in place throughout emplacement of
the Monte Capanne pluton and long enough for

the Orano dyke swarm to be injected throughout
the whole vertical section. Ultimately, however,
the Complex IV/V boundary failed and triggered
the catastrophic eastward tectonic-gravitational
décollement on the Central Elba Fault that

Fig. 12 Rise and fall of the western Elba laccolith-
pluton-dyke complex: a schematic summary. a Emplace-
ment of the Capo Bianco laccolith layers. b Emplacement
of the Portoferraio laccolith layers. c Emplacement of the
San Martino laccolith layers. d Emplacement of the
Sant’Andrea, San Francesco and San Piero magma

batches (as sheets building the Monte Capanne pluton
from the top down), closely followed by the emplacement
of the Orano mafic dyke swarm in the northwestern part
of the pluton. e Décollement of the upper part of the
nested laccolith-pluton-dyke complex, with translation to
central Elba and unroofing of the Monte Capanne pluton
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transported the top “half” of the laccolith com-
plex about 8 km to the east over a <1.5 Ma
period, with a rate of displacement in excess of
5–6 mm/a (Fig. 12) (Westerman et al. 2004).
This combination of (i) loading central Elba with
several km of igneous rock, and (ii) the un-
weighting of western Elba by the removal of that
rock, promoted the development of the Eastern
Border Fault, with back-tilting of the central Elba
stack west side down and uplift of the unroofed
western Elba rocks. This ultimately achieved
3–4 km of normal movement on a steep, east-
ward-dipping surface.

5.2 A Lesson From Destruction

The story of the “fall of western Elba” (Wes-
terman et al. 2004), illustrates how basic geo-
logical relationships can document geologic
history on a grand scale. The onset of major
movement on the Central Elba Fault is con-
strained by fragments of the Monte Capanne
contact aureole (*6.9 Ma) in the footwall mél-
ange located at least 8 km east of the pluton,
along with the translation of the upper portion of
the slightly younger Orano dyke swarm. Con-
straint on the termination of the major displace-
ment is also provided with simple geologic
relations, as cobbles of western Elba lithologies
from just above the fault are found in conglom-
erates deposited close to the end of the Messinian
(*5.3 Ma) about 50 km away on mainland Italy
(Pandeli et al. 2010).

These relationships suggest that gravity-
assisted fast sliding average (5–6 mm a−1) of a
2.5 km-thick crustal slice decapitated western
Elba (Westerman et al. 2004). This activity
would undoubtedly have been associated with
numerous seismic events over of an extended
period, and awareness of such possibilities
should be incorporated into hazard assessment of
highly over-steepened magmatic centers. As a
final implication of this entire body of work,
there is simply no substitute for detailed mapping
coupled with the tools from all branches of
geology.

6 Conclusions

The western Elba igneous system serves as a
prime example of a full range of emplacement
styles at a long-lasting magmatic center, with
successive generation of a nested set of multi-
layer laccoliths, a downward-developing amal-
gamated pluton, an extensive throughgoing dyke
swarm, with a final collapse of the whole com-
plex triggered by the overwhelming thickness of
magma added to the uppermost crust in a short
time.

Pre-existing structures provided strong con-
straints on emplacement style, and resulted in
very similar magmas producing both porphyritic
(subvolcanic) as well as granitic (plutonic) tex-
tures. The Elba laccolith sheets failed to coalesce
and form a larger pluton/laccolith with typical
dimensions due to the availability of a large
number of magma traps in the host crust that
consists of a thrust stack of well-layered rocks.
On the other hand, the three magma pulses of the
Monte Capanne pluton were assembled in a
downward stack, building a “successful” pluton
as opposed to the “failed” plutons represented by
the multi-sheet laccoliths. Also possible is the
opposite view that regards the Monte Capanne
pluton as a “failed” laccolith, as opposed to the
“successful” multilayer laccoliths of Portoferraio
and San Martino.

In the upper crust, laccoliths and plutons
represent different outcomes of the same process
in different settings. The “tipping point” allowing
for transition from a laccolithic to a plutonic
intrusive shape is controlled by factors such as
variabilities of magma supply rate and horizontal
tectonic stress, as well as downward migration of
the source region and/or the magma traps as a
result of the progressive addition of magma at
higher crustal levels. On Elba the rate of magma
addition to the crust dramatically increased cor-
responding to the emplacement of the Monte
Capanne pluton (Fig. 13). Although magma
emplaced in pulses separated by quiescence gaps,
it can be noticed that during the laccolith events,
the long-term rate of magma production, ascent
and accumulation in the shallow crust was
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around 50 km3/Ma, while around 7 Ma, the
Monte Capanne and the mafic Orano episodes,
magma was added at an accelerated rate ten to
twenty times higher. Reasons for this boost can
be linked to the increased production of mafic
melt acting as an additional heat source pro-
moting the shift of the crustal melt-producing
reactions from muscovite-biotite breakdown to
the more productive biotite-hornblende break-
down (Dini et al. 2002; Farina et al. 2014).
Finally, the addition of excess magma at a unique
igneous center in a short time span can trigger
gravity slides displacing km-thick slices of crust
by several kilometers at geologically fast rates.
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Progressive Construction
of Laccolithic Intrusive Centers:
Henry Mountains, Utah, U.S.A

Eric Horsman, Robert J. Broda, Nathan Z. Gwyn,
Elizabeth A. Maurer, Erik D. Thornton
and Mitchell T. Ward

Abstract
The intrusions of the Henry Mountains of southern Utah provide an
exceptional setting for the study of igneous emplacement processes in the
shallow crust. The five separate intrusive centers intruded the flat-lying
stratigraphy of the Colorado Plateau at 2–4 km depth. The intrusions are
Oligocene in age and postdate the minor Laramide orogenic activity that
affected this part of the Colorado Plateau. These intrusions can therefore
be interpreted as having formed through purely magmatic processes, with
no tectonic involvement or modification. Each of the five separate
intrusive centers in the Henry Mountains preserves a different stage in the
evolution of an igneous system constructed in the shallow crust. Each
intrusive center is comprised of numerous small intrusive bodies
surrounding a large laccolithic body assembled from several magma
pulses. Collectively, the five intrusive centers provide a series of snapshots
of the progressive growth of an igneous system in the shallow crust.
A compilation of data from these intrusive centers allows development of
a generalized model for progressive construction of a magmatic system in
the shallow crust. This model involves three main stages. First, an early
network of dikes and sills is intruded. Second, a relatively voluminous
laccolithic central igneous body begins to form. The central laccolith may
initiate though inflation of a sill that grew to a radius sufficient to lift the
overburden, as hypothesized in traditional growth models. However, field
evidence suggests progressive laccolith growth in the Henry Mountains
involved numerous rapidly emplaced magma pulses separated by periods
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of no appreciable activity. In the final stage, satellite intrusions, many with
a tongue-like geometry, are emplaced radially outward from the margin of
the main laccolith, initiating in the lower hinge region where bending and
fracturing of overburden is most intense. The step-wise assembly of these
intrusive centers from multiple discrete pulses of magma calls into
question the applicability of theoretical models of laccolith growth that
presuppose the entire intrusion remains in a liquid state throughout the full
emplacement history.

Keywords
Laccolith � Sill � Emplacement � Pluton � Magmatism

1 Introduction

In recent years, it has become generally accepted
that many igneous intrusions in the shallow crust
are assembled from a series of discrete, sequen-
tially emplaced magma pulses, and did not exist
as a single “big tank” system. While the pulsed
assembly of intrusions is not a new topic (e.g.
Hamilton and Myers 1967; Pitcher and Berger
1972; Hardee 1982; Wiebe 1988), recent field and
theoretical work has appreciably improved our
understanding of these processes by documenting
the incremental assembly of intrusions over scales
ranging from batholiths to individual sills (e.g.
Cruden andMcCaffrey 2001; Saint Blanquat et al.
2001, 2011; Glazner et al. 2004; de Silva and
Gosnold 2007; Lipman 2007; Bartley et al. 2008;
Vigneresse 2008; Rocchi et al. 2010). Other
studies have used radiogenic isotope and chemi-
cal diffusion methods to study timescales of
pulsed pluton assembly and thereby constrain
magma fluxes (Coleman et al. 2004; Matzel et al.
2006; Miller et al. 2007; Walker et al. 2007;
Turner and Costa 2007; Michel et al. 2008).

The utility of studying ancient igneous sys-
tems is immediately apparent when we compare
results from these studies with those from
geodetic studies of modern systems. Three
characteristics are shared by many of the magma
systems, both old and new: pulsed construction,
tabular geometry, and lateral magma transport.
As described above, pulsed construction of

ancient intrusions is apparent over a wide range
of spatial scales. In modern systems, cyclic sur-
ficial displacement of up to a few centimeters per
year is commonly observed near active volca-
noes (Dzurisin 2003). This displacement occurs
on timescales of months to years, even during
periods of volcanic quiescence, and is commonly
inferred to be the result of injection of magma
bodies (e.g. Dvorak and Dzurisin 1997; Pritchard
and Simons 2004a) or expansion and contraction
of geothermal systems at depth (e.g. Wicks et al.
1998; Battaglia et al. 2006).

The tabular geometry of ancient intrusions is
clear from 3-d reconstructions of many plutons
of all sizes, irrespective of the tectonic context or
composition of magmas involved (McCaffrey
and Petford 1997; Petford et al. 2000; Cruden
and McCaffrey 2001). Similarly, modern sub-
surface magma bodies commonly have shallowly
dipping (<20°), sheet-like geometries (Wicks
et al. 2002; Dzurisin et al. 2006; Lundgren and
Lu 2006) and lie at less than 10 km depth, with
most between 3 and 6 km (e.g. Dzurisin 2003;
Lu et al. 2005; Froger et al. 2006).

Finally, the importance of lateral transport of
magma in the shallow crust is clear from the
existence of sill complexes in many tectonic set-
tings (e.g. Thomson andHutton 2004; Hansen and
Cartwright 2006) and the considerable distances
sills can sometimes transport magma (e.g. Elliott
et al. 1999). In modern systems, forward model-
ing of geodetic data from volcanoes suggest
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dilating magma chambers that produce surface
deflections may be offset many kilometers from
vent regions. Offset distances are generally less
than 10 km but range up to at least 13 km (Curtis
1968; Nishi et al. 1999; Nishimura et al. 2001; Lu
et al. 2002; Wicks et al. 2002; Masterlark and Lu
2004; Pritchard and Simons 2004b).

The similarity between modern shallow
igneous systems and their ancient counterparts
suggests there is much to learn about modern
systems from ancient systems and vice versa. We
can observe the roots of modern volcanic sys-
tems only through indirect processes like geo-
desy and geophysics. While the roots of ancient
systems are sometimes exposed, it is commonly
difficult to study processes involved in their
formation. In particular, syn-emplacement tec-
tonic processes commonly modify or entirely
overprint evidence of magmatic processes (Bar-
bey 2009), making it difficult to study the con-
struction of ancient intrusive systems (Paterson
et al. 1998).

This paper describes examples of upper
crustal igneous systems emplaced in a setting
that allows for relatively straightforward inter-
pretation of intrusive processes: the Henry
Mountains of southern Utah. This region expe-
rienced effectively no syn- or post-emplacement
tectonism. Additionally, the host rocks consist of
initially flat-lying sedimentary rocks; all host
rock deformation is due entirely to intrusive
processes. This setting presents an opportunity to
study pluton growth where all associated defor-
mation and magma flow were driven solely by
interaction between magma and host rock.

Perhaps the most compelling aspect of
studying the Henry Mountains intrusions is the
fact that igneous systems there preserve a range
of total emplaced magma volume. Systems with
small total igneous volumes can be interpreted as
an early stage of development of a magmatic
system in the shallow crust, while those with
larger volumes represent more advanced stages
of development. Thus the Henry Mountains
provide an opportunity to piece together a pro-
gressive history of development and growth of an
igneous system in the shallow crust.

2 The Henry Mountains

2.1 Regional Magmatism

The intrusions of the Henry Mountains of
southern Utah are part of a regional group of
igneous complexes, all of late Eocene to Oligo-
cene age (Nelson et al. 1992), that intruded into
the shallow crust of the Colorado Plateau. Other
igneous complexes of this group in the vicinity
include the La Sal Mountains (Hunt and Waters
1958), the Abajo Mountains (Witkind 1964), and
Navajo Mountain (Condie 1964). The main
intrusions in all of these igneous complexes are
generally regarded to have a laccolith geometry,
with a largely concordant sub-horizontal base
and a bell-shaped upper surface beneath uplifted
and rotated host rock (Gilbert 1877).

Nelson and Davidson (1993) suggest all of
these intrusive complexes are part of a wide-
spread late Paleogene magmatic episode in the
North American Cordillera. Although late Pale-
ogene magmatism was voluminous around the
margins of the Colorado Plateau (Armstrong and
Ward 1991), magmatism on the plateau includes
only a few hundred cubic kilometers of igneous
rock, a considerable portion of which is now
exposed in the laccolithic intrusive centers of the
Henry, La Sal and Abajo Mountains.

2.2 Henry Mountains Geology

The intrusions exposed in the Henry Mountains
(Fig. 1) were emplaced at *2–4 km depth into
the nearly flat-lying stratigraphy of the Colorado
Plateau (Jackson and Pollard 1988). Magmatism
lasted from approximately 32 to 23 Ma (Nelson
et al. 1992) and postdates the relatively minor
regional deformation on the Colorado Plateau
during the Laramide orogeny. These temporal
and spatial relationships, along with the excep-
tional exposure of both plutons and host rock,
make the Henry Mountains ideal for examination
of upper crustal magma emplacement without
the complications of synmagmatic tectonic
deformation.

Progressive Construction of Laccolithic Intrusive Centers … 329



The Henry Mountains are comprised of five
intrusive centers (Fig. 1), each of which is an
amalgam of smaller component intrusions (Hunt
et al. 1953). Geophysical data and structural
analysis of deformed host rock demonstrate that
each intrusive center is a large laccolithic body
with a sub-horizontal concordant base (Jackson
and Pollard 1988). The first-order geometry of
the intrusions in the Henry Mountains was,
however, the subject of considerable debate for
some time (e.g. see Jackson and Pollard 1988;
Hunt et al. 1988). While this debate has been
largely resolved, the differing interpretations are
presented in some detail in the Discussion sec-
tion below because the debate is quite
instructive.

The majority of the igneous rock throughout
the Henry Mountains is remarkably consistent in
bulk composition. Approximately 95 % of the
exposed igneous rock has a bulk andesite/
trachyandesite composition, with 58–63 % SiO2

and 5–7 % Na2O + K2O. The remaining *5 %
of exposed igneous rock is principally rhyolite
and syenite porphyry cross-cutting earlier ande-
sitic porphyry onMount Pennell (Hunt et al. 1953;
Hunt 1988; Nelson and Davidson 1993; Ward
2014). Texturally, the dominant igneous rock is a
plagioclase-hornblende porphyry. Phenocrysts
generally constitute 20–35 % of the rock and
consist of 15–25 % feldspar (An20 to An60), 5–
15 % hornblende, and 1–2 % accessory minerals
including clinopyroxene, titanite, apatite, oxides,
quartz and calcite. The groundmass makes up
50 % or more of the rock and is composed of
microlites of feldspar with a grain size of *20–
30 μm, as well as lesser amounts of amphibole
and oxide grains of similar or smaller size.
Xenoliths are present at many outcrops and usu-
ally comprise 1–2 % by volume. Most xenoliths
are mafic (amphibolite, garnet amphibolite, tona-
lite) but rare sedimentary xenoliths exist, usually
in close proximity to contacts with host rock.

Fig. 1 Simplified
geological map of the
Henry Mountains region.
Modified from Hunt et al.
(1953). Inset shows the
location of the Henry
Mountains region on the
Colorado Plateau. UTM
coordinates, zone 12,
datum NAD83
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The sedimentary section in the Henry Moun-
tains region consists of approximately 4.5 km of
Cambrian to Upper Cretaceous strata above
Proterozoic-age crystalline basement (Hunt et al.
1953; Doelling 1975; Peterson et al. 1980). The
lowermost known igneous intrusions of the
Henry Mountains were emplaced into Permian
sandstones of the Cutler Formation. The upper-
most exposed igneous intrusions were emplaced
into Cretaceous shale of the Blue Gate member
of the Mancos Shale. The total stratigraphic
thickness between the lowermost and uppermost
intrusions is approximately 2700 m. At the time
of emplacement, the lowermost intrusions (into
Permian strata) were overlain by an estimated
3.5–4 km of sedimentary overburden (Jackson
and Pollard 1988).

Host rock metamorphism in the Henry Moun-
tains is minimal and very localized. Appreciable
metamorphism (e.g. shale to slate) of sedimentary
strata is found only immediately adjacent to the
largest volumes of igneous rock, and is then con-
fined to the nearest 100–200 m of strata. Adjacent
to component intrusions with volumes smaller
than *1 km3, very little evidence of metamor-
phism can be found farther than a few tens of
centimeters from igneous-sedimentary contacts.
This lack of metamorphism implies very rapid
emplacement and cooling of the magma, which is
consistent with the shallow depth.

3 Snapshots of Intrusive Center
Architecture

Each of the five Henry Mountains intrusive cen-
ters is cored by a broadly dome-shaped laccolithic
body that has tilted and uplifted surrounding
sedimentary host strata. A network of sills, dikes,
and other relatively small-volume intrusions
structurally overlie the main laccolithic dome.
The five intrusive centers differ in the total volume
of igneous rock emplaced and consequently the
amount of host rock deformation. This variation
in igneous volume and host rock deformation can
be interpreted to represent a series of snapshots in
the progressive development of an igneous system
in the shallow crust. In this section, three of the

five Henry Mountains intrusive centers are
described in some detail: an early-stage center
(Mount Ellsworth), and intermediate-stage center
(Mount Hillers), and an advanced-stage center
(Mount Ellen). These descriptions focus primarily
on the geometry of the intrusions and structural
relationships with host rock.

3.1 Mount Ellsworth

At the Mount Ellsworth intrusive center (Figs. 2a
and 3a), stratigraphy is uplifted a maximum of
approximately 1800 m, and deflection from the
regional bedding orientation extends over an area
with a diameter of approximately 10 km (Fig. 4).
The dome is slightly elliptical in plan view, with
elongation in a NNE-SSW direction. Host rock
strata are well preserved over much of the upper
surface of the laccolithic dome. Strata dip shal-
lowly (<20°) atop the topographic dome and on the
margins dip consistently outward, away from the
center. Strata consistently dip more steeply on the
northwest side of the intrusive center (maximum
of *55°) than on the SE side (maximum *40°).
The total igneous rock volume of the intrusive
center is estimated at *18 km3 based on deflec-
tion of stratigraphy from the regional orientation.

Igneous rock is exposed near the summit of
Mount Ellsworth over an area of roughly 1.5 km2.
This area is interpreted to be an exposure of the
crest of the main laccolithic intrusion (Koch 1981;
Jackson and Pollard 1988). On the north and west
sides of the intrusive center a network of sills and
subsidiary dikes is intruded into outward-dipping
Permian and Triassic strata. On the south and east
sides of the intrusive center, the proportional area
of exposed igneous rock is less and consists lar-
gely of radial dikes, small sills, and a few irreg-
ularly shaped bodies, generally intruded into
Upper Triassic and Lower Jurassic strata. Thus,
the overall geometry of the igneous rock is an
almost radially symmetric central laccolithic body
underlying a network of sills and dikes intruded
into overburden host rock strata.

The exposures on Mount Ellsworth provide
clear evidence of overburden faulting during the
relatively early stage of laccolith growth
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preserved there. One important result of the
faulting is the moderately asymmetric geometry
of the laccolith roof. At the same elevation near

the top of the intrusive center, older strata (Per-
mian) are exposed in the northwestern portion of
the laccolith roof than in the southeastern portion

Fig. 2 Simplified bedrock geological maps of selected
Henry Mountains intrusive centers. Rock unit colors
correlate with those in Fig. 1. Endpoints and direction
changes are indicated on each map for cross sections
shown in Fig. 3. a Map of the Mount Ellsworth intrusive
center. Modified from Koch (1981) and Jackson and

Pollard (1988). b Map of the Mount Hillers intrusive
center. Modified from Larson et al. (1985), Broda (2014),
and Thornton (2015). c Map of the Mount Ellen intrusive
center. Modified from Dubiel et al. (1985), Morton
(postdated early sills), and Maurer (2015). UTM coordi-
nates, zone 12, datum NAD83
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(Triassic). These regions are separated by a fault
zone (Koch 1981), and the largest component
fault stretches for several kilometers in a
NNE-SSW direction and has a maximum throw
of over 500 m. One interpretation of these
observations is that the base of the main laccol-
ithic body is intruded at different stratigraphc
levels in the northwestern and southeastern por-
tions of the intrusive center (e.g. Fig. 3a).

In addition to the main NNE-SSW fault,
several other faults offset the host rock stratig-
raphy of the roof with smaller amounts of throw.
Vertical displacement on most faults, determined
by offset of stratigraphy, increases toward the
center of Mount Ellsworth. Many of the faults in
strata of the laccolith roof are intruded by dikes.
The greatest abundance of dikes is found near the

crest of the laccolith dome, where the maximum
amount of extension is expected during inflation
and growth (Pollard and Johnson 1973). Age
relationships between faults and igneous bodies
are complex, but generally suggest faulting
postdated early sills and was contemporaneous
with or older than most of the dikes (Koch 1981).

3.2 Mount Hillers

At the Mount Hillers intrusive center (Figs. 2b
and 3b), stratigraphy is uplifted a maximum of
approximately 2500 m, and deflection from the
regional bedding orientation extends over an area
with a diameter of approximately 12 km. The
first-order map-view geometry of the dome is

Fig. 3 Cross sections through selected Henry Mountains
intrusive centers. Rock unit colors correlate with those in
Fig. 2. Thick black line shows modern topography. Sec-
tion line landmarks are indicate on both the cross sections
here and maps in Fig. 2. The inset presents an outline of
some basic terminology useful for description of host rock

deformation (on the left) and regions of a generic intrusive
center (on the right). a Cross section through the Mount
Ellsworth intrusive center, modified from Koch (1981).
b Cross section through the Mount Hillers intrusive center,
modified from Broda (2014). c Cross section through the
Mount Ellen intrusive center, modified fromMorton (1986)
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moderately asymmetric (Fig. 4), with elongation
in a WSW-ENE direction. The maximum dip of
host rock strata on the southeast side of the dome
is generally steeper (maximum *90° dip) than
the northwest side (maximum *45° dip). On the
north and east sides of Mount Hillers, several
smaller asymmetric domes are superimposed on
the margins of the main dome. These smaller
domes represent local deflection of stratigraphy

by intrusions radiating outward from the main
laccolithic body. The total igneous volume of the
Mount Hillers intrusive center is estimated
at *35 km3 (Broda 2014). Interpretation of
U-Pb zircon geochronology data from 10 sam-
ples suggests assembly of the Mount Hillers
intrusive center spanned no more than approxi-
mately 1 m.y., from 24.75 ± 0.5 Ma (Paquette
et al. 2010).

Fig. 4 Structure contour map for the Henry Mountains
region. The patterns clearly show deflection of host rock
from the regional shallow dip to the W due to intrusive
centers. Contours are in 1000 foot intervals and are

drawn for the top of the Cretaceous Ferron sandstone
member of the Blue Gate Shale. Contours simplified
from Hunt et al. (1953). UTM coordinates, zone 12,
datum NAD83
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Igneous rock is exposed over an area
of *10 km2 near the center of the Mount Hillers
intrusive center. This igneous rock is interpreted
to be part of the main laccolithic intrusion
(Jackson and Pollard 1988; Broda 2014). The
roof strata of the Mount Hillers laccolith are
preserved locally at the crest of the dome, where
they dip shallowly (<20°). The geometry of the
host rock strata implies the laccolith is asym-
metric in cross section. On the SE side of the
intrusive center, the upper contact of the main
laccolithic body lies within the upper portion of
Permian strata. On the NW side of the intrusive
center, the upper contact of the main laccolithic
body lies within Jurassic strata, approximately
1000 m higher in the stratigraphic section (Broda
2014). Assuming these strata record the strati-
graphic level of the main laccolith, the intrusion
must have a highly asymmetric base that is
approximately 1000 m deeper in the crust on the
southeast portion than the northwest portion of
the intrusion. This geometry is different from the
symmetrical interpretation favored by previous
authors (cf. Gilbert 1877; Hunt et al. 1953;
Jackson and Pollard 1988), but is based on
considerably more detailed mapping.

Faulting of preserved host rock strata overly-
ing the main laccolith dome is readily apparent in
some locations. Most prominently, the distinct
regions of the main Mount Hillers laccolith, with
different strata preserved and bedding dips, are
interpreted to be separated by a SW- to
NE-striking subvertical tear fault (Broda 2014).
Smaller faults, both radial and tangential, are
apparent from local offset or repetition of strati-
graphic units. The boundary zones between
repeated or missing units are commonly filled
with igneous rock, which presumably intruded
along faults. The strata immediately overlying
the crest of the laccolith dome are modestly
metamorphosed (e.g. shale to slate, sandstone to
quartzite), but individual sedimentary units are
clearly recognizable.

The strata deflected from their regional ori-
entation by the main structural dome of the
Mount Hillers intrusive center are locally very
well exposed. For example, on the south and east
sides of the intrusive center, strata from Permian

to Cretaceous age dip consistently outward from
the center of the dome and are intruded by a
network of sills and dikes (Thornton 2015). The
boundary is diffuse between this region of both
sedimentary and igneous rock and the inner
region of solely igneous rock, which is inferred
to be the main laccolith body. Along a radial
profile, the relative abundance of igneous rock
increases toward the center of the structural
dome, which corresponds to deeper levels in the
outward-dipping stratigraphic section. However,
an abrupt increase in the relative abundance of
igneous rock occurs within Permian-age strata of
the Cutler Formation. No host rock strata from
deeper in the stratigraphic section are exposed,
leading to the conclusion that this is the strati-
graphic level of the main laccolith intrusion on
the SE side of the tear fault that divides the
intrusive center.

3.3 Mount Ellen

The Mount Ellen intrusive center (Figs. 2c and
3c) is the largest of the Henry Mountains in aerial
extent and igneous rock volume. In general, the
Mount Ellen intrusive center is more deeply
eroded and somewhat less well exposed than the
two centers already described. However, the
basic geometries of component igneous bodies
can be constrained, and exposure of both igneous
and sedimentary rock is locally excellent.
Stratigraphy is uplifted a maximum of approxi-
mately 2000 m over a region with a diameter of
15–20 km (Fig. 4). The dome is elongated in
map view in a NW-SE direction, but numerous
relatively small (usually <3 km across) bulges
project radially outward from the main dome.
The total igneous volume responsible for the
doming is estimated at approximately 100 km3.

The oldest sedimentary rocks exposed within
and deformed by the Mount Ellen intrusive
center are sandstones of uppermost Triassic to
lowermost Jurassic age, which are locally
exposed near the outer perimeter of the structural
dome. The deepest intrusions must therefore be
within or below Triassic strata. Morton (1984,
1986) hypothesized that unexposed intrusions of
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the Mount Ellen intrusive center emplaced rela-
tively deep in the crust have generally sill-like
shapes, while those emplaced into younger strata
tend to have more convex roofs (e.g. Fig. 3c).
Similar to the smaller intrusive centers, strata
generally dip outward from the middle of the
intrusive center, but local variation from this
trend is common around relatively small com-
ponent intrusive bodies. Exposures are generally
insufficient to recognize faulting of sedimentary
host rock like that observed at the Mount Ells-
worth and Hillers intrusive centers. However, in
the exposure area interpreted to be at the core of
the main laccolithic dome (near location C´ on
Figs. 2c and 3c), the contact between igneous
and sedimentary rock is locally discordant (Hunt
et al. 1953) and a steeply dipping tear fault with a
throw of 200 m or more is probably the simplest
explanation. This geometric complexity suggests
the central igneous intrusion is asymmetric in
cross section and that emplacement was locally
accommodated by faulting.

More generally, the geometry of the upper
surface of igneous rock at the Mount Ellen
intrusive center, as inferred from deflection of
stratigraphy, is considerably more complicated
than at any of the four smaller-volume intrusive
centers of the Henry Mountains (Fig. 4). The
NW- to SE-elongated central dome is sur-
rounded in nearly all directions by numerous
radiating tongue-shaped lobes, which in some
cases extend outward several kilometers from
the main dome. Deflection of stratigraphy sug-
gests individual radiating intrusions have vol-
umes ranging up to approximately 3 km3

(Copper Ridge laccolith—Maurer 2015). In
some cases, these radiating intrusions are them-
selves assembled from multiple component
magma pulses (Maurer 2015).

4 Discussion

The three Henry Mountains intrusive centers
described here can be interpreted as snapshots in
the progressive construction of an igneous system
in the shallow crust through emplacement of
multiple component pulses of magma. The total

igneous rock volume for each intrusive center (see
Table 1) can therefore be used as a rough measure
of the degree of development. The Mount Ells-
worth intrusive center, with the smallest igneous
rock volume of the three described in detail above,
then represents a relatively early stage of devel-
opment of a generalized igneous center. The
Mount Hillers intrusive center represents an
intermediate stage of development in which host
rock has been uplifted and deformed considerably
more, and additional lobes of magma began to
intrude radially outward from the margin of the
main laccolithic body. The Mount Ellen intrusive
center records an advanced stage of development,
with a relatively voluminous and geometrically
complex central laccolithic body and radiating
intrusions extending out in nearly all directions.

Previous authors working in the Henry
Mountains also interpreted the intrusive centers
to represent different stages along a progression
of growth (Hunt et al. 1953; Jackson and Pollard
1988). However, earlier interpretations of
first-order intrusion geometries differed from
those favored here, in some cases considerably.
Therefore, to provide context for the interpreta-
tions favored here, a brief review of previous
authors’ interpretations is presented here.

4.1 Earlier Interpretations
of Intrusive Center
Geometry
and Development

The subsurface geometry of the intrusions in the
Henry Mountains has been the subject of
long-standing debate. The first-order laccolithic
geometry of igneous intrusions in the Henry
Mountains was initially proposed by Gilbert
(1877), who coined the term “laccolite” based on
his observations there. He hypothesized a
two-stage laccolith emplacement process where
an initial sill grew laterally until it reached a
critical radius, where horizontal spreading ceased
and the roof began to inflate, uplifting and
rotating overlying host rock. The end result was
an intrusion with a subhorizontal base and a
dome-shaped roof (Fig. 5a).
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In contrast to Gilbert’s (1877) interpretation,
the broad domal geometry of each intrusive
center was hypothesized by Hunt et al. (1953) to
be result of radial expansion of a highly discor-
dant stock. In this emplacement model, a
sub-vertical cylindrical stock intruded early in
the history of each intrusive center and expanded
radially, uplifting and bending the host strata into
the domal pattern observed (Fig. 5b). The intru-
sive volume estimates provided in Hunt et al.
(1953) rely on this concept of a central stock
extending to considerable depth and are therefore
inaccurate (Koch 1981).

One of the major observations used by Hunt
et al. (1953) to prefer the stock model over Gil-
bert’s (1877) original laccolith model is the
locally discordant nature of the major contact
between the main central igneous body and
overlying host rock. To reach this conclusion,
Hunt et al. (1953) relied on an idealized model of
a laccolith that always remains concordant, with
a smooth domed roof, despite acknowledging
that some laccoliths are in fact asymmetric and
discordant (see their Fig. 66). As described in
detail above, the main laccolith bodies in the
Henry Mountains are locally discordant, espe-
cially near the centermost region of the roof of
each intrusive center, where radial and tangential
faulting related to extension of the host rock is
common. In each of the cases described here,
different host rock units in the main laccolith roof

are juxtaposed across a fault zone. This geometry
suggests the base the main laccolith body lies at
different stratigraphic levels in different regions
of the intrusive center (e.g. Fig. 3).

Another feature of each intrusive center orig-
inal described by Hunt et al. (1953) is a so-called
“shatter zone” generally located around the mar-
gin of the regions they mapped as stocks. This
term should be abandoned, both because it
unnecessarily implies a genesis process (fractur-
ing) and because it misleadingly suggests the
areas are chaotic. Careful mapping demonstrates
that the region in question in each intrusive center
is comprised of numerous igneous sheets and
occasional intercalated sedimentary rock bodies,
still in correct stratigraphic order (e.g. Ward
2014; Broda 2014). While igneous breccias and
other evidence of fracturing during emplacement
do exist, they are relatively rare and always
localized. To avoid further confusion, we use
descriptive terminology for intrusive center
architecture rather than terms implying genetic
processes for Henry Mountains intrusions.

The two models (laccolith vs. stock) for the
first-order geometry of Henry Mountains intru-
sions were tested by Jackson and Pollard (1988,
1990). Detailed host rock mapping and structural
analysis led to an interpretation more in agree-
ment with the laccolith model of Gilbert (1877)—
i.e. the five intrusive centers are largely concor-
dant “floored” laccoliths and not stocks (Fig. 5c).

Table 1 Characteristics of Henry Mountains intrusive centers

Intrusive center Development
stage

Approx. igneous
volume (km3)

Approx.
diameter
(km)

Max. vertical
deflection (m)

Central limb,
max. bedding
dip

Satellite
intrusions?

Mt Holmes Early 18 9 *1200 *25° No

Mt Ellsworth Early 23 10 *1800 *55° No

Mt Pennell Intermediate 30 12 *2000 *80° Yes, N and
E sides

Mt Hillers Intermediate 35 12 *2500 *90° Yes, N and
E sides

Mt Ellen Advanced 100 20 *2000 *90° Yes, all
directions
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Fig. 5 Evolution of hypotheses about Henry Mountains
intrusion center cross sectional geometry. a Idealized
geometry of the Mount Hillers intrusive center, presum-
ably along a general N to S profile. The main intrusion
has classic laccolith shape with a planar concordant floor
and a domed roof, and no satellite intrusions are shown.
Modified from Gilbert (1877). b Schematic geometry of
the Mount Hillers intrusive center along a general N to S
profile. The main intrusion is a discordant stock sur-
rounded by a “shatter zone,” and a prominent and

voluminous satellite intrusion extends laterally outward.
Modified from Hunt et al. (1953). c Idealized geometry of
a generic Henry Mountains intrusive center. The main
intrusion has a classic laccolith shape, but it is surrounded
by an extensive network of sills and dikes. Modified from
Jackson and Pollard (1988). d Hypothesized evolution of
cross sectional geometry of the main intrusive body and
directly associated intrusions for a generic intrusive
center in the shallow crust. Based on interpolation from
geometries of Henry Mountains intrusive centers
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One especially important observation from Jack-
son and Pollard (1988) was that radial expansion
of a stock would result in buckling of strata in
cross-sectional view, rather than the geometri-
cally simpler bending pattern observed (see their
Fig. 18). Jackson and Pollard (1988) also sug-
gested, based on analysis of a limited suite of
paleomagnetic data, that steeply dipping sills on
the margins of the Mount Hillers intrusive center
cooled while still sub-horizontal and were rotated
by later underlying intrusions. Although earlier
workers inferred that multiple injections of
magma were responsible for assembly of each
Henry Mountains intrusive center, this observa-
tion provided the first evidence of a protracted,
pulsed emplacement history.

4.2 Generalized Architecture
of an Intrusive Center

The general structure of a generic, fully devel-
oped Henry Mountains intrusive center can be
divided into three regions (see inset on Fig. 3).
However, as we describe below in the more
detailed descriptions of these regions, not all of
the intrusive centers reached a state of develop-
ment in which all three regions are developed
(Table 1). The most voluminous part of an
intrusive center is the central laccolithic body
(generally analogous to the area mapped as “s-
tock” by Hunt et al. 1953), which has an overall
domal, laccolithic geometry. Surrounding the
central intrusion is a margin zone of host rock
intruded by a complex network of sills, dikes,
and other relatively small igneous bodies.
Around the margin of the intrusive center is a
satellite zone, including relatively small sills,
laccoliths and other bodies generally intruded
into shallowly dipping host rock. The satellite
intrusions are fed from the central intrusion, but
are not always physically connected to it at the
surface. Mount Hillers includes well-developed
and well-exposed examples of all three compo-
nent zones (e.g. Fig. 3b). The other two large
intrusive centers, Mounts Ellen and Pennell, also
include examples of all three component zones.

The two smaller centers, Mounts Holmes and
Ellsworth, are preserved at an earlier stage of
development and do not include any significant
satellite intrusions.

4.3 Central Laccolithic Body

The central laccolithic body in each intrusive
center in the Henry Mountains generally has a
bell-shaped upper surface in cross section. This
geometry can be seen most clearly by studying
deflection of host rock strata (see inset on Fig. 3).
Along a radial profile from the outside of the
dome toward the inside, the geometry of the host
rock overlying a laccolithic intrusion typically
includes a shallowly dipping peripheral limb, a
more steeply dipping central limb, and a rela-
tively shallow-dipping crest region atop the lac-
colith (Jackson and Pollard 1988, 1990). These
three regions are typically separated by two
hinges: a lower hinge between the peripheral and
central limbs, and an upper hinge between the
central limb and the crest region. In the host rock
overlying the main laccolith body, curvature is
higher and fracturing more intense in these hinge
regions than in the adjacent limbs (Jackson and
Pollard 1990). Minor faulting is observed
throughout the deformed host rock, but faulting
is especially well-developed in the crest region.
There, faults juxtapose host rock of different
stratigraphic level and are commonly intruded by
dikes. Roof faulting appears to be an important
process in laccolith dome growth, and faulting
has long been recognized as an important
mechanism for accommodation of magma
emplacement (e.g. Grocott et al. 2009; Klop-
penberg et al. 2010). As first noted by Gilbert
(1877), roof faulting is required to accommodate
the extension of strata above a growing laccolith
(e.g. Pollard and Johnson 1973).

The lower surface of the central laccolithic
body is never exposed in the Henry Mountains.
However, constraints on the general geometry of
this surface are available from two independent
data sets. The lower surface of each central lac-
colithic body appears to be largely concordant
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with sub-horizontal host rock strata based on
interpretation of aeromagnetic data (e.g. Jackson
and Pollard 1988). In more detail, however,
careful mapping and structural analysis of pre-
served host rock strata (e.g. Broda 2014) suggest
the base of each main laccolithic body is stepped.
The inferred height of the floor step follows from
the stratigraphic separation between sedimentary
units juxtaposed in the laccolith roof. For the three
intrusive centers described in detail here, this
inferred floor step height ranges from *200 m at
Mount Ellen (on Fig. 3c, Jurassic and Cretaceous
strata are juxtaposed in the roof) to *500 m at
Mount Ellsworth (on Fig. 3a, Permian and Tri-
assic strata are juxtaposed) and *1000 m at
Mount Hillers (on Fig. 3b, Permian and Jurassic
strata are juxtaposed).

Each central laccolithic body is comprised
almost exclusively of igneous rock. The only
exposed sedimentary material is generally meta-
morphosed xenoliths up to a few centimeters in
size, and these are rare. The texture of the
igneous rock sometimes changes dramatically
over spatial distances of just a few meters (Broda
2014), with distinct differences in phenocryst
abundance, mean phenocryst size, and ground-
mass grain size. In some cases these changes are
gradual but in most instances a clear contact
exists. Cross-cutting relationships between dis-
tinct textures are usually complex, but in some
cases consistent relative ages of two different
textures can be inferred (e.g. Ward 2014). The
variation in textures within each central laccol-
ithic body suggests it was assembled from the
emplacement of separate magma pulses (e.g.
Pownall et al. 2012), with sufficient time in some
cases between injections for earlier pulses to cool
enough that magma mingling is minimal or
non-existent.

4.4 Margin Zone

The margin zone of each intrusive center
includes a complex, but not chaotic, intermin-
gling of igneous rock and sedimentary host rock.
Blocks of isolated sedimentary rock are almost
always found in the correct stratigraphic order

when moving from the margin to the core of each
intrusive center. Similar isolated blocks or “rafts”
of sedimentary strata were identified in 3-d well
data from laccoliths of the Halle Volcanic
Complex in Germany by Schmiedel et al. (2015).
The 3-d well data allowed these authors to rec-
ognize that many of the sedimentary rock rafts
are prolate in geometry and up to 1400 m long
and 500 m thick. No clear pattern of raft size or
geometry is immediately apparent in the Henry
Mountains.

The transition between the margin zone and
the central laccolithic body is gradual. Toward
the core of the intrusive center exposures of
sedimentary host rock become progressively less
abundant relative to igneous rock. The excep-
tional exposure of the host rock strata overlying
the crest of the main laccolithic body at Mount
Ellsworth suggests that sills and dikes of the
margin zone are developed over essentially the
entire bell-shaped upper surface of the laccolith
dome. Similar exposures at the Mount Holmes
intrusive center are consistent with this obser-
vation (unpublished mapping by Murdoch 1984;
Jackson and Pollard 1988).

Taken together, these data suggest that the dip
of sedimentary strata and sills in the margin zone
varies both in space and time. At a given stage in
the development (e.g. as observed at a single
intrusive center in the Henry Mountains) the dip
profile along a radial section is bell-shaped, with
a shallow dip on the peripheral limb, a steeper
dip on the central limb, and once again a shallow
dip over the crest of the laccolith dome. Com-
paring dip profiles between different time steps
(preserved at different intrusive centers), the dip
of the central limb appears to increase along with
the igneous volume of the central laccolithic
body. The dip within the peripheral limb and
crest region appears to remain relatively shallow
throughout the growth of the dome.

Evidence of any appreciable amount of host
rock metamorphism is absent throughout most of
the margin zone. This situation changes consid-
erably in close proximity to the central laccolithic
body. Typically, within the 100–200 m of
stratigraphic section immediately above the
exposed outer margin of the main laccolithic
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body, the degree of host rock metamorphism
increases substantially. In this region shale has
been metamorphosed to slate and sandstone to
quartzite. An excellent example of this concen-
trated zone of metamorphism is preserved on the
south side of Mount Hillers (Thornton 2015),
where Permian-age strata form the roof of the
main laccolithic body. There sedimentary host
rock within the *100–200 m of strata struc-
turally overlying the intrusion has undergone
considerable metamorphism. The transition to
relatively unmetamorphosed sedimentary rock is
narrow but gradual; farther from the main intru-
sion host rock shows little or no field evidence of
metamorphism.

Large portions of the margin zone were gen-
erally included in the so-called “shatter zone” of
Hunt et al. (1953). The outer edge of each shatter
zone mapped by Hunt et al. (1953) was drawn at
the base of an arbitrarily chosen sedimentary unit
(e.g. the Triassic Chinle formation on Mount
Hillers, Hunt et al. 1953). More detailed mapping
(e.g. Gwyn 2011; Ward 2014; Broda 2014)
reveals a clearer general architecture that in turn
provides better constraints on the construction
history.

4.5 Satellite Zone

The satellite zone lies outside the margin zone and,
where present, typically includes a series of iso-
lated, relatively small-volume intrusions (gener-
ally <3 km3) distributed outside the edge of the
main laccolith dome. These intrusions lie within
shallowly dipping (<20°) host rock strata of
the peripheral limb, usually within the 2–3 km
immediately outside the lower hinge region. The
Trachyte Mesa intrusion (Morgan et al. 2008;
Wetmore et al. 2009) of theMount Hillers intrusive
center is a notable exception, being located *10
km from the nearest exposures of intrusions in the
main laccolithic body or margin zone.

The satellite zone is not developed at the two
smallest volume Henry Mountains intrusive cen-
ters, Mounts Holmes and Ellsworth. These two
main laccolithic domes are relatively smooth and
do not show evidence either at the surface or at

depth of smaller, second-order intrusions around
their margins (Fig. 4). Perhaps the emplacement
of satellite intrusions proceeds only when the
main laccolithic dome has grown enough that
further bending and uplift of host rock to
accommodate emplacement of new magma
becomes mechanically unfavorable compared to
injection around the heavily fractured lower hinge
region. This general spatial and temporal pattern
was observed by Henry et al. (1997) in the
Solitario lacco-caldera of the Trans-Pecos region.
There emplacement of satellite intrusions occur-
red during the final stage in the episodic mag-
matic history of the intrusive center and was
localized in the vicinity of the ring fault bounding
an earlier caldera.

The satellite zone does exist at the two
intermediate-stage intrusive centers, Mounts Hil-
lers and Pennell. There the first-order laccolithic
domes each have superposed on them a few
second-order tongue-shape bodies protruding
radially outward (Fig. 4). Some of these bodies
have inflated enough to dome overlying strata. In
these cases strata along the distal margin dip away
from the intrusive center and strata above the
proximal margin commonly dip back toward the
intrusive center (Hunt et al. 1953). In a few cases,
these bodies have inflated enough to develop in to
bysmaliths, which lift overlying host rock in a
piston-likemanner (e.g. Saint Blanquat et al. 2006).
Many of the tongue-shaped bodies can be directly
connected with the larger main laccolithic body,
and are clearly fed laterally.A similar overall lobate
geometry was inferred for the Trawenagh Bay
Granite (Stevenson et al. 2007). Lobate growth has
also been observed in analog models of laccolith
emplacement (Currier and Marsh 2015).

The progressive growth of satellite intrusions
on Mount Hillers was studied in detail by
Horsman et al. (2010). Exceptional 3-d exposure
of the satellite intrusions there allowed develop-
ment of a general construction history through
detailed analysis of bodies with different
geometries. The intrusion shapes are interpreted
as snapshots of the progressive development of
an initially tabular igneous body in the shallow
crust. In the earliest stage of development,
intrusions initiate as sills with complex, lobate,
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map-view geometries (Horsman et al. 2005).
Many of these relatively small intrusions are
constructed from multiple magma pulses intru-
ded as component sills. The initial pulse closely
controls the geometry of subsequently pulses due
to introduction of strong mechanical anisotropy.
Magma flow patterns are closely related to details
of intrusion geometry and radial or fanning pat-
terns are common. In the next stage of evolution,
a laccolith shape develops as additional magma
sheets are emplaced (Morgan et al. 2008; Wet-
more et al. 2009). Sheet boundaries can be rec-
ognized near fast-cooling intrusion margins but
become more cryptic in the slower cooling center
of the body. Magma flow patterns commonly
include a central conduit that feeds flow toward
the laterally growing margins of the intrusion. In
the final stage, as still more magma intrudes, the
body becomes over-inflated and may develop
into a bysmalith by lifting overlying host rock in
a piston-like manner along a cylindrical fault
(e.g. Saint Blanquat et al. 2006). Magma flow
patterns become simpler and more consistent as
intrusion geometry stabilizes, with a central
conduit again feeding magma to intrusion mar-
gins. The work of Maurer (2015) largely sup-
ports this general model.

4.6 Stocks or Laccoliths?

The new detailed mapping of the Henry Moun-
tains discussed here suggests the first-order
geometry of the central laccolithic body in each
of the five intrusive centers is neither a fully
discordant stock, as proposed by Hunt et al.
(1953), nor an idealized concordant and
axisymmetric laccolith, as proposed by Pollard
and Johnson (1973) and Jackson and Pollard
(1988). Instead, each intrusive center is cored by
a main laccolithic body with a slightly to mod-
erately asymmetric cross sectional geometry.
Clear evidence of the cross-sectional asymmetry
of each intrusive center is given by the different
stratigraphic units juxtaposed near the crest of
the main laccolithic body. This crest region is
where radial and tangential faulting would be

concentrated during doming of overburden (e.g.
Jackson and Pollard 1990). These faults were
apparently exploited as preferential magma
migration pathways, leading to a concentration of
dikes and other more discordant bodies near the
crest of each intrusive center.

Localization of faulting and dike intrusion
near the crest of each main laccolith likely
occurred throughout a considerable portion of the
assembly history. Consequently, breccias incor-
porating both sedimentary and igneous clasts, as
well as other evidence of brittle fracture pro-
cesses, are concentrated near the core of each
intrusive center. These observations led Hunt
et al. (1953) to interpret the presence of a “shatter
zone” near the core of most of the intrusive
centers, which they attributed to radial expansion
of the hypothesized central stock. These regions,
however, are better interpreted as areas of con-
centrated, repeated magma intrusion and local
faulting during progressive growth of the
first-order laccolith dome.

4.7 Progressive Growth of Intrusive
Centers

The synthesis of observations presented here
allows an interpretation of the geometric develop-
ment of a generalized Henry Mountains intrusive
center during its progressive growth. Two essential
aspects of the assembly process in the Henry
Mountains were recognized by previous workers.
First, each intrusive center was assembled from
numerous sequentially emplaced component
intrusions, ormagma pulses (Hunt et al. 1953;Hunt
1988). Second, early sub-horizontal sills were
rotated upward by later, underlying intrusions to
create the observed large and complex, but broadly
laccolithic, shapes (Jackson and Pollard 1988).

The three intrusive centers described in detail
here can be interpreted to represent snapshots of
distinct stages in the progressive assembly of a
laccolithic igneous system in the shallow crust.
The Mount Ellsworth intrusive center represents a
relatively early stage of development, after initial
uplift and rotation of the overburden host strata has
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started. The upper surface of the main laccolithic
body has a bell-shaped geometry in cross section,
but the amplitude of uplift is relatively small
compared to the area over which strata are
deflected. The juxtaposition of different sedimen-
tary units at the same elevation at the crest of the
laccolith dome suggests portions of the main
intrusion have different thicknesses. This thick-
ness variation is likely due to the base of the lac-
colith having intruded at different stratigraphic
levels in the distinct portions of the body.

A well-developed margin zone exists at the
Mount Ellsworth intrusive center, with a network
of sills dipping away in all directions from the
middle of the intrusive center. Dikes near the
summit of Mount Ellsworth clearly cross cut
earlier altered porphyry bodies, suggesting dike
ascent in that region persisted until relatively late
in the laccolith growth history. No dikes or
satellite intrusions are exposed on the periphery
of Mount Ellsworth and none in the subsurface
are apparent from deflection of overlying host
rock strata (Fig. 4). No evidence of intrusions of
any geometry exists above the well-preserved
outer hinge of the main laccolith dome, where
most satellite intrusions on other intrusive centers
seem to emerge from the central igneous body.
This suggests that at this stage of laccolith dome
development it is still more mechanically favor-
able to accommodate additional magma through
further uplift of the main roof than through
ascent in the fracture networks in the lower hinge
region (e.g. Jackson and Pollard 1990).

The Mount Hillers intrusive center represents
an intermediate stage of development. The central
laccolithic body there is clearly comprised of
multiple magma pulses with distinct, cross-cutting
textures (Broda 2014). Each significant pulse was
probably a few cubic kilometers in volume. The
upper surface of the main laccolith is bell-shaped,
but has a larger ratio of amplitude to width than the
less mature Mount Ellsworth intrusive center.
Sedimentary strata from different stratigraphic
levels are juxtaposed at the crest of the main lac-
colith across a fault zone, again suggesting the
presence of topography on the base of the intru-
sion. Awell-developedmargin zone surrounds the
entire intrusive center. Satellite intrusions are

present around the NE half of the intrusive center,
but are essentially absent on the SW side. The
volume of these satellite intrusions can be as large
as *1.5–2 km3, although many are considerably
smaller.

The Mount Ellen intrusive center represents
the most advanced stage of development present
in the Henry Mountains. The overall geometry of
the main laccolith dome is generally similar to
the intermediate stage of development preserved
at Mount Hillers, although at Mount Ellen the
crest of the dome is elongated in a NW-SE
direction, instead of being nearly axisymmetric.
The satellite zone, however, is very different
from the less developed intrusive centers, with
many more intrusions and a much larger areal
extent and total igneous rock volume. Satellite
intrusions extend out in all directions from the
central intrusive body at Mount Ellen (cf. Currier
and Marsh 2015), whereas at Mount Hillers they
are restricted in radial direction. The satellite
zone at Mount Ellen is so much more advanced
in development that it somewhat obscures the
geometry of the central laccolithic body. Magma
feeding the most distal satellite intrusions, if fed
primarily from the central laccolithic body, must
have travelled laterally several kilometers (e.g.
Magee et al. 2012). In cross section, the Mount
Ellen intrusive center is quite similar to the
geometry of the Elba Island laccolith complex
(e.g. Rocchi et al. 2010).

The duration of assembly of the Henry
Mountains intrusive centers is not yet well con-
strained by geochronology. However, a limited
dataset suggests the Mount Hillers intrusive
center was assembled over approximately 1 m.y.
(Paquette et al. 2010). The Christmas-tree-shaped
laccolith complex on Elba Island, Italy was
assembled in stages over a similar period of time
(Rocchi et al. 2010). The laccolith-caldera sys-
tem of the Solitario in the Trans-Pecos region
was also assembled in stages over approximately
1 m.y. (Henry et al. 1997). The magma fluxes
implied by the total volumes of these intrusions
and the duration of assembly agree well with
typical fluxes estimated for magma emplacement
in continental crust in a wide variety of tectonic
settings (Saint Blanquat et al. 2011).
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5 Conclusions

The Henry Mountains of southern Utah provide
an opportunity to study in detail the development
of magmatic systems in the shallow crust driven
solely by magmatic processes. The complications
commonly associated with syn-tectonic magma
emplacement are absent. The region can there-
fore serve as a relatively simple, end-member
example of magma emplacement processes in the
shallow upper crust.

Each of the five separate intrusive centers in
the Henry Mountains preserves a different stage
of the evolution of an igneous system con-
structed in the shallow crust. Each intrusive
center is comprised of numerous small intrusive
bodies surrounding a central laccolithic body
assembled from several magma pulses. Collec-
tively, the five intrusive centers provide a series
of snapshots of the progressive growth of an
igneous system in the shallow crust. A compila-
tion of data from these intrusive centers allows
development of a generalized model for pro-
gressive construction of a magmatic system in
the shallow crust. This model involves three
main stages. First, an early network of dikes and
sills is intruded. Second, a relatively voluminous
laccolithic central igneous body begins to form.
The central laccolith may initiate though infla-
tion of a sill that grew to a radius sufficient to lift
the overburden, as hypothesized in traditional
growth models. However, field evidence sug-
gests progressive laccolith growth in the Henry
Mountains involved numerous rapidly emplaced
magma pulses separated by periods of no
appreciable activity. In the final stage, satellite
intrusions, many with a tongue-like geometry,
are emplaced radially outward from the margin
of the main laccolith, initiating in the lower
hinge region where bending and fracturing of
overburden is relatively intense. As additional
magma is emplaced into an advanced-stage
intrusive center, the satellite zone expands lat-
erally and perhaps vertically while the geometry
of the main laccolithic body remains essentially
unchanged.

One important question raised by this work is
whether or not theoretical models of laccolith

initiation and growth are applicable to these
intrusive centers. In particular, the intrusive
centers in the Henry Mountains and elsewhere
appear to have been assembled from multiple
discrete pulses of magma, many of which may
not have been liquid at the same time. This
observation calls into question the applicability
of theoretical models of laccolith growth that
presuppose the entire intrusion remains in a liq-
uid state throughout the entire history (e.g. Pol-
lard and Johnson 1973; Bunger and Cruden
2011). Interestingly, the geometric predictions of
the models (e.g. bell-shaped upper laccolith sur-
face) generally agree well with observations in
the Henry Mountains, despite the apparent dis-
connect between the inferred step-wise assembly
of the intrusions and the single-magma-body
assumption of the models.
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Sub-volcanic Intrusions in the Karoo
Basin, South Africa
Henrik H. Svensen, Stéphane Polteau, Grant Cawthorn,
and Sverre Planke

Abstract

The Karoo Basin in South Africa contains the world’s best exposed sub-
volcanic part of a Large Igneous Province. Dolerite sills and dikes crop
out across the 630,000 km2 large basin, from base to top of the
stratigraphy. We present data from a compilation of 32 boreholes drilled
since the 1960’s, showing that the sill percentage in the stratigraphy for
individual boreholes varies from 0 to 54 %. Borehole depth is the key
factor determining the sill proportion in specific regions, as shorter
boreholes give higher sill proportions. When focusing on eight boreholes
that were drilled through almost complete stratigraphic sections, the
cumulative sill content is between 250 and 720 meters (average 440 m),
yielding a proportion of sills to total thickness of 32 %. Using this average
number as a proxy for the average sill content in the basin, the resulting
sill volume is on the order of 250,000 to 300,000 km3 when extrapolating
to basin scale. The volume of dikes remains unknown, but all are quite
thin and so have relatively small volume, estimated to less than 15 % of
the sill volume. The sills may have been a thermal source for the
generation of oil and gas, as well as leading to their volatilization and
escape to the Early Jurassic atmosphere.

1 Introduction

Outcrops and boreholes in the Karoo Basin
provide a unique opportunity to study the pro-
cesses and consequences of shallow sub-volcanic
intrusions related to a Large Igneous Province
(LIP). The intrusions were emplaced in clastic
sedimentary rocks and led to contact metamor-
phic aureole formation, changes in the maturity
state of the host organic matter, devolatilization
and fluid expulsion, and mineral reactions and
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compaction. The emplacement of the sub-volcanic
complex was a major event that affected rheology
and fluid generation at the time of emplacement
in the Early Jurassic and onwards (Chevallier
and Woodford 1999; Jamtveit et al. 2004;
Svensen et al. 2006, 2007; Aarnes et al. 2011).
However, previous work on the sills has mainly
focussed on outcrops, not boreholes. In this
contribution, we present a new compilation of
borehole data from the Karoo Basin. The aim is
to improve the understanding of the distributions
and thicknesses of the sub-volcanic part of the
Karoo LIP.

2 The Karoo Basin
and the Sub-volcanic Complex

The Upper Carboniferous to Triassic Karoo
Supergroup in South Africa is divided in five
groups (the Dwyka, Ecca, Beaufort, Stormberg
and Drakensberg groups) with a postulated
maximum cumulative thickness of 12 km and
a preserved maximum thickness of 5.5 km
(Tankard et al. 2009). The current area with
outcropping Karoo sedimentary rocks in South
Africa is about 630,000 km2 (Fig. 1). The
depositional environments range from marine
and glacial (the Dwyka Group), marine to deltaic
(the Ecca Group), to fluvial (the Beaufort Group)
and finally eolian (the Stormberg Group) (Catu-
neanu et al. 1998). The Karoo Basin is overlain
by 1.65 km of preserved volcanic rocks of the
Drakensberg Group, consisting mainly of stacked
basalt flows erupted in a continental and dry
environment (e.g., Bristow and Saggerson 1983;
Duncan et al. 1984; Duncan and Marsh 2006).
The plumbing system of the Karoo continental
flood basalts is a basin-scale intrusive complex
consisting of sills and dykes of varying thickness
(Figs. 1, 2, 3 and 4) (du Toit 1920; Walker and
Poldervaart 1949; Marsh and Eales 1984;
Chevallier and Woodford 1999). The sills were
emplaced at about 182.6 Ma (Svensen et al.
2012). The composition of the sills is tholeiitic
with minor volumes of more evolved andesitic

intrusions (Marsh and Eales 1984). Most of the
thicker sills in the basin show internal composi-
tional variations due to mild differentiation, a few
of the thickest showing strong fractionation, such
as the Mount Ayliff, Birds River, and New Amalfi
complexes. The Mount Ayliff Complex near
Kokstad, with its four lobes (Insizwa, Tabankulu,
Tonti and Ingeli) is over 1,000 m thick, and rep-
resents an anomaly and has not been included in
our compilation (Marsh et al. 2003).

Hundreds of breccia pipes and hydrothermal
vent complexes are rooted in the contact aureoles
of intrusions in the Karoo Basin and formed as a
consequence of pressure build-up related to
devolatilization reactions or boiling (Jamtveit
et al. 2004; Svensen et al. 2007; Aarnes et al.
2012). The resulting release of carbon-rich gases
is proposed as a major source of the 12C-enriched
carbon required to explain the Toarcian negative
carbon isotope excursion and global environ-
mental change (e.g., Svensen et al. 2007;
Mazzini et al. 2010). The status of this hypoth-
esis, and new data from contact aureoles in the
Karoo Basin, is presented in Sect 9.2.

3 Methods

Surface geology is given by the 1:1,000,000
bedrock lithostratigraphical map from the
Council of Geoscience through onegeology.org.
The regional profile presented in Fig. 1b is con-
structed using borehole and surface geology data.
We have compiled data from 32 boreholes,
including several that intersect the basement
below the Karoo sequence (Table 1). 27 of the
boreholes contain sills and 18 of those logs are
presented in Fig. 5. The logs were obtained from
the Council for Geoscience in Pretoria and from
our own core studies. When compiling sill
thicknesses, we assumed that none of the drilled
dolerites represent inclined dykes and that the sill
thicknesses in the boreholes represent the real
thicknesses. Histograms and percentile calcula-
tions were done using the PAST software
(Hammer et al. 2001).
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4 Results

The sill geometries in the Karoo Basin vary with
the depth of emplacement. Sills in the Ecca
Group are laterally extensive, whereas sills in the
Beaufort Group commonly have saucer-like
morphologies with climbing limbs that cut across
the horizontal stratigraphy of the sedimentary
rocks (Figs. 2, 3 and 4) (Polteau et al. 2008a).
Sills are rare in the Stormberg Group although
dykes are common. Contact aureoles around the
sills are well developed and are characterized by
bleached hornfels with organic carbon contents
approaching zero (Svensen et al. 2007; Aarnes
et al. 2011).

The parameters we have extracted from the
Karoo Basin logs include sediment thickness to
base Dwyka Group (or base Ecca Group if
Dwyka is absent), total sill thickness, the number
of sills, the percent of sills (defined as the total
thickness of sills divided by total thickness of
sills plus sedimentary rocks), the thickest sill, and
the emplacement levels (Table 1). As seen in the
compiled logs in Fig. 5, the sill thicknesses vary
considerably between boreholes and within the
various stratigraphic units. For the 197 sills in
our database, the average thickness is 35 m with
most less than 90 m thick (Table 1). The thickest
sill in our database is 282 m (GS017), but note
that this represents a minimum thickness as the
collar of the borehole was located within the sill.

HG1
QU1/65 AB1/65 WE 1/66 MA 1/69

ME 1/72

2

0

250 500 750 1000 1250

1

3

2

1

0
km

(a)

(b)

Fig. 1 a Geological map of the Karoo Basin showing the
distribution of sill intrusions and the locations of the
boreholes used in this study. The line across the basin is
the trace of the profile presented below. See Fig. 2 for a
close-up image of the rectangle in the southern Karoo

Basin. b Composite profile across the basin based on
surface geology and borehole data. The schematic subsur-
face geology between the boreholes is constructed based
on the typical sill geometries in the Ecca and Beaufort
groups. Note the *22 times vertical exaggeration
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We cannot exclude the possibility that some of
the sills represent composite sills, although these
are rarely seen in the field. The sill thicknesses in

the boreholes are highly variable with an average
value of 21 %. SW1/67 contains the highest
number of sills (33) and the Vrede borehole the

Nico Malan Pass

Golden Valley

30 km

Queenstown

CR1/68

Fig. 2 Satellite image of the escarpment in the southern
parts of theKarooBasin. The escarpment is defined by thick
sill intrusions emplaced in the Beaufort Group. Few sills are

present south of the escarpment. The locations of the
4,658 m deep CR1/68 borehole, the Golden Valley saucer
(Fig. 3a), and the Nico Malan Pass (Fig. 3b) are also shown

Tarkastad

Drakensberg Group

Clarens Fm.

(b) (c)

(a)

Fig. 3 a The Golden Valley sill complex with charac-
teristic inclined sheets (white arrows). The saucer-shaped
sill is about 100 m thick and the complex is up to 11 km
wide. b The escarpment near the Nico Malan Pass seen
towards the north. Four sills are present at various levels

in the landscape (arrows). c The Karoo Basin was flooded
by basalt in the Early Jurassic covering the landscape with
at least 1.65 km of basalt. Here is the contact between the
Clarens Formation (Stormberg Group) and the Drakens-
berg Group lava exposed in northern Lesotho
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highest content (54 %) when comparing with the
sediment thickness. We stress that the sill content
variation across the basin is heterogeneous and
that is not possible to draw sensible contour maps
as done by Winter and Venter (1970).

An important finding is that the percentage of
sills varies with borehole depth and location
relative to the escarpment (Fig. 6a). Also, the
intuitive positive relationship between the num-
ber of sills and the total content of sills shows
that sill thicknesses are evenly distributed among
the boreholes (Fig. 6). Short boreholes (and those
intersecting only the lowermost stratigraphy)
contain a high percentage of sills but also few
meters in total. Figure 7 shows the importance of
the total stratigraphic succession intersected for
understanding the sill content in the boreholes.
When plotting the sill content in meters versus
percent, the dataset falls mainly along two trends.
By differentiating between short boreholes
(<1,000 m) and long boreholes (>1,000 m), we
show that short boreholes are skewed towards a
higher percentage of sills.

A well-known aspect of the sill distribution in
the Karoo Basin is the scarcity of sills located
south of the Karoo escarpment (see Fig. 1). This
can be seen in the logs in Figs. 5 and 8, where the
sill content is plotted against the perpendicular
distance from the escarpment.

The histograms in Fig. 9 show that the sill
thicknesses vary according to emplacement level.
The Beaufort Group has a higher abundance of
both thin sills (<30 m) and thick sills (90–150 m)
than the Ecca Group. The predominance of thin
sills in our data set is demonstrated in Fig. 10,
showing that most sills (60 %) are less than 30 m
thick. In Fig. 11 we show how much sills with
thicknesses within 20 m bins contribute to the
cumulative sill thicknesses. For instance, even
the thinnest sills (<20 m in thickness) in our
database sum to 659 m. Sills in the 20–40 m
range sum up to almost the same cumulative
thickness as the sills in the 40–60, 60–80, and
80–100 m ranges. Note that the few sills thicker
than 140 m result in 1:1 relationship between
cumulative sill thickness and bin size in cases

Dolerite

Hornfels

Contact

Fig. 4 Transgressive sills are common in the Beaufort
Group sedimentary rocks and form an important feature of
the saucer-shaped intrusions in the basin. Here we see the
sill contact north-east of Beaufort West. Sandstone and

siltstone are transformed to hornfels in the contact
aureole. Note the oxidized weathering profile in the upper
part of the hornfels

Sub-volcanic Intrusions in the Karoo Basin, South Africa 353



where only one sill is present. In total, the sills in
the database sum to a thickness of 6,647 m.

We use our database to constrain the volume
of sills in the whole Karoo Basin. The approach
we use is to extract the average thickness and
standard deviation of the sill content in the 12
deep boreholes (>1,000 m). These boreholes are
listed in Table 1, and the average is 426 ± 211 m.
When scaling to the size of the Karoo Basin
(630,000 km2), the resulting sill volume is
270,000 ± 130,000 km3. Note that (1) the 12

deep boreholes are the best representation of the
sill content in the basin, (2) the lack of sills in the
Ecca Group south of the Escarpment has not
been taken into account, (3) we assume that the
entire Karoo stratigraphy, including the Storm-
berg Group, was present across the present-day
size of the basin, and (4) the sill volume is likely
significantly underestimated considering the
presence of Karoo LIP sills outside South Africa.
The volume of dykes in the Karoo Basin remains
unknown as there are no studies on dyke

Table 1 Overview of cores and sill thicknesses

Core Farm Lat Long TD/
BK

Sediments Sills Sills Volume Thickest

m m # % m

QU1/65 Quagga’s Fontein
357

−31,83 21,44 1935 1516 419 10 28 128

WE1/66 Weltevreden 117 −30,90 26,84 3732 2911 821 14 28 129

BE1/67 Bergville −28,57 29,38 1045 772 273 16 35 64

HG1 Hans Gat 249 −30,80 20,29 672 503 169 6 34 44

LA1/68 Olney 280
(Ladybrand)

−29,09 27,48 1710 1444 266 11 18 127

GLEN1/67 −28,95 26,33 769 450 291 7 61 221

VREDE1/66 −32,26 24,25 3310 3256 54 4 2 42

MA1/69 −30,30 28,72 1892 1502 390 22 26 129

FI1/72 Ficksburg
Township 75

−28,89 27,85 1873 1582 291 8 18 21

ME1/72 Meijers Geluk −28,19 29,28 1037 779 258 6 33 70

AB1/65 Abrahams Kraal
206

−31,80 22,62 2298 1640 658 6 40 282

CR1/68 Drooge Rivier −32,48 25,00 4658 4631 27 4 0,6 9

KL1/78 Klein
Kareelaagte 168

−29,38 24,45 140 125 15 1 12 15

BE1/67 Bergville −28,73 29,35 1045 772 273 16 35,4 64

GSO17 Hanover 2964 −28,06 29,75 442 403 39 2 9,7 36

Brandfort −28,53 26,52 723 607 117 10 19 47

CL4 Clockolan −28,88 27,55 892 895 95 5 13

SW1 Swartberg −30,15 29,27 2805 2090 717 33 34 199

KA1 Kareebosch −32,02 23,42 2516 2404 112 3 5 76

Kliprivier 685 510 175 3 34 127

Petrusville −30,08 24,67 711 577 133 3 23 62

28,77 30,32 1857 1608 248 8 15 97

SO1 Somkele −28,35 32,10 2291 1730 561 32

de Kamp −27,63 28,62 722 425 300 6 70 111

Vrede −27,48 28,73 650 298 352 3 118 168

EL1 Elandsnek −27,47 30,45 576 396 189 45

Theunissen −28,40 26,70 482 428 54 1 13 54

G39974 Kopoas Fontein −31,49 19.89 1016 807 209 3 26 116

KL1/65 Klipdrift 156 −31,38 20,45 2034 1864 170 9
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statistics. However, with a few exceptions, most
outcropping dykes are thin (1–10 m). If we turn
all sills in our database into 5 m wide dykes, the
cumulative dike width becomes 985 m (197 × 5)
or 15 % of the cumulative sill thickness.

5 Discussion

5.1 Age and Geochemistry
of the Karoo Dolerites

Based on an 40Ar/39Ar study of 15 sills in the
eastern Karoo Basin, it was concluded that the
Karoo sills were emplaced over a sustained per-
iod of some 3 m.y. (Jourdan et al. 2008). A
recent study presented 15 U-Pb zircon ages of
sills across the whole Karoo Basin which gave
overlapping ages within small errors (Svensen
et al. 2012), ranging from 183.0 ± 0.5 to

182.3 ± 0.6 Ma. Both the U-Pb and Ar/Ar ages
are shown in the compilation in Fig. 12. Monte
Carlo simulations of the emplacement duration
based on the new U-Pb ages suggests that 95 %
of the sills were emplaced within 0.47 m.y.
(Svensen et al. 2012).

The ages of the lavas, in contrast, are poorly
constrained. The geochronology of the basal flood
basalt, the Mosheshe’s Ford unit, is characterized
by variable and uncertain ages: 184.8 ± 2.6 Ma
(K–Ar; Moulin et al. 2011), 186.5 ± 1.1 Ma
(uncorrected 40Ar/39Ar plateau age; Duncan et al.
1997), and 181.0 ± 2.0 Ma (40Ar/39Ar plateau age
from the lowermost flow in Lesotho; Jourdan et al.
2007). There have been many attempts to find
zircons in both the basal lavas and other flows in
South Africa and Lesotho, without success. Thus
so far, the direct link between Karoo sills and lavas
relies on the geochemical fingerprinting of sills,
dykes and lavas (Marsh et al. 1997).
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* U-Pb zircon age: 182.7±0.3 Ma
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Fig. 5 Lithological logs from 18 of the 32 studied
boreholes. The boreholes are sorted according to longi-
tude. Note that only four boreholes contain complete Ecca
and Beaufort Group stratigraphy (LA1/68, MA1/69, FI1/
72, and WE1/66). The thickest sill is found in the AB1/65

borehole (at least 282 m). Sills are rare in the Dwyka
Group and only one sill is emplaced exclusively in
basement rocks (GLEN1/67). The boreholes without sills
are all from areas near the southern escarpment
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There is no systematic variation in sill
geochemistry from base to top in the basin
(Neumann et al. 2011 and Chap. 7 of this book).
Figure 13 shows a compilation of sill analyses
from two boreholes that were drilled through the
Ecca and Beaufort groups (LA1/68 and QU1/65).
The MgO content is fairly consistent, clustering
between 5 and 8 wt. %. Previous studies based
on fieldwork in various regions in the basin have
given similar results. However, a high-resolution
study from the Golden Valley sill complex sug-
gested that variations between sills can be sub-
stantial in terms of trace element concentrations,
both due to internal processes within each sill
and due to sills sourced from reservoirs with
slightly different chemistry (Galerne et al. 2008;
Neumann et al. 2011).

5.2 Sill Distribution and Thicknesses

The escarpment in the southern Karoo is defined
by more than 1,000 m elevation difference and
by the presence of thick sills emplaced in the
middle Beaufort Group (Fig. 2). There are few
sills emplaced south of the escarpment, and they
are thin and not present everywhere. The thick
sills cropping out in the upper part of the
escarpment (Fig. 3b) likely extended southwards
towards the Cape Fold Belt, but are now eroded
due to the northward migration of the escarp-
ment. The reason for the general absence of sills
south of the escarpment below the middle
Beaufort Group is debated. The Cape Fold Belt is
suggested to have reduced the ability of hori-
zontal migration of magma deep in the basin

T
o

ta
l s

ill
s 

(%
)

Borehole depth (m)

0

100

200

300

400

500

600

700

800

900

0 5 10 15 20 25 30 35

T
o

ta
l s

ill
s 

(m
)

Number of sills in borehole

0

10

20

30

40

50

60

0 1000 2000 3000 4000 5000

Escarpment

Deep boreholes

Short boreholes

(a)

(b)

Fig. 6 Systematics of the
27 boreholes in the
database containing sills.
a The percentage of sills
versus the depth to the base
of the borehole or top of the
basement. Most boreholes
contain more than 10 %
sills, except the boreholes
drilled near the escarpment
in the south. b The number
of sills in each borehole
varies from 1 to 33.
Generally, boreholes with
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the basis of total sill
thickness
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(Winter and Venter 1970). Our data support this
view as the lower part of the Beaufort Group and
the entire Ecca and Dwyka groups in this region
are depleted of sills as well (Figs. 5 and 8).

There is an east-west trending zone to the east
of Kimberley where the basement has been
deformed upward with the result that the thick-
ness of Karoo sedimentary rocks is anomalously
thin. In one hole, GLEN1/67, there is a single sill
that is 221 m thick (the second thickest of all
recorded sills). These two facts result in this one
hole yielding a sill content of 38 %, but note that
the borehole is less than 1,000 m deep and thus
not representative for the full stratigraphy in
that area. If this one value were to be ignored
then the greatest sill content would appear to be
in the northeast of the Karoo Basin. However, in
this region only the lowermost rocks (mainly the
Ecca Formation) have survived erosion. The
boreholes that ring Lesotho (shown in boxes in
Fig. 1) show a higher sill content than the other
deep boreholes and so do not support the con-
clusions by earlier workers (Winter and Venter
1970).

The 12 deep boreholes containing sills may
hold the key to quantifying the basin-scale sill
volume. These boreholes minimize the skewed
data from short and un-representative boreholes,
and the effect of erosion and removal of the
upper parts of the sedimentary sequences. Our
sill volume estimate is 270,000 ± 130,000 km3.
Alternative methods include map view outcrop
estimates and integrated cross sections. The latter
method was used by Svensen et al. (2012), where
the sill volume in a cross-section similar to the
one in Fig. 1b was extrapolated to the entire
basin giving a volume of 340,000 km3.

5.3 The Emplacement of a Sill

The cross-section of the Karoo Basin (Fig. 1b)
graphically presents two fundamental aspects: (1)
individual sills in the Ecca Group may be later-
ally extensive (across 100s of kilometres), and
(2) the sills in the Beaufort Group do not nec-
essarily form extensive sheets that can be map-
ped for great distances, but form saucers. This

implies that the tradition of giving individual sills
names, such as in the Tunguska Basin in Siberia,
does not make sense for the Karoo as sills
transgress, pinch out, merge with inclined dykes,
and form an intricate network throughout the
basin. This is demonstrated in a series of publi-
cations from the Golden Valley Sill Complex
project, where a large number of geochemical
profiles were made together with detailed geo-
chemical fingerprinting of magma batches and
detailed fieldwork (Galerne et al. 2008, 2010;
Polteau et al. 2008a, b).

The boreholes we have studied have records
of the different emplacement from the region in
which they were drilled. This means that the
question of how many of the 197 sill intersec-
tions we have recorded represent the same
intrusions is impossible to answer. Extensive sills
should in theory be overrepresented in the dataset
if these were penetrated by several boreholes.
Our data shows that the 60 % of the sills are
thinner than about 30 m (Fig. 10), although thin
sills should intuitively be the least laterally
extensive. Figure 11 shows that the sills thinner
than 40 m contribute as much to the cumulative
thickness as those in the 40–140 m range
(Fig. 11). The reason for the higher abundance of
thin sills (<30 m) in the Beaufort Group com-
pared to in the Ecca Group (Fig. 9) is unclear. A
possible explanation is that sill thickness is partly
controlled by host rock properties (sandstone
versus shale) or the depth of emplacement. For
instance, a detailed borehole study of saucer-
shaped sills has shown that sill offshoots are
common near the transgressive segments of thick
sills (Chevallier and Woodford 1999). This is
potentially an explanation for the many thin sills
in the vicinity of thick sills in our borehole
compilation (Fig. 5). Moreover, there is appar-
ently a higher proportion of thick sills (90–
150 m) in the Beaufort Group compared to in the
Ecca Group (Fig. 9), possibly due to emplace-
ment depth, inflation processes, or variations in
the melt emplacement flux. Whether the sills
were emplaced in time sequence from the base
upward, downwards or randomly is unresolvable,
but the flux was likely highly variable over the
*500 ky emplacement duration.
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5.4 Consequences of Sill
Emplacement

When South African companies explored the
petroleum potential in the Karoo Basin during the
1960s and 1970s, many were concerned about the
influence of sills on the petroleum systems.
Rowsell and De Swart (1976) compiled borehole
data demonstrating the temperature effect of sills
on clay minerals and petroleum systems. For
instance, the LA1/68 borehole contained dry gas
in the lower half of the hole, whereas oil shows
were common in the upper part. Both the thermal
input from the sills and the weight of the over-
lying lava pile must have played a key role in the
petroleum generation, as the sedimentary
sequence in LA1/68 is only 1,444 m thick
(Table 1). Even with a very high thermal gradient,
this is insufficient for generating temperatures
needed for oil and gas generation unless the effect
of the lava pile was significant.

During the last decade, contact metamorphism
of organic-rich shale in the Karoo Basin has been
linked to methane degassing and the Toarcian
climate perturbations (Svensen et al. 2007; Aarnes
et al. 2011).These studies applied a combination of
field investigations, borehole studies, and numer-
ical modelling, and show that methane was gen-
erated in sufficient quantities within the Ecca
Group contact aureoles to have had an environ-
mental effect if vented to the atmosphere. These
findings aremoreover important for the outlook for
shale gas in the Karoo Basin. New borehole
information and gas geochemistry from the Ecca
Group,with andwithout sills, are needed to resolve
if sills in a particular region have been beneficial or
destructive for the local petroleum systems.

6 Conclusions

The Karoo Basin contains the world’s best
exposed sub-volcanic part of a LIP. Both bore-
hole data and exposed sills have great potential
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for addressing detailed processes related to sill
geochemistry and emplacement, and contact
aureole processes. We conclude that:
• Sills form an integral part of the Karoo stratig-
raphy, and comprise up to 54 % of the local
stratigraphy, but for the 27 boreholes with sills
we have studied, the average sill content is 21%.

• Thin sills (<30 m) are more abundant than
thick sill and represent 60 % of a total of 197
individual sill intersections in our database.
The Beaufort Group contains more sills in the
90–150 m range than the Ecca Group, possibly
reflecting a combination of emplacement pro-
cesses and host rock lithology.

• Borehole data are crucial for understanding the
sill distribution in a sedimentary basin. How-
ever, short boreholes may give artificially
higher sill percentages than deep boreholes.

• Boreholes from around the Karoo escarpment
suggest a tectonic explanation for the absence
of sills in the Dwyka and Ecca groups south of
the escarpment.

• The Karoo sills represent the best geochrono-
logically constrained subvolcanic part of a
LIP. A recent study of 15 dated sills suggested a
very rapid emplacement around 182.6 Ma. The
lavas are only dated by the 40Ar/39Ar and K–Ar
methods with a considerable age scatter around
183 Ma, and a revision is critically needed.
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Dykes, Sills, Laccoliths, and Inclined
Sheets in Iceland
Agust Gudmundsson, Federico A. Pasquarè,
and Alessandro Tibaldi

Abstract

Dykes and inclined sheets are extremely common in the volcanic systems
of Iceland, both the fossil ones as well as the active systems. Until
recently, comparatively few sills and laccoliths were known, but recent
studies show that many laccoliths occur in the lava pile and that sills are
also very common. Many, perhaps most, shallow magma chambers in
Iceland (including laccoliths) develop from sills, so that understanding the
conditions for sill formation is of great volcanotectonic importance. Some
of the laccoliths described here are felsic, others are mafic, and reach a
maximum thickness of several hundred metres. They were emplaced at
shallow depths (several hundred metres below the surface) and presum-
ably acted as short-lived shallow magma chambers. Most sills in Iceland
are mafic. The largest sills reach at least 120 m in thickness and
presumably many kilometres in diameter. Inclined sheets and vertical
dykes supply magma to essentially all eruptions in Iceland. Sheet swarms
are confined to central volcanoes (stratovolcanoes, calderas), whereas
regional dykes occur outside central volcanoes. Most inclined sheet are
injected from shallow magma chambers. Individual swarms of inclined
sheets are circular to slightly elliptical in plan view (with a maximum
diameter of about 18 km), contain up to tens of thousands of sheets,
generating a crustal dilation of as much as 80 % (measured in a profile
roughly perpendicular to the average sheet attitude), the sheets being
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mostly <1 m thick and dipping 30°–60º towards the shallow magma
source chamber. By contrast, the regional dyke swarms are highly
elongated (elliptical) in plan view (with common maximum lengths of
50 km and widths of 5–10 km), contain hundreds of dykes at the level of
exposure, mostly subvertical and 2–6 m thick. Recent studies suggest that
many regional dykes were emplaced through inclined or vertical magma
flow. We conclude that, while much progress has been made, we still do
not have reliable models for forecasting the likely paths of sheet-like
intrusions during volcanic unrest periods with magma-chamber rupture.

1 Introduction

There are numerous dykes in Iceland; tens of
thousands have been studied for more than a
century and their characteristics are well known.
Inclined sheets were discovered later, primarily
through the work of Walker (1974, 1975), and
are now known to be very common in central
volcanoes (stratovolcanoes and calderas). Few
laccoliths and sills, however, were known in
Iceland until comparatively recently, whereby

studies have shown these intrusions to be much
more common than they were thought to be.

Dykes occur mainly in elongated swarms out-
side the central volcanoes, whereas the inclined
sheets are mostly confined to the central volcanoes
(Fig. 1). The dykes are mostly controlled by the
regional stress field associated with the divergent
and propagating plate boundaries, whereas the
inclined sheets are primarily controlled by the
local stress field associated with the shallow
crustal magma chambers that supplymagma to the

Fig. 1 Schematic
overview of the internal
structure of volcanic
systems in Iceland.
Associated with the central
volcano (here a composite
volcano) is a shallow
magma chamber which, in
turn, is supplied with
magma from a deep-seated
magma reservoir. It is
likely the many, perhaps
most, of the regional dykes
are fed by deep-seated
reservoirs, whereas most or
all the inclined sheets are
supplied with magma from
shallow magma chambers
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sheets and to the eruptions of the central volca-
noes. Sills and laccoliths occur both inside and
outside central volcanoes. Sills and laccoliths are
potential shallow magma chambers, and many
function as such. Many, and presumably most,
shallow magma chambers (including laccoliths)
initiate from sills (Gudmundsson 2012a).Tradi-
tionally, the dyke and sheet swarms are, depend-
ing on age, referred to as Tertiary, Pleistocene, and
Holocene swarms. The oldest rocks in Iceland are
about 15 Ma, so that Tertiary swarms in Iceland
were formed in Miocene and Pliocene.

The main aim of this paper is to discuss and
describe briefly all these four types of intrusions,
their structure and mechanism of emplacement.
Dykes in Iceland have been treated very exten-
sively in the literature (e.g., Walker 1960, 1974;
Gudmundsson 1995; Paquet et al. 2007; Galindo
and Gudmundsson 2012) and so have inclined
sheets, although to a lesser degree (Walker 1975;
Gudmundsson 1995; Klausen 2004, 2006; Siler
and Karson 2009; Tibaldi et al. 2011). By con-
trast, laccoliths and sills in Iceland have received
comparatively little attention (Pasquarè and
Tibaldi 2007; Gudmundsson and Lotveit 2012).

2 Dykes

The regional dykes occur in elongated swarms,
commonly around 50 km long and 5–10 km
wide, outside the central volcanoes (Fig. 1). The

regional dykes are mostly close to vertical
(Fig. 2a) and have generally similar strike (are
subparallel) within each swarm. In the southern
half of Iceland, the dyke trend is mostly north-
east, whereas in the northern half of the country,
the dyke trend is mostly north-northeast—similar
to the general trends of the active volcanic sys-
tems (Fig. 3; Gudmundsson et al. 2014). The
change in tectonic orientation from north to south
across Iceland reflects the change in the trend of
the ocean ridges north and south of the island;
the Reykjanes Ridge, to the south, strikes
northeast whereas the Kolbeinsey Ridge, to the
north, strikes north-northeast (Fig. 3).

The dykes vary in thickness from a few cen-
timetres to about 60 m. The thick dykes are
mostly formed in multiple magma injections; the
individual injections can often be recognised as
‘columnar rows’ (Gudmundsson 1995). The
most common (mode) thickness of dykes in a
given swarm is normally 1–2 m. The Tertiary
(Miocene-Pliocene) and Pleistocene swarms,
however, have different mean thicknesses; the
Tertiary swarms have a mean dyke thickness of
4–6 m whereas the Pleistocene swarms have
mean thickness of 1–2 m. Thus, generally, the
mean thickness of regional dykes in Iceland is
2–6 m. Some Tertiary dykes have been traced
along their lengths or strike dimensions to dis-
tances exceeding 20 km, but the total lengths are
unknown since one or both lateral ends are nor-
mally uncertain.

Fig. 2 Regional dykes. a A dyke on the coast in
Southwest Iceland, view northeast, the dyke strike is
N30ºE, the dip 82ºW, and the thickness 3 m. b View
northeast, part of the 27-km-long (but segmented)

volcanic fissure/crater row formed during the AD 1783
Laki eruption in southern Iceland. The feeder dyke must
have been at least 27 km long
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Volcanic fissures are the surface expressions
of feeder dykes (Fig. 2b). The longest (seg-
mented) Holocene volcanic fissure in Iceland is
about 65 km long, and there are several that
reach tens of kilometres (Gudmundsson 1995).
The associated feeder dykes must reach at least
the same lengths. Comparatively few feeder
dykes have been reported as being directly con-
nected to their eruptive materials—this applies
not only to Iceland but worldwide (Galindo and
Gudmundsson 2012). One reason for the rarity of
reported connections of this kind is lack of sys-
tematic research. For example, when the expo-
sures are exceptionally good in active volcanoes,
such as in Miyakejima in Japan, careful studies
reveal many feeder dykes connected to their
eruptive materials (Geshi et al. 2010).

The propagation direction of dykes have
received considerable attention (Gudmundsson
et al. 2014). There is considerable evidence that
many dykes propagate essentially laterally from
shallow magma chambers or conduits in many

large volcanic edifices such as Etna and Strom-
boli (Acocella and Neri 2003; Acocella and Ti-
baldi 2005). In fact, simple analytical models
(Gudmundsson 2011a, b) suggest that lateral
dyke propagation may, under certain conditions,
be favoured (over vertical propagation) out to
distances of many kilometres from the centre of
the source conduit or a magma chamber. But
such dykes are normally thin, of rather evolved
composition, and form a part of the general sheet
swarm of the volcano. In Iceland swarms of
inclined sheets are up to 18 km in diameter. And
even if many dykes may propagate to a degree
laterally within the sheet swarm, all the feeders
must reach the surface and thus propagate at least
partly vertically. In fact, fractures in solids nor-
mally propagate in various directions (Pook
2002; Sun and Jin 2012), and the same must
apply to dykes and other rock fractures. Detailed
studies of sheet swarms also show that many
sheets can be traced to the fossil magma cham-
bers (plutons), so that there is generally no doubt

Fig. 3 Volcanic zones and systems as well as the
associated transform zones (the Tjornes Fracture Zone
and the South Iceland Seismic Zone) in Iceland. The
strike of volcanic systems in the northern part of the
country reflects that of the Kolbeinsey Ridge, whereas
that in the southern part of the country reflects that of the

Reykjanes Ridge. Numbers are locations of the centrally-
inclined sheet swarms described in the present paper and
of the gabbro plutons: 1 Vatnsdalur, 2 Kroksfjordur, 3
Reykjadalur, 4 Midhyrna-Lysuskard, 5 Kolgrafarmùli, 6
Thverfell, 7 Stardalur, 8 Kjalarnes, 9 Hvalfjordur, 10
Hafnarfjall, 11 Thverartindur, 12 Geitafell
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about their source and the direction of propaga-
tion (e.g., Gudmundsson 2002: Klausen 2004;
Burchardt and Gudmundsson 2009).

While the sources and propagation directions
of local dykes and inclined sheets are thus well
known, the same does not apply to the thick and
long and subvertical regional dykes. For these,
two basic ideas have been discussed: (1) the
dykes are primarily injected vertically from res-
ervoirs in the lower crust or at the crust-mantle
boundary; (2) the dykes are primarily injected
laterally from shallow magma chambers at the
depth of a few kilometres (e.g., Sigurdsson and
Sparks 1978; Paquet et al. 2007). The lateral
propagation is here supposed to apply to dykes
that, in Iceland, reach tens of kilometres in length,
and in other areas (such as Canada) hundreds of
kilometres (e.g., Ernst et al. 2001).

As for Iceland, the common differences in
chemistry and volume between typical eruptive
materials associated with feeder dykes inside and
outside central volcanoes (the erupted materials
outside the volcanoes tend to be much more
primitive in composition and of larger volumes)
is often taken as an indication that the regional
feeder dykes do not form through lateral propa-
gation from shallow magma chambers (which
normally hold rather evolved magmas) but rather
in primarily vertical flow from deep-seated
reservoirs (Gudmundsson 1990; Hartley and
Thordarson 2012, 2013). Recently, there have
been many magnetic anisotropy studies in Iceland
focusing on the direction of magma flow in
regional dykes. All kinematic indicators for dykes
are subject to somewhat different interpretations,
and it should also be noted that the direction of
magma flow does not necessarily reflect the main
direction of fracture propagation. This latter is
well known from volcanic-fissure formation.
Thus, close to the surface the magma flow is
necessarily primarily vertical. This follows
because the flow must reach the commonly flat
surface and form volcanic fissures, crater cones,
and other structures. At the same time the volca-
nic-fissure propagation is necessarily primarily
lateral at the surface. Thus, commonly, a laterally
propagating volcanic fissure channels vertically
flowing magma to the surface. However, these

recent magnetic anisotropy results indicate pri-
marily inclined, at 30°–60º (Eriksson et al. 2011),
or vertical magma flow (Kissel et al. 2010). So far
as these results go, they tend to support inclined or
vertical magma flow rather than lateral for the
regional dykes of Iceland.

3 Sills

Until recently, sills were rarely reported from
Iceland. Studies by the present authors in the past
decade, however, show that sills are common in
Iceland. They occur in the Tertiary and Pleistocene
lava piles, as well as in the active volcanic zones
(Fig. 4). Sills are particularly common in Pleisto-
cene rocks, partly because of the common abrupt
changes in mechanical properties between layers
—changes that encourage dyke deflection into
sills (Gudmundsson 2011a, b; Gudmundsson and
Lotveit 2012). Abrupt changes of this type occur,
for example, where lava flows or earlier sills
alternate with basaltic breccias, hyaloclastites.

Since the active volcanic systems and central
volcanoes contain numerous lava flows and hy-
aloclastite layers, sill formation is very common
in many active volcanoes. Examples include
many sills in the Eyjafjallajökull Volcano in
South Iceland (Fig. 4a). The emplacement of
similar sills is thought to have taken place prior
to the 2010 eruptions in Eyjafjallajökull (Sigm-
undsson et al. 2010; Gudmundsson et al. 2012;
Tarasewicz et al. 2012). In some of these inter-
pretations, there were many sill injections in
Eyjafjallajökull in the decade before the 2010
eruptions, and some of the sills, it is suggested,
reached lateral dimensions (diameters) of as
much as 17 km (Sigmundsson et al. 2010).

Sill emplacement and propagation direction
are reasonably well understood in general terms.
The sills tend to form when dykes or inclined
sheets become deflected along discontinuities
such as contacts between dissimilar rock layers
(Gudmundsson 1990, 2011a, b; Kavanagh et al.
2006). The details of sill formation and propa-
gation are, however, poorly understood. In par-
ticular, the conditions that allow dykes to become
deflected into sills are still a matter of intense
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research. Also, some dykes become doubly
deflected along contacts to form sills, while other
dykes are singly deflected; the reasons for these
propagation differences are not well understood.
Also, sills show many different geometric shapes
(Gudmundsson and Lotveit 2012) whose origin
are still being studied and analysed.

Observed sills in Iceland range in thickness
from centimetres to at least 120 m (Fig. 4b). Little
systematic work has been made to trace the sills
laterally. Some extend for several kilometres
(Gudmundsson and Lotveit 2012), but the ends
are often eroded so that the true dimensions are
poorly known. Common aspect ratios (lateral
dimension/thickness) of sills in the Faeroe Islands

are between about 167 and 500 (Hansen et al.
2011), which agrees well with predictions based
on simple analytical fracture-mechanics models
(Gudmundsson and Lotveit 2012). Based on
these ratios, which are likely to be similar for
Iceland, many of the thicker sills in Iceland could
be many kilometres in diameter.

Sills are important in their own right as one of
the three main types of sheet-like intrusions. But
they are also widely regarded as the primary
structures from which shallow magma chambers
in central volcanoes develop (Gudmundsson
1990, 2012a). Some chambers develop from sin-
gle sill injections, whereas others form gradually
through many injections. Many magma chambers

Fig. 4 Sills. a Basaltic
sills, lava flows,
hyaloclastite layers, and
contacts in the southern
slopes of the
Eyjafjallajökull Volcano.
b View north, part of a
120-m-thick basaltic sill in
East Iceland. The sill was
formed through multiple
injections
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maintain their sill-like geometry during the life-
times of the associated central volcano. Sill-like
chambers may generate stress fields that encour-
age the formation of collapse calderas. Other
magma chambers change their shapes as they
expand and evolve from the initial sill. Such
magma chambers include laccoliths.

4 Laccoliths

There are many laccoliths in Iceland, most of
which are composed of acid (felsic) rocks. The
best known laccolith is Sandfell in East Iceland.
This laccolith is exceptionally well preserved,
with part of the roof—a basaltic lava pile—still

maintained (Fig. 5a). Sandfell peaks at 743 m a.s.
l. and at the time of emplacement the roof of the
laccolith was within about 500 m of the surface
of the volcanic system within which it formed
(Hawkes and Hawkes 1933). It is likely to have
acted as a shallow magma chamber for a while,
as most shallow intrusions in Iceland apparently
do.

Another felsic laccolith is Baula in West Ice-
land (Fig. 5b). Baula peaks at about 934 m a.s.l.
and has an estimated age of 3.5 Ma (Johannesson
1974). The lava pile next to the laccolith shows
evidence of upbending, but the roof is not nearly
as well preserved as in the Sandfell laccolith.
Baula and Sandfell are both several hundred
metres thick and composed of felsic rocks.

Fig. 5 Felsic laccoliths in
the Tertiary lava pile. a The
laccolith Sandfell in East
Iceland. b The laccolith
Baula in West Iceland
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There are also some mafic (basaltic) laccoliths
in Iceland. Perhaps the best studied is the mafic
laccolith at Stardalur in Southwest Iceland. This
laccolith was generated through multiple sheet
intrusion, reaches a total thickness of about
200 m, and is located in the middle of a swarm of
inclined sheets associated with the 1.8 Ma Star-
dalur Volcano (Pasquarè and Tibaldi 2007). This
laccolith is thus generated in a somewhat similar
way as thick, multiple sills (Fig. 4b).

The basic conceptual model of laccolith for-
mation was proposed long ago, and analysed
mechanically by Pollard and Johnson (1973).
Subsequently, many similar analyses have been
made (e.g., McCaffrey and Petford 1997; Rocchi
et al. 2002; Bunger and Cruden 2011; Michaut
2011). The basic model, however, remains the
same; bending of an elastic crustal plate, the
overburden, as a result of magmatic overpressure.
The general idea is that laccoliths, like many other
plutons (and magma chambers), develop from
sills, namely once the sills start to deflect their
overburden. While this general model is still used
as a basis for understanding laccolith formation, it
is clear that elastic bending alone cannot account
for the shape of many laccoliths, including those

in Iceland (Fig. 5). The bending and uplift is
simply too great for elastic deformation to be
plausible. Fracturing and plastic deformation are
likely to have played a major role in the formation
of the laccoliths in Iceland.

5 Inclined Sheets

Most inclined sheets in Iceland are arranged into
centrally-dipping swarms departing from a focus
area (e.g. Pasquarè and Tibaldi 2007; Tibaldi
et al. 2008). The central-dipping sheet geometry
and symmetrical arrangement suggest the loca-
tion and depth of the source magma chamber
(e.g. Tibaldi et al. 2011), although uncertainties
remain regarding the possibility of reconstructing
the exact shape and size of the shallow magma
chamber (Figs. 1 and 6).

Outcrops of centrally-inclined sheet swarms
below eroded volcanoes are usually limited in
lateral/vertical extent, with different geometries of
inclined sheets being found, as well as different
models proposed to explain them. These models
comprise: (i) Concave-downward (trumpet-
shaped) sheets with increasing dip closer to the

Fig. 6 Possible geometries of centrally-inclined sheet
swarms resulting from internal excess magma pressure:
a radial planar sheets from a spherical magma chamber
(after Chadwick and Dieterich 1995; Gudmundsson
1998); b concave-upward (bowl-shaped) sheets from a
spherical magma chamber (after Chadwick and Dieterich

1995; Gudmundsson 1998); c concave-downward (trum-
pet-shaped) sheets from a sill-shaped magma chamber
(after Phillips 1974; Chadwick and Dieterich 1995);
d planar parallel sheets from a laccolith-like chamber
(after Bistacchi et al. 2012)
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magmatic source (Fig. 6a) (Phillips 1974); sheets
are missing in the central part. (ii) Concave-
upward (bowl-shaped) sheets with decreasing
sheet dip with depth from a pressurised magma
chamber (Fig. 6b) (Phillips 1974); sheets are
missing in the central part. (iii) Radial planar sheets
from a spherical magma chamber (Fig. 6c)
(Chadwick and Dieterich 1995; Gudmundsson
1998). (iv) Planar parallel to sub-parallel sheets
originated froma lobate (sill-like)magma chamber
(Fig. 6d) (Gudmundsson 1998; Tibaldi et al. 2011;
Bistacchi et al. 2012). Here we will review the
inclined sheet data collected all over Iceland
(Fig. 3) by various authors in order to highlight the
common features and possible factors controlling
their emplacement.

5.1 West Iceland

In northwest Iceland, inclined sheet swarms are
present in three locations in the Vatnsdalur area
(Fig. 3) (Siler and Karson 2009). These swarms
consist of mafic sheets generally <1.0 m thick that
dip radially inward, with dips between 20° and
60°. The largest sheet swarm is 16 km in diam-
eter. Sheets have a planar geometry and 3D
reconstructions at the best site (Vididalsfjall)
indicate here two cone sheets swarms focusing at
1.0 and 5.0 km bsl respectively. “Hot slicken-
lines” created during intrusion exclusively plunge
down-dip in the planes of the sheets, indicating
they were fed from below. These centrally-
inclined sheets are associated with major gab-
broid intrusions and to eroded volcanoes.

To the southwest, in the area of Kroksfjordur,
there is a complex of centrally-inclined sheets
associated with a depression (Hald et al. 1971)
(Fig. 3). These sheets intrude basal lava flows,
breccia and a series of basaltic plugs. Above the
centre of the complex, which is about 10 km in
diameter, cone sheets are almost lacking. The
individual sheets have thickness usually <3 m
with most common thickness of 0.5–1.0 m. The
sheet complex shows a weak tendency to
decrease in dip away from the centre. In the area,
a gabbro body crops out over an area of about
1 km2 but it is not cut by the inclined sheets.

Further to the south, in the Tertiary Reykj-
adalur Volcano, there is a swarm of centrally-
inclined sheets with a total diameter of about
18 km (Gautneb and Gudmundsson 1992)
(Fig. 3). The sheets have an average dip of 45°
and thickness of 1.0 m. Locally, the sheets make
up nearly 90 % of the rock, but in 1–1.5-km-long
profiles they are 5.8–7.9 %. One-third of the
sheets are porphyritic, containing as much as
50 % of plagioclase phenocrysts. The local
magmatic stress field associated with the shallow
magma chamber controlled the geometry and,
partly, thickness of the sheets to a distance of
9 km from the centre of the volcano.

In westernmost Iceland, in the Snaefellsnes
Peninsula that is essentially made up of Tertiary-
Quaternary basalts, there are three major intru-
sions, each one surrounded by a centrally-
inclined sheet swarm (Fig. 3). Along the southern
side there are the Midhyrna gabbroid and Ly-
suskard granophiric intrusions (Upton andWright
1961), whereas on the northern coast there is the
Kolgrafarmùli gabbro. All of them intrude the
Tertiary basaltic lava flows. The Midhyrna and
Lysuskard intrusions are surrounded and intruded
by two centrally dipping sheet swarms (Fig. 7)
(Tibaldi et al. 2013); these sheets show no gradual
variation in dip with distance from the focus area,
are rectilinear in section view, and intrude with
the same geometry the main intrusive bodies as
well as the layered Tertiary lavas. The diameter of
both sheet swarms is about 12 km, the average
sheet thickness is 0.63 m, and the average dip is
28° (Tibaldi et al. 2013), lower than for other
sheet swarms in Iceland whose average dip is 34°.
The Kolgrafarmùli gabbro is located near a cen-
trally-inclined sheet swarm (Fig. 3) that corre-
sponds to the Setberg volcanic centre (Sigurdsson
1966). These sheets are inclined 25°–40° towards
a focus at about 3 km depth underneath a caldera,
filled with silicic breccia and the gabbro intrusion.
Based on the Sigurdsson’s (1966) map, the sheets
cut also the gabbro body. The diameter of the
sheet swarm is 11 km.

To the south, the mountain Esja has three
centrally-inclined sheet swarms that were em-
placed mostly within almost isotropic hyalo-
clastite deposits (Pasquarè and Tibaldi 2007;
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Tibaldi et al. 2008) (Fig. 3). These sheet swarms
were emplaced during a transcurrent fault phase,
in plan view have an E-W elongation and
alignment parallel to the strike-slip faults, and
show a slight but systematic gradual dip decrease
outwards. All of them are associated with dioritic
laccoliths (Tibaldi and Pasquarè 2008). At the
Thverfell swarm, 8 km in diameter, the average
sheet thickness is 1.1 m and the dip is 32°. At
Stardalur swarm, 12 km in diameter, sheets are
associated with a caldera, have average thickness
of 1.7 m and dip of 35°. At Kjalarnes the sheet
swarm diameter is 5 km.

At the extinct Hvalfjordur Volcano, of Ter-
tiary age, in southwest Iceland (Fig. 3) sheet

strike is spread over the whole circle, with a
slight peak in the northeastern sector, parallel
with the trend of the rift zone in southwest Ice-
land within which the swarm formed (Gudm-
undsson 1995). The dip of the sheets ranges
5°–90°. The dip-frequency distribution has two
peaks at 70°–90° and at 10°–40°. The sheets
range in thickness from several centimeters to
14 m, the most common thickness being <0.5 m.

In southwest Iceland, the 4–6 Ma old Ha-
fnarfjall Volcano was studied by Gautneb et al.
(1989) who documented a centrally-inclined sheet
swarm that deviates from a circular distribution
more than other swarms in Iceland: in particular,
the sheets are preferentially NE-striking, that is,

Fig. 7 Examples of centrally-inclined sheet swarms at
two different locations in Western Iceland. a At Thverfell,
SW Iceland, sheets are dipping toward the centrally-
located focus area. b Detailed image of the sheets
intruding the earlier, effusive sequence. c Interpretation

of the previous image, showing lavas and breccias
intruded by inclined sheets. d At the Snaefellsnes
Peninsula, two different swarms converge toward two
different focus areas. The eastward-dipping swarm and the
area where the two swarms cross-cut are clearly visible
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parallel to the NE-trending West Volcanic Zone
and partly controlled by the associated regional
stress field.

5.2 East Iceland

The exposed interior of the Thverartindur igne-
ous centre (Fig. 3; Klausen 2004) is characterised
by a dense circular swarm of centrally inclined
sheets. The study of the orientation and thickness
of 745 mafic sheets suggest a bowl- and slightly
fan-shaped swarm geometry, located above a
4-km-thick, *140-km3-large, slightly flattened
magma source. The sharp decrease in sheet
density along the inner and outer margins of the
swarm suggest that most sheets were injected
from a narrower source area than the swarm’s
estimated 2–3 km width at the surface. The sheet
swarm is marked by a significant (17°/km) out-
ward decrease away from the source, as noted
also at several other eroded central volcanoes
in Iceland, such as Reykjadalur (Gautneb and
Gudmundsson 1992) and Stardalur (Pasquarè
and Tibaldi 2007). The 0.1 m/km decrease in the
average sheet thickness through the swarm
reflects the upward narrowing of sheets, while
the relatively low number of <0.5-m-thick sheets
in the uppermost part of the swarm is interpreted
to reflect the subsurface arrest of more than a
third of all sheets injected from the source.

The 5–6 Ma old Geitafell Volcano in South-
east Iceland (Fig. 3) is located in an area marked
by the deepest glacial erosion in Iceland (2 km).
Glacial valleys cut the centre of the volcano and
expose sections that reach down to the roofs of
several gabbro plutons, which in turn are sur-
rounded by dense swarms of inclined sheets and
remnants of a high-temperature geothermal sys-
tem (Fridleifsson 1983, 1984). Inclined sheets,
exposed along several deep canyons in the
vicinity of the gabbros, comprise about 10,000,
mainly basaltic, sheet intrusions. Burchardt and
Gudmundsson (2009) suggest that the Geitafell
sheet swarm is most likely bowl-shaped (i.e.,
concave upward), and field studies support that
most of the sheets are related to the gabbros in

the area, presumably the uppermost part of the
shallow magma chamber of the Geitafell Vol-
cano. A second swarm of younger and steeper-
dipping inclined sheets may represent a later and
deeper magma source located a few hundred
meters to the east that may indicate an indepen-
dent pulse of activity.

6 Discussion

Field studies of dykes, sills, laccoliths and
inclined sheets improve our understanding of
their mechanics of emplacement and general
transport of magma in the crust. In particular,
since almost all eruptions are fed by dykes or
inclined sheets, understanding how they propa-
gate to the surface or, alternatively, become
arrested in some crustal layers at depth is of
fundamental importance for interpreting volcanic
unrest periods and hazards in active volcanoes
and, in particular, the geophysical and geochem-
ical data obtained through volcano monitoring.

As indicated above, the details of the mechan-
ics of propagation and path formation for sheet-
like intrusions are still poorly understood and
subject to intensive research. For the Icelandic
intrusions, it is reasonably clear that most of the
inclined sheets (including the associated local
dykes) can be traced to shallow magma chambers,
located at 1–5 km depth below the surface of the
volcano at the time of sheet formation. From these
shallow magma chambers, the sheets propagate in
all directions—but those that are located above the
magma chambers must to a large degree propagate
upwards and dip-parallel, particularly the feeders
for eruptions. For the regional dykes, the results
are not so clear; some data may suggest primarily
lateral flow of magma from shallow magma
chambers, whereas other data indicate primarily
inclined or vertical flow of magma from deep-
seated reservoirs.

The details of the propagation path itself,
whether generated through lateral flow, vertical
flow, or a mixture of both, is of fundamental
importance for hazard assessment.When amagma
chamber ruptures and injects a sheet-like intrusion

Dykes, Sills, Laccoliths, and Inclined Sheets in Iceland 373



during an unrest period, the propagation path and
final geometry of that intrusion depends on vari-
ous factors. These include the elastic energy
available to produce the fracture (the surface
energy) and propagate the intrusion, the local
stresses in the host rock, and the rheological
properties of the magma (e.g., Gudmundsson
2012b; Tait and Taisne 2013; Gonnermann and
Manga 2013).When the host rock is modelled as a
homogeneous, isotropic elastic half space, as is
common in some deformation studies, the primary
constraint on the rate of intrusion propagation is
the viscosity of the magma (Spence and Turcotte
1985; Lister and Kerr 1991).

Volcanic zones and, in particular, central vol-
canoes (stratovolcanoes, calderas) are character-
ised by layers that commonly have widely
different properties (Fig. 4; Apuani et al. 2005;
Geshi et al. 2010). They are thus analogous to
composite materials whose mechanical properties
commonly vary abruptly between layers. A pri-
mary control on fracture propagation and arrest in
composite materials is the variation in their
mechanical properties, particularly abrupt chan-
ges in Young’s modulus between layers as well as
the properties of the layer contacts or interfaces in
relation to those of the adjacent layers (He and
Hutchinson 1989; Pook 2002; Sun and Jin 2012).
In fact, composite materials are made strong—
that is, resistant to fracture propagation—through
alternating layers and contacts of widely different
mechanical properties.

Most arrested dykes become arrested at con-
tacts between layers (Gudmundsson 2002). Simi-
larly, most deflected dykes become deflected
(commonly into sills) at contacts (Gudmundsson
2011a). It is thus clear that layering in volcanoes
has great effects on sheet-intrusion propagation
paths. This is well known from field studies (Geshi
et al. 2010), and is also implied in the interpretation
of geodetic and seismic studies during unrest
periods in volcanoes. For example, there appear to
have been several episodes of dyke injections in
the Eyjafjallajökull Volcano in the 1990s and
again in 2009 before the dyke-fed eruptions of
2010 occurred (Jakobsdottir 2008; Sigmundsson
et al. 2010). The earlier dykes apparently became

arrested, presumably at contacts between
mechanically dissimilar rocks (Fig. 4a), and some
dykes are thought to have been deflected into sills
(Sigmundsson et al. 2010; Gudmundsson et al.
2012; Tarasewicz et al. 2012).

While Eyjafjallajökull was very well moni-
tored prior to the 2010 eruptions, the details of
the paths of the dykes and sills and inclined
sheets that eventually resulted in the eruptions
are poorly known and understood. Mechanical
layering is a major factor that largely controls the
sheet-intrusion paths, including their attitudes
(and thus whether they propagate as dykes,
inclined sheets, or sills) and arrest (and thus
whether they become feeders to eruptions).
Another factor is the elastic energy available to
drive the sheet-fracture propagation (Gudm-
undsson 2012b). While both these aspects of
sheet-intrusion propagation and magma move-
ment have received considerable attention in
recent years, the mechanical complexity of many
volcanic zones and central volcanoes means that
much research is needed before reasonably
accurate models will be available for forecasting
the likely sheet-intrusion propagation paths dur-
ing unrest periods.
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Laccolithic Emplacement
of the Northern Arran Granite,
Scotland, Based on Magnetic Fabric
Data
C.T.E. Stevenson and C. Grove

Abstract

The Northern Arran Granite is regarded as an example of an upper-crustal
granite diapir due to its sub circular outcrop and deformed aureole.
However diapiric emplacement to shallow levels in the crust is physically
difficult and unambiguous evidence for shouldering aside of country rocks
by a diapir as opposed to shouldering due to in situ expansion of a
laccolith or ballooning pluton is difficult to find. The key is in finding
evidence for vertical ascent of a diapiric body where a diapir should
preserve vertical stretching either around the periphery or in central
portions. A laccolith on the other hand is unlikely to have consistently
vertical or steep lineations but contain mainly gently plunging lineations
or evidence of multiple horizontal pulses or lobes. Therefore evidence for
diapiric ascent and emplacement should be dominated by vertical
kinematic indicators. These structures may however be too subtle if
preserved within the granite, and those in the aureole may become
overprinted by late stage insitu expansion. To test whether the internal
structure of the Northern Arran Granite is consistent with diapiric or
laccolithic emplacement we have measured the anisotropy of magnetic
susceptibility from oriented block samples from the Northern Arran
Granite to determine if there are subtle or weak fabrics that will support
either diapirism with vertically oriented stretching, or laccolithic emplace-
ment where lateral emplacement is dominant and vertical motion only
restricted to vertical thickening of an initially thin sheet. Our results reveal
concordant dome shaped planar fabrics with mainly gently plunging or
horizontal lineation, i.e. an absence of vertical stretching or flow, and
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possible evidence of partial lobes in the north western margins and Inner
Granite. We interpret these fabrics and the deformation of the aureole in
terms of dome-shaped expansion consistent with the latter model. In more
detail the lineation pattern indicates convergence toward a south or south
eastern point, consistent with the deepest part of the pluton (from
previously published gravity modelling). Our model suggests that there
may be some link to a major crustal structure (the Highland Boundary
Fault) providing insight into the ascent route of the magma and possible
influence of the Highland Boundary fault zone. This model also suggests
that the magmatism on Arran including the central complex and sill
complexes in the south of the island may have been supplied by a long
lived, deeply penetrating feeder zone controlled by this major tectonic
structure.

1 Introduction

The ascent and emplacement of granite as a
diapiric body is a classic emplacement mecha-
nism based on analogue models carried out by
Grout (1945) using oil and corn syrup and
developed by Ramberg (1967) with centrifuge
experiments. However in the 1990s the ‘dykes
versus diapirs’ debate (e.g. Castro 1987; Rubin
1993, 1995; Petford et al. 1993, 1994, 2000;
Petford 1996a, b; Weinberg 1996; Clemens
1998; Vigneresse and Clemens 2000; Petford and
Clemens 2000) casts some doubt on the diaper
mechanism based largely on structural observa-
tions and numerical modelling. The principal
argument for diapiric emplacement hinges on the
difficulty in accounting for the amount of hori-
zontal shortening perpendicular to the pluton
margins recorded in the deformation aureole of
some plutons (e.g. Paterson and Vernon 1995;
Miller and Paterson 1999), i.e. the diapir model
as a solution to the space problem, requires that
the country rocks had flowed vertically in
response to the ascent and emplacement of the
diapir. The arguments against diapirs include a
lack of evidence in deeply eroded terranes of the
passage of diapirs (e.g. Clemens 1998; Petford
and Clemens 2000), detailed examination of the
kinematics of magma flow inside granite bodies
that preclude upward flow but support ballooning
(e.g. Holder 1980; Sanderson and Meneilly
1981; Hutton 1988; Ramsay 1989; Brun et al.

1990; Molyneux and Hutton 2000; Siegesmund
and Becker 2000; Hutton and Siegesmund 2001),
physical modelling of the crust which demon-
strated the difficulty in ascending large batches of
magma as a diapir (e.g. Petford et al. 1993) and
numerical modelling which demonstrated that
creation of dykes is a more efficient ascent
mechanism (e.g. Rubin 1993, 1995).

The evidence for shouldering aside of country
rocks due to diapiric ascent or inflation of a
laccolith or ballooning pluton is ambiguous as
both have been argued to produce similar fea-
tures including annular or rim synforms and
either radial or vertical stretching depending on
the position relative to the pluton (e.g. Bateman
1985; Galadı ́-Enrı ́quez et al. 2003; Paterson and
Fowler 1993; Vernon and Paterson 1993). The
principal parts of the diapir model are summa-
rised in Fig. 1. In some cases the uplift of strata
from beneath the pluton have been used as evi-
dence of diapiric ascent, for example He et al.
(2009) argued that strata exposed around the
Fangshan pluton, Southern China, should be
much deeper. The Northern Arran Granite is
another example of this (England 1988, 1990,
1992) (Fig. 2).

The principal tenet of the diapir model is
vertical movement of the entire body as opposed
to situ expansion with or without doming from
an initially laterally emplaced tabular or sill-like
body as in a laccolithic/ballooning style
emplacement (cf. Fig. 1). Therefore the current
study aims to test the diapir emplacement model
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by examining deformation of the granite itself
by attempting to identify evidence for vertical
ascent. Anisotropy of magnetic susceptibility
(AMS) measurements have proven to be a sen-
sitive fabric analysis tool especially when applied

to granitic rocks (e.g. Bouchez 1997; Borradaile
and Henry 1997; Borradaile and Jackson 2004)
and would be able to detect any subtle evidence
of vertical movement (such as vertical stretching)
as long as it has not been completely obliterated
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Fig. 1 A Model for the evolution of strain in the aureole
of a rising diapir after Cruden (1988). This diagram
illustrates how vertical stretching should be observed
above the equator of the diapir. The principal axes a,
b and c are Cartesian where b and c are horizontal and a is
vertical. These are also relative to the diapir where b is
radial and c is tangential; a becomes deflected as the

diapir passes. B Illustrates diagrammatically the evolution
of strain using the system described in part A, emphasis-
ing the relative disposition of vertical stretching, i.e. when
a becomes the longest axis. C typical model for the
fabrics in and around a rising diapiric body drawn as a
semi-cross section (cf. Cruden 1988)
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or totally overprinted by late stage expansion or
tectonic deformation.

Our magnetic fabric results indicate that there
is expansion, consistent with the deformation in
the aureole during in situ expansion. There are
however no consistently vertical or steeply
plunging linear fabrics but a tendency toward
gently plunging concentric stretching which
supports lateral emplacement followed by domed
expansion in situ. In central and north western
portions, foliations are usually gently dipping and
any linear components are also gently plunging.
The fabric pattern allows us to reconstruct the
unroofed portion of granite, which takes the form
of a dome up to 5 km thick at its culmination (i.e.
ca. 3.5–4 km unroofed granite). We argue that in
the case of an expanded diapir, that if radial
stretching was extreme to the point of obliterating
or overprinting vertical linear fabrics, then it
should be recorded pervasively and fabrics in the
Inner Granite should be continuous with fabrics
in the Outer granite. What is preserved however
only shows occasional steeply plunging linea-
tions and a variable fabric. We conclude that this
fabric is more likely to be modified fabrics of an
expanded incrementally assembled tabular plu-
ton, similar to a laccolith (sensu Cruden 1988),
rather than a diapir. We suggest that the host rock
deformation may be explained by shouldering
during doming and not necessarily by diapiric
uplift. We then examine the implications for the
evolution of the Highland Boundary Fault zone in
light of our emplacement model and links to other
igneous centres on Arran.

2 Geological Background

The oldest rocks that crop out around the
Northern Arran Granite are meta-sediments of
the mid-Neoproterozoic to early Ordovician
Dalradian Supergroup (Fig. 2B). The Dalradian
Supergroup comprises mainly clastic meta-sedi-
ments with some volcanic units that were
deposited from around 730 Ma, during the break-
up Rhodinia, onto the continental slope of what
would become Laurentia (Stephenson et al. 2013)
and underpins much of the geology of NW

Scotland and Ireland. The Dalradian rocks on
Arran consist of greenschist facies interbedded
meta-pelites and meta-psammites with beds
between 0.5 and 1 m thick (England 1988) and
have been correlated to the Southern Highlands
Group (Harris et al. 1978; Halliday et al. 1989;
Tanner 2008). The Dalradian rocks crop out to the
north, west and south of the Northern Arran
Granite today.

The Dalradian strata were deformed during
Caledonian polyphase deformation (480–500Ma),
resulting in the NE–SW trending downward
facing Aberfoyle anticline (Shackleton 1957;
England 1988). The Dalradianmeta-sediments are
faulted against the younger rocks by the Highland
Boundary Fault (HBF) which has an uncertain
trace in northern Arran (Woodcock and Underhill
1987; England 1988; Tanner 2008) (Fig. 2A).

The HBF is a major terrane boundary that
separates the Grampian Terrane to the north–
west, which is dominated by Dalradian meta-
sediments and Caledonian aged plutons, from the
Mildand Valley Terrane to the south–east, which
is dominated by late-Silurian to early-Carbonif-
erous sediments and volcanics (Tanner 2008).
The HBF is currently manifest at the surface as a
mid-Devonian steep reverse fault, although it may
have begun as a transcurrent fault as early as
420 Ma (see Tanner 2008 for detailed discussion).

The Ordovician age Highland Border Com-
plex (HBC) lies just beneath the younger Devo-
nian rocks and marks the end of the Caledonian
sequence on Arran (Fig. 2B). This complex was
obducted onto the Grampian Terrane and con-
sists (on Arran) of black shale and spilite (Eng-
land 1988), it crops out along the accepted trace
of the HBF in the north of the island, and is cut
by the granite. The Devonian sediments of the
‘old red sandstone’ are faulted against the Dal-
radian rocks in the north of the island and overlie
Dalradian sediments to the south of the northern
Arran Granite.

The post-Devonian rocks were deposited in a
rift basin, with evidence of syn-sedimentary
faulting and consist of Carboniferous limestones
conformably overlain by Permian fluvial mud-
stones, siltstones and sandstones which crop out
to the east of the granite. The rocks within the
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Midland Valley Terrane are commonly faulted,
the system of NNW–SSE trending faults east of
the granite including the Goat Fell Fault and the
North Sannox Fault (probably also including the
off shore Brodic Bay Fault) is called the Laggan
Fault Zone (Woodcock and Underhill 1987)
(Fig. 2B, C). This system downthrows to the east
and was active during deposition Palaeozoic
sediments and were reactivated in the Palaeogene
during the emplacement of the granite (McLean
and Deegan 1978; Woodcock and Underhill
1987; England 1988).

3 The British and Irish
Palaeogene Igneous Province

The British and Irish Palaeogene Igneous Prov-
ince (BIPIP) here refers to all the onshore igne-
ous material that was extruded and emplaced
mainly in north–west Britain and Ireland during
the early to mid-Palaeogene (ca. 55 Ma) (Fig. 3).
Some studies refer to the North Atlantic Igneous
Province which includes all the igneous activity
in north–west Britain and Ireland, Faroe Islands,
Iceland and East Greenland, including all off-
shore occurrences (e.g. Jolley and Bell 2002;
Jolley and Widdowson 2005; Meyer et al. 2007).
Other studies are more restricted to the intrusions
and volcanics of north–west Scotland and refer to
the British Palaeogene Igneous Province (BPIP)
(e.g. Brown et al. 2009). Older work refers to
Tertiary (now Cenozoic) instead of Palaeogene
(e.g. Emeleus et al. 1992).

The BIPIP is a classic region for volcanolo-
gists and produced several of the key models for
upper-crustal igneous emplacement that guide
our current understanding of volcanology. The
BIPIP is famous for exposing geological features
that document extrusive activity as well as dee-
ply eroded volcanic edifices and the subsurface
volcanic plumbing. There are a number of
extremely useful general reviews of the BIPIP
(and NAIP) (Thompson 1982; Emeleus et al.
1992; Saunders et al. 1997; Trewin 2002) and
guides (e.g. Emeleus and Bell 2005) available for

more detailed information and in-depth discus-
sion on these features. In this contribution we
will highlight some of the most important fea-
tures which are found in NW Scotland, Inner
Hebrides and Northern Ireland (Figs. 2A and 3)
and include basalt traps in Antrim, Mull, Skye,
Rum, Muck and Eigg; dolerite sill complexes in
Skye and Antrim, central complexes found on
Mull, Skye, Ardnamurchan, Rum, Arran, Slieve
Gullion and Carlingford; and anorogenic granite
plutons including the Mourne Granite Centres,
Western Red Hills of Skye, Northern Arran
Granite, the Ailsa Craig and the Lundy granite.

3.1 Plume Related Origins

The magmatism that generated the BIPIP intru-
sions and volcanics is now widely accepted to be
linked with impingement of the proto-Icelandic
plume into the base of the Laurasian crust in the
early Palaeocene and subsequent break-up of this
continent into Laurentia (N. America and
Greenland) and Eurasia (Europe and Asia)
around 56 Ma (Doré et al. 1999; Jolley and Bell
2002; Trewin 2002; Meyer et al. 2007; Saunders
et al. 2007). The initial effects of the plume event
were marked by a rapid and short-lived uplift of
Mesozoic basins in this region at the Cretaceous-
Palaeogene boundary 65 Ma followed roughly
2–3 Myr later by more uplift and the earliest
onset of volcanism (Phase 1 of Saunders et al.
1997; see also Trewin 2002). Phase 1 continued
for roughly 4 Myr and included the main phase
of continental flood basal eruption resulting in
basal-t traps in Antrim, Skye and Mull (as well as
East Greenland). During this time most of the on-
shore BIPIP activity took place (Saunders et al.
1997). The second major phase of activity began
around 56 Ma and heralded the opening of the
North Altantic at 55–54 Ma. This phase included
passive margin volcanism and has resulted in a
series of seaward-dipping reflectors in the North
Atlantic and off-shore East Greenland (Saunders
et al. 1997). The timing of phases 1 and 2
magmatism in the NAIP is summarised in Fig. 3.

382 C.T.E. Stevenson and C. Grove



3.2 Magma Genesis and Evolution

The magma that formed the BIPIP was generated
by fractional crystallisation of melt derived from
depressurized upper mantle (Saunders et al. 1997;

Ellam and Stuart 2000). This was triggered by the
thermal uplift caused by the proto-Icelandic
plume. The 1st phase of magmatism was varied
but dominated by basalts. These were of transi-
tional alkali and thoeliitic varieties reflecting the
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respectively lower and higher structural level at
which their parent melts were generated (Saun-
ders et al. 1997).

The great variety of magma types in the BIPIP
(and the initial phase of the NAIP) is most likely
due to contamination of basaltic magma from the
continental crust through which it ascended.
Many studies have focused on identifying sources
for magma contamination focusing on two iso-
topically distinct lower crustal sources; viz.
granulite and amphibolite, based mainly on the
lower 87Sr/86Sr of the granulite gneiss (Saunders
et al. 1997). Various other mid and upper crustal
sources have also been included in similar con-
tamination studies of BIPIP magmas (e.g.
Thompson et al. 1986; Wallace et al. 1994; Troll
et al. 2005; Meyer et al. 2009; Meade et al. 2009).

3.3 Central Complexes

Central complexes, or centres, mostly formed
during phase 1 of the NAIP magmatism. These
features are the most relevant aspect of the BIPIP
to this volume as they preserve a range of expo-
sure levels of large and explosive volcanic edi-
fices, from surface calderas (e.g. Central Arran) to
deeply eroded sill, dykes and magma chambers
(e.g. Ardnamurchan) and are where some of the
classic models for ring-dyke and cone-sheet sys-
tems were developed (Bailey 1924; Richey 1928,
1932; Richey and Thomas 1932; Anderson
1937). A central complex in the BIPIP usually
consists of a sub circular outcrop of igneous rock
greater than c. 5 km diameter with steeply dipping
external boundaries. Central complexes are often
highly heterogeneous including crescent shaped
or annularly distributed internal variations. The
internal structure of these is often taken to be
subvertical or steeply outward dipping following
the ring-dyke model of Richey (1928). It is in the
component parts of central complexes where
early workers developed some of the key models
that guide our current understanding of volca-
nology. The specific emplacement models that
were developed to their current understanding in
the BIPIP are cauldron subsidence (Bailey 1924),

ring-dyke (Richey 1928) and cone-sheet
(Anderson 1937).

Ring-dykes: A ring-dyke is an annular or
crescent shaped intrusion with steep boundaries
outwardly dipping about a central point. The
model involves the downward movement of a
central block, such that they represent essentially
magma filled reverse faults. The intrusive mate-
rial in a ring-dyke emanated from an underlying
magma chamber into which the central block
foundered. Ring-dykes are linked to caldera
volcanoes, where they then provide vent struc-
tures, and cauldron subsidence (described next).

Cauldron subsidence: This is essentially the
subterranean version of a caldera volcano where,
instead of erupting, the ring-dyke stops propa-
gating upwards and propagates toward the centre
to form a roof. The relationship with a subjacent
magma chamber is the same as a caldera volcano.

Cone-sheet: These form confocally dipping
sheets. They could be regarded as the opposite of
ring-dykes to the extent where a ring-dyke is
formed when buoyancy permits a large block to
founder, cone-sheets are formed due to excess
magma pressure in a magma chamber, greater
than buoyancy, that forces up the roof. Cone-
sheets are the resultant magma-filled fractures.

The elegant way that these models link toge-
ther to explain the dynamics of upper-crustal
magma emplacement often requires, however, a
superficial treatment of the space problem
(assuming assimilation is volumetrically insig-
nificant, the volume of country rocks now
occupied by intrusive igneous material must be
accounted for). It is worth considering this issue
and putting the current study in the context of
recent work on the emplacement of key centres
in the BIPIP.

3.4 Recent Work
on the Emplacement of Some
Centres

The plate tectonics paradigm and 20th century
advances in geophysical techniques have come
along since the early work in the BIPIP generated
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these classic models. Walker (1975) attempted to
draw together geophysical evidence of positive
gravity anomalies often observed beneath central
complexes and the association of mafic and felsic
magmas in a unified generic model that could
explain most features of typical BIPIP centres.
This model was the first to attempt to explain the
BIPIP on a crustal scale and involved a diapir
that ascended to a high level in the crust. This
diapir caused doming at the surface resulting in a
caldera edifice including ring dykes and sur-
rounded by cone-sheets. The diapir was followed
by denser mafic magma that was emplaced at the
base of the main granitic body and caused iso-
static equilibrium of this buoyant body. As iso-
static equilibrium was reached, subsidence
occurred resulting in the formation of cauldron
subsidence.

A number of recent studies have offered some
alternative emplacement models for each of these
key examples using novel data on the internal
fabrics and structure of the intrusions using
anisotropy of magnetic susceptibility analyses
(e.g. O’Driscoll et al. 2006; Stevenson et al.
2007a, 2008; Petronis et al. 2009 ; Stevenson and
Bennett 2011; Magee et al. 2012a, b). O’Driscoll
et al. (2006) showed that the Adrnamurchan
Great Eucrite is more likely a lopolith with an
inverted cone shaped geometry than a traditional
ring-dyke. Stevenson et al. (2007b) and Steven-
son and Bennett (2011) revealed internal fabrics
in the Mourne Granite centres (Eastern and
Western respectively) that supported a laccolithic
as opposed to cauldron subsidence emplacement,
principally from the dome shaped foliation dis-
position and lateral lineation direction. Other
evidence in this study included deformation of
the host rocks and previously published geo-
physical data. Stevenson et al. (2008) studied the
Slieve Gullion Ring Complex, focusing on the
granitic ring-dyke part. This study concluded that
the traditional ring-syke model was not unam-
biguously supported and presented an alternative
interpretation that included laterally emplaced
sheets cut by ring-faults. In addition to Stevenson
et al. (2008), Emeleus et al. (2012) have high-
lighted and reiterated Richey’s (1928) obser-
vations regarding Slieve Gullion, presenting a

strong argument in favour of a traditional ring-
dyke model emphasising the relationships
between fault rocks and tuffisites. Magee et al.
(2012a) used AMS data to test the classic cone
sheet emplacement model for the archetypal
Ardnamurchan cone-sheet swarm. The data
revealed dominantly lateral magma flow directed
around the Ardnamurchan centre rather then
emanating from beneath it. This observation
coupled with some simple mechanical modelling
produced a model that described magma
exploiting concentric fractures and not neces-
sarily creating them. The implication was that the
cone-sheet magma may have emanated from the
nearby Mull igneous centre and therefore intru-
sions form nearby centres can overlap. This
conclusion was supported by Magee et al.
(2012b) who, in a related study, found the Ben
Hiant dolerite intrusion on Ardnamurchan was
emplaced in a northwestward direction toward
the Ardnamurchan centre and from Mull and not
the other way round.

4 The Northern Arran Granite

The Northern Arran Granite is roughly sub-cir-
cular in outcrop with a maximum diameter of
13 km (Fig. 2B). The granite consists of two
distinct units: an inner fine-grained granite which
intruded an outer coarse-grained granite (Bell
and Williamson 2002; Emeleus and Bell 2005).
In general the granite is mineralogically homo-
geneous. Any variations are subtle and it can be
described as a medium to coarse-grained weakly
porphyritic biotite syenogranote. The Northern
Arran Granite was intruded into the country
rocks described above at between 60.5 and
58.5 Ma from Rb-Sr and 40Ar/39Ar dating
respectively (Dickin and Bowes 1991; Dickin
1994; Mussett et al. 1988) at around 4–5 km
depth (Woodcock and Underhill 1987).

The country rocks surrounding the granites
are thermally affected within 500 m of the granite
with a maximum temperature of 550 °C in con-
tact with the granite, no muscovite is present in
the metamorphic aureole (England 1988). In the
west the granite is in contact with Dalradian

Laccolithic Emplacement of the Northern Arran Granite, Scotland … 385



rocks where the contact is characterised by a
region of sheared contact metamorphosed rock.
The eastern contact is marked by the Goat Fell
Fault which is downthrown to the east, the fault
brecciates the granite on a microscopic scale
(England 1988).

The Northern Arran Granite was produced by
contamination of basic differentiates by crust
resembling exposed Dalradian units (Dickin
1994) associated with a mantle plume (Meighan
et al. 1992). Both granites contain drusy cavities
which are interpreted to occur in sheets (England
1988) but cannot be traced over distance due to
poor outcrop quality. The cavities are frequently
lined with quartz, alkali feldspar and mica toge-
ther with several rare minerals (Emeleus and Bell
2005). The most recent and comprehensive pet-
rological assessment was carried out by England
(1988) who identified three petrographical zones
within the coarse-grained granite and six drusy
layer bound sheets within the fine-grained
granite.

4.1 Previous Work
on the Emplacement
of the Northern Arran Granite

The Palaeogene aged Northern Arran Granite
(Fig. 2) has been interpreted as an upper crustal
diapiric intrusion by England (1988). This pluton
has a roughly circular outcrop with an approxi-
mately 11 km diameter and is situated close to
where the Highland Boundary Fault should cross
the island (Anderson 1947; Stone and Kimbell
1995; Pharaoh et al. 1996; Emeleus and Bell
2005; Tanner 2008; Woodcock and Strachan
2012). The Northern Arran Granite comprises
two units; a relatively fine grained Inner Granite
and a relatively coarser grained Outer Granite. It
was emplaced into Dalradian interbedded sand-
stone and phyllite, and Devonian Old Red
Sandstone at 60.3 ± 1.6 Ma (Dickin et al. 1981).

The diapiric emplacement model for the
Northern Arran Granite is based mainly on the
deformation of the aureole in particular the for-
mation of a rim synform, the Catacol Synform,

which refolds a downward facing Caledonian
fold, the Aberfoyle Synform (England 1988,
1990, 1992). The key part of this model is that
the formation of the Catacol Synform to its cur-
rent geometry involved the uplift of one limb of
the Aberfoyle Synform by 2–3 km and thus
required the ascent of the granite body over a
distance greater than its radius precluding an
expansion (ballooning) model. England (1992)
explained that the dominant flattening strain was
due to late stage radial expansion of the granite
that overprinted the early vertical stretching. The
lack of steep lineation, England (1992) argued,
was consistent with the predicted pattern of
deformation around a rising diapir recorded
above the equator according to Cruden (1988).

Goulty et al. (2001) presented a gravity model
for the Northern Arran Granite that yielded a
horizontal floor 0.3–1.2 km deep, much shal-
lower than expected from a roughly spherical
diapir. The shape of the pluton according to
Goulty et al. (2001) was a laccolith although
Goulty et al. (2001) concluded that there may
have been significant lateral or radial expansion
—‘mushrooming’—to achieve this shape and
ultimately did not dispute the diapir model.

However, aside from the physical difficulties
in ascending a mass of molten magma of
required proportions to a high level in the crust
(e.g. Petford et al. 2000), the evidence for
upward motion of the diapir either from inside
the granite or in the aureole, including vertical
stretching in the aureole or near the margins in
the granite or in any central portion of the granite
(Schmelling et al. 1988; Cruden 1988, 1990)
(Fig. 1) are lacking. This problem is compounded
by the possibility that a diapir may expand in situ
as further diapiric pulses enter the pluton from
beneath or if the diapir flattens or mushrooms at a
late stage. The key of this model therefore is,
given the roughly equatorial (or just above the
equator) position of the current exposure level
(based on England 1988), vertical stretching
should be present in central portions even if it has
been modified or obliterated at the margins. We
would also expect evidence of ‘pluton up’ sense
of shear.
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5 Anisotropy of Magnetic
Susceptibility Analyses

Anisotropy of magnetic susceptibility (AMS) is a
measure of the variation of the magnetic sus-
ceptibility with orientation of a sample. In rocks
the AMS signal is usually controlled by the ori-
entation and distribution of magnetite grains and
sometimes biotite, pyroxene or other Fe bearing
minerals (Tarling and Hrouda 1993). Because
magnetite is often aligned with, forms inclusions
within or forms around the main rock forming
silicate phases, AMS data usually provides
information about the preferred orientation of
silicate minerals and has often been used as a
fabric analysis technique (e.g. O’Driscoll et al.
2008). AMS is particularly useful when visible
fabrics are too weak or subtle to be recorded
otherwise.

Thirty-eight oriented samples were collected
from mainly the northern and eastern portions
(most accessible and best exposed) of the
Northern Arran Granite. From these samples an
average of 10 sub specimens were taken (each
10 cm3), according to the methods outlined by
Owens (1994). The AMS of each sub-specimen
was measured at the University of Birmingham
using an Agico KLY-3S Kappabridge. Data from
each sub-specimen were subject to statistical
analysis according to Jelinek (1981). Both the
statistical analysis and reorientation of data from
the specimen frame to the geographical frame
were carried out using a modified version of
Anisoft (supplied by M. Chadima, personal
communication 2013). Data calculated for each
station using Jelinek (1981) statistics which
assumes that the data represents a single multi-
normal population.

The AMS signal may be viewed as a second
order ellipsoid in which three orthogonal princi-
pal susceptibilities are defined. The AMS signal
thus has 6 linked quantities; the orientation of
each principal susceptibility axis and their mag-
nitude. In this case we use volumetric suscepti-
bility, K, which is equal to the applied field
divided by the resultant magnetisation. The
kappabridge that we used measures the difference

in the field detected by a pickup coil caused by
the presence of a sample. As the sample is rotated
inside this coil, the change in field is detected and
produces a sine curve. This is repeated in three
orthogonal reference positions and a final control
reading taken along a single axis (bulk suscep-
tibility of Kbulk) is used to calculate the complete
tensor.

In this contribution we will use conventional
parameters to report AMS data. The components
of the AMS tensor are as follows: Maximum
susceptibility axis is K1, intermediate suscepti-
bility axis is K2, minimum susceptibility axis is
K3, mean susceptibility (taken as the suscepti-
bility representative of a particular station) is
equal to (K1 + K2 + K3)/3. There are then a series
of linked parameters that describe the shape and
anisotropy of the tensor. These are the lineation
strength, L, which is equal to K1/K2, the foliation
strength, F, which is equal to K2/K3. The total
anisotropy, P′ (a more sophisticated version of
P = K1/K3 which includes K2) is defined by (after
Jelinek 1981):

ln P0 ¼ p
2ððg1 � gmÞ2 þ ðg2 � gmÞ2 þ ðg3

� gmÞ2Þ1=2

In the case of L, F and P′, the values start at a
minimum of 1 and may be roughly converted to
percentage as 1.01 = 1 %, 1.05 = 5 %,
1.10 = 10 % and so on. The shape parameter, T,
is calculated as follows:

T ¼ ð2g2 � g1 � g3Þ=ðg1 � g3Þ
where T = −1 is prolate, T = 1 is oblate and T = 0
is triaxial. It is standard practice to plot T against
P′, however we note here that this style of plot is
of limited use at very low anisotropies as the
uncertainty of the shape at very low anisotropies
is not accounted for in the T value because as P′
tends to 1.0 the errors of T tend to infinity
(Tarling and Hrouda 1993).

In addition to the definition of these parame-
ters, the AMS data is also plotted stereographi-
cally on lower hemisphere equal area plots. The
orientation of the three principal susceptibilities
are plotted along with 95 % confidence limits.
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To test the effect of outlying data we have
stripped anomalous data from each station (ori-
ginal data is also reported) and assessed the effect
on the overall fabric orientation. No obvious
examples of sub-populations which seem to
represent more than one fabric orientation within
a station are seen. The rules applied to the data
rejection are: (1) all 3 axes must be >40° outside
95 % confidence ellipses; (2) when only 2 axes
are anomalous (and not obviously due to inverse
fabric) then the mean shape parameter was con-
sidered such that a dominantly linear AMS signal
K1 axes significantly outside confidence ellipses
are more likely to be anomalous. It is impossible
for only one axis to be anomalous. Where sam-
ples had weak signals then data selection was
avoided. This exercise never significantly altered
fabric orientations (generally <10° or within
original confidence ellipse).

6 AMS Results

The AMS data for the Arran Granite is summa-
rised in Table 1 and plotted graphically in Fig. 4.
Kmean is between 1.98 × 10−4 and 3.47 × 10−2

similar other Palaeogene granitoids in Britain and
Ireland (Table 2) and consistent with a magnetite
concentration of 0.001–0.1 wt% (Tarling and
Hrouda 1993). P′ ranges between 1.049 and
1.007. T values are scattered but tend marginally
toward oblateness.

6.1 Magnetic Fabrics

The AMS tensor may be simplified to derive
structural data in the form of a plane (normal to
K3) and a lineation (parallel to K1) where the
shape and confidence ellipses permit. This data is
plotted on Fig. 5 which allows an overview of the
fabric pattern. Figure 4 highlights that there is no
obvious relationship between P′ and T, but a
positive trend (tendency to oblateness with higher
P′) is discernible. This allows us to plot a sum-
mary of the fabric in Fig. 6. Overall the AMS data
describe a concentric and dome-like foliation in

the east and south east, with a dominantly sub-
horizontal and north–south trending lineation
(Figs. 5 and 6). In this region the foliation is
slightly stronger (Figs. 5 and 6).

To the northwest, the fabric is weaker and
more irregular but in general can be described
by a dominantly sub horizontal foliation and
lineation except close to the granite boundary
where the foliation tends to be steep and con-
centric. In addition there is a zone along Glen
Catacol (Fig. 6) where fabrics seem discordant to
any overall trend. Here they are steep and trend
north–south.

7 Insights into the Structure
of the Northern Arran Granite
and Surrounding Deformation
Aureole

7.1 Geometry of Granite Contacts

The boundary of the Outer Granite is mainly
steeply dipping or near vertical. The Inner
Granite however seems generally to have gently
dipping contacts across the central portions of its
outcrop. England (1988) suggested that the Inner
Granite was emplaced due to foundering of a
large block of Outer Granite in a cauldron sub-
sidence style model. In this model a vertical
fracture near the north west of the Outer Granite
somehow ceased to propagate upward and
instead propagated laterally to the south east
causing a large block of Outer Granite to founder
into a magma chamber of Inner Granite magma.

8 3D Geometry of the Pluton

The overall pattern is of a dome shaped foliation
with a generally subhorizontal lineation. No
consistent vertical lineation pattern is found and
lineations near the margins are usually gently
plunging. This appears to be more consistent with
a laccolithic model. The unusual fabric pattern
found in Glen Catacol may represent some kind
of late magmatic shear zone where partially
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crystallised magma was able to concentrate shear
close to the internal Inner–Outer Granite bound-
ary. It is also possible that this kind of feature

could identify the boundary between internal
granite lobes (sensu Stevenson et al. 2007a;
Magee et al. 2012b).
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Fig. 4 AMS parameters
for the Northern Arran
Granite plotted to show the
variation of data and test
any potential relationships.
A P′ versus Log Kmean

shows essentially no trend
but shows the dominant
susceptibility value of
3 × 10−3. B T versus P′
shows a very weak positive
trend meaning that at
higher anisotropies the
anisotropy tends toward
oblateness

Table 2 Susceptibility values from Palaeogene granitoids from the UK and Ireland

Intrusion Susceptibility Reference

Eastern Mourne Granite, NE Ireland 4.7 × 10−5–1 × 10−2 Stevenson et al. (2007b)

Western Mourne Granite, NE Ireland 1.7 × 10−4–5.2 × 10−2 Stevenson and Bennett
(2011)

Slieve Gullion porphyrytic microgranite,
NE Ireland

ca. 1 × 10−2 Stevenson et al. (2008)

Western Red Hills Granite, Skye Usually >5 × 10−3 (within the range
10−4–10−2)

Geoffroy et al. (1997)

Western Granite, Rum 2.9 × 10−2 Petronis et al. (2009)
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Goulty et al. (2001) gravity modelling sug-
gested that the floor of the pluton lay at
0.3–1.2 km depth. In detail this model indicated a
shallower floor in the northwest and the deepest
granite in the south east. Although Goulty et al.
(2001) concluded that this could be part of
England’s (1988) diapir model, this depth esti-
mate is at least half the suggested depth in
England’s (1988) diapir model.

The geometry of the AMS fabrics provides
information that enables us to reconstruct the
unroofed part of the granite and combine this
with the Goulty et al. (2001) gravity model. In
the southeast and east, AMS fabrics are con-
centric and define a partial dome. If we assume
the concentric pattern reflects a concordant fab-
ric, we can project the granite contact parallel to
the dome shape. This results in a roof that at its

apex would today be projected to roughly 4 km
above sea level.

In contrast, the western portions of the pluton
contain variable fabrics. Some of these lie within
the Inner Granite where the consistent pattern is
of gently dipping foliations that parallel mapped
contacts (Fig. 6A). Lineations in the Inner
Granite are also gently plunging and trend
north–south, diverging to the north (Fig. 6B).
The Outer Granite fabrics in the north western
region do not seem to be concordant with the
Inner Granite contacts and we suspect these may
preserve parts of or partial lobes or fingers (e.g.
Pollard et al. 1975; Stevenson et al. 2007a;
Schofield et al. 2010). The Inner Granite seems
to form a series of at least two sheets or tongue-
like lobes that may coalesce northward and dip
south (Fig. 6C).
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Fig. 5 AMS data plotted stereographically showing the
orientation of the principal susceptibility axes for each
station. The data for each station has been processed using
Jelinek (1981) statistics where the mean orientation is
taken using a normalised susceptibility. Confidence
ellipses around each axis are 95 % limits. Where no

confidence ellipse is visible the ellipse is smaller than the
symbol. Axis symbols: K1 = square, K2 = triangle,
K3 = circle. Data where fabrics are weak or the Jelinek
statistics do not provide a robust signal are indicated with
a star
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8.1 Re-examination of Host Rock
Deformation

Previous studies have noted the dichotomy of
deformation into folding and faulting around the
Northern Arran Granite in the Dalradian and post

Caledonian sediments respectively. Folding is
dominated by the Catacol Synform affecting only
the Dalradian sediments. Doming, in addition,
affects post Caledonian sediments, but faulting is
the dominant mode of deformation in these
younger sediments. This evidence is described in
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detail by England (1988, 1992) and Woodcock
and Underhill (1987) respectively.

8.1.1 Evidence for Doming
of Pre-existing Folds

Sediments above the post Caledonian unconfor-
mity display outward dips but are not arranged in
a simple dome. Examination of dips along the
north eastern shore (from Corrie to Lochranza)
indicates a northeast plunging fold that is tighter
than the curvature of the granite contact. Wood-
cock and Underhill (1987) performed an analysis
of this fold, the North Sannox anticline, and
concluded that it was a conical fold plunging
outward consistent with granite related doming.
There may be some discordance due to the Goat
Fell fault system (Woodcock and Underhill
1987), but we suggest that this conical fold is due
to doming, reactivation and modification of a
more cylindrical pre-existing east–west trending
anticline. We also propose that the variable dip,
although mainly outward, in the Devonian sedi-
ments directly south of the pluton may also be
explained by doming of already folded sediments.

8.1.2 Catacol Synform as the Outer
Limit of Laccolithic Doming

The geometry of the Catacol synform was ana-
lysed by England (1988, 1992) based on the only
onshore exposure of its southeast dipping limb
near Newtown (Fig. 2B). We note here however
that the strike of this outer limb of this rim syn-
form is not demonstrably deflected around the
pluton as would be expected from an expanding
diapir model. The strike of the outer limb may be
traced in a roughly straight line from the northeast
to the southwest with an apparent jog that can be
explained by down throw to the northeast across
the Goat Fell fault (Fig. 7A, B). Therefore the
Catacol synform may simply delineate the extent
of upward doming much like examples in the
Henry Mountains, Utah, N. America (Johnson
and Pollard 1973; Jackson and Pollard 1990;
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Fig. 7 A Sketch map showing the strike of the Dalradian
strata highlighting the trace of the Catacol Synform and
the Caledonian unconformity. B Shows the strike of
the Dalradian strata without the Catacol synform or the
granite. Note the offset across the Goat Fell Fault (GFF).
C Evolution of the Catacol synform due to doming
associated with a laccolith emplacement model for the
granite
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Horsman et al. 2005), i.e. around a laccolith. In
Fig. 7C we outline the development of a con-
centric rim synform due solely to shouldering
from a domed laccolith. Our schematic model
uses an approximate scale based on England’s
(1992) sections. This model allows the Dalradian
structure (the Aberfoyle synform) to be recon-
structed to pre-granite geometry without a
requirement to uplift a large area from beneath
3 km. We have assumed that flexural slip is
dominant during the early stages of emplacement
of the initial thin sheet, then similar folding takes
over where hotter host rocks close to the pluton
(in the hornfels zone) and closer to the tip zone of
the initial sill flow or deform more. Although our
model seems to predict a slightly deeper granite
floor than the Goulty et al.’s (2001) gravity
model, it demonstrates how a roughly equivalent
fold may be generated without a diapir. The
evolution and location of the trace of this synform
relative to the granite margin depends on dynamic
rheology of the aureole.

8.1.3 Reactivation of Pre-existing
Transtensional Faults

Woodcock and Underhill (1987) carried out a
detailed analysis of brittle deformation around
the Northern Arran Granite. These authors noted
that the main faulting along the eastern side of
the pluton (i.e. the Goat Fell Fault and North
Sannox Fault systems) may have initiated before
granite emplacement. Here we suggest that,
coupled with perpendicular folding (e.g. the
Sannox anticline, Fig. 2B) this faulting may
represent transtensional faulting caused due to
Variscan or early Cenozoic reactivation along the
Highland Boundary Fault zone. These faults may
have facilitated granite emplacement in a similar
way to a bysmalith or ‘trap door laccolith’ (e.g.
Corry 1988; Stevenson et al. 2007b).

The fabric pattern from Glen Catatol (Fig. 6C),
if this was fault related, could be a splay off the
Goat Fell Fault as it reactivated. This would be

supported if fault related fluid movement was
seen to affect the granite in this zone. However
this was not examined in this study.

9 Discussion

Our model presents an alternative to the diapir
model that fits previously published evidence and
is supported by new data. A key tenet of our model
is that the Northern Arran Granite must have been
emplaced at shallow depths as the adjacent Arran
Central Complex (also Palaeogene) contains vol-
canic lithologies (King 1954). Although the age of
emplacement of the latter has not been radiomet-
rically dated, there is evidence that it is younger
than the Northern Arran Granite as it cuts south-
ward dipping Devonian strata (domed due to
emplacement of the Northern Arran Granite) in
the southern aureole of the Northern Arran
Granite. Given that the total thickness of the
Northern Arran Granite is 4–5 km, and that in the
Central Complex there is evidence of Mesozoic
cover and probably c. 1 km of denudation, there is
a requirement to erode 3–4 km between the
emplacement of the Northern Arran Granite and
the Arran Central Complex. This may be facili-
tated by doming associated with the Northern
Arran Granite, which was identified byWoodcock
and Underhill (1987) as far-field deformation (up
to 15 km radius) due to the emplacement of
the Northern Arran Granite.

We have suggested that the Northern Arran
Granite was emplaced south to north based partly
on the south dipping floor (assuming that it was
emplaced up dip) but mainly from the north–
south trending lineation and the northward
divergence in the Inner Granite. This presents the
possibility of linking the Northern Arran Granite
to the location of a regional gravity high (Emeleus
and Bell 2005, p 96). Although a gravity high is
more likely to be caused by a mafic complex at
depth, the association of felsic and mafic magma
in the British and Irish Palaeogene is well
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documented (McQuillin and Tuson 1963; Bott
and Tuscon 1973; Emeleus and Bell 2005;
Gamble 1979) and presents a similar situation to
the Mourne Granites and a subjacent laterally
offset gravity high (Stevenson and Bennett 2011).

The reason for a northward emplacement may
have been due to a thinner post Caledonian
overburden north of the Highland Boundary fault
zone. This may have allowed the proto-Northern
Arran Granite sill to propagate northward dip-
ping gently south, and partly exploiting a pre-
existing fold, begin to dome and then form a
cupola in the post Caledonian unconformity.

It has been suggested that the Highland
Boundary Fault may have provided and ascent
route for the Northern Arran Granite magma (e.g.
Woodcock and Underhill 1987). However it is
also recognised that the HBF is not distinct on
Arran, whereas it forms a clear terrane boundary
on mainland Scotland (Young and Caldwell
2012). On Arran, the deflection of the basal
Devonian unconformity and the Highland Border
Complex are the nearest equivalent outcrop
expression of this boundary. The HBF’s location
to the south west onshore Northern Ireland is also
ambiguous and is only identified from a geo-
physical anomaly in a line from Fair Head to
Clew Bay, viz. the Fair Head-Clew Bay line.
This roughly correlates with the trace of the HBF
in Scotland (Max and Riddihough 1975), and
stratigraphic correlations made in the West of
Ireland (Chew 2003). Most terrane maps show
the HBF to be offset left laterally between
Northern Ireland and Scotland bending around
the Mull of Kintyre (e.g. Woodcock and Strachan
2012, p 33). We suggest here that the HBF may
have a significant jog or overstep beneath Arran
that provides a focus for magma ascent. The
centre of this feature would lie close to the centre
of the Island and coincident with the location of
the Arran Central Complex and a significant
gravity high. This inference presents the possi-
bility of a long lived major crustal structure that
could have provided a deeply penetrating ascent
route for all the igneous rocks on Arran. Fol-
lowing this the location of the upper crustal
magma chamber that fed this activity may have
also been controlled by this structure and thus

would have been located beneath the Central
Complex and be responsible for the positive
gravity anomaly. Sinistral reactivation of the
HBF at least pre intrusion of the Northern Arran
Granite would explain some weak east-west
trending folding and NNW-SSE trending exten-
sional faulting.

9.1 An Emplacement Model
for the Northern Arran Granite
and the Evolution
of the Highland Boundary Fault
Zone off Shore Scotland

The pre-Palaeogene structure of the area around
Arran was dominated by north–south trending
faults, such as the Brodick Bay Fault, that con-
trolled Carboniferous basins in this area
(Fig. 1B). It is noteworthy that this activity
formed the famous Hutton Unconformity at
Catacol Point. The north–south trending faults
were probably activated during reactivation of
the NE-SW trending HBF during the Variscan
Orogeny and acted as a transfer zone between
left lateral overstep in the HBF zone that exists in
this region. Few obvious NE–SW trending faults
exist at the present surface, but it is likely that the
HBF zone existed at depth.

During Palaeogene north Atlantic rifting, the
HBF was reactivated in a left lateral transten-
sional sense so the north–south faults offshore
Ayrshire and Kintyre acted once again as a
transtensional transfer zone (Fig. 8A). This
transfer zone likely concentrated magmatism and
provided a crustal weak zone facilitating deeply
penetrating ascent routes. It is unlikely therefore
that magma crossed back and forth across this
zone (sensu Meade et al. 2009) but probably
accessed crustal elements from both sides during
its ascent. This ascent site is possibly marked by
the major positive gravity anomaly situated
beneath the Central Complex.

During Palaeogene rifting, east-west extension
focused in a left lateral transtensional transfer
zone also generated east-west trending folds
exemplified by the North Sannox fold (Woodcock
and Underhill 1998). This folding modified the
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preexisting downward facing Caledonian folds
and created a gently dipping ‘flat’ in the base
Permian unconformity next to the HBF (Fig. 8B,
C). The timing of this extension relative to the
timing of emplacement suggests that extension

began during phase 1 of the NAIP activity (Fig. 3).
This extension was at least incipient and may have
been focused or concentrated close to pre-existing
tectonic structures such as the HBF (cf. Stevenson
and Bennett 2011).
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The base Permian unconformity NW of the
HBF and west of the Brodick Bay fault then
acted as a lateral weakness that controlled the
emplacement location of the North Arran Granite
aided by the flat zone created by the transten-
sional folding (Fig. 8D). The Inner Granite was
emplaced as a gently dipping sheet facilitated
partly by further reactivation of the Brodick Bay
fault system (Fig. 8D, E).

Thus the Northern Arran Granite was
emplaced south to north as an initially thin gently
south dipping sheet. As the initial sill thickened
vertically, to the east this was accommodated by
reactivation of extant north–south trending faults,
e.g. the Goat Fell Fault, and by folding and
shouldering to the north, west and south—the
Catacol Synform.

10 Conclusion

AMS data reveals a subtle internal fabric within
the Northern Arran Granite providing information
about its emplacement. This fabric describes a
gently south dipping laccolith. Steep concordant
AMS foliations in the east are consistent with a
forceful emplacement and gently dipping folia-
tions in the inner granite suggest that this was
emplaced as a gently dipping sheet. Close to the
north and north western margins, the foliation
pattern can fit with the northward termination of
tongue like lobes. The linear component is weak
and gently plunging, inconsistent with the diapir
model, which warranted a re-examination of the
deformed aureole. We demonstrate that the Cata-
col Synform can be explained by doming and
shouldering from a laccolith and does not require
several kilometres of uplift. The laccolith was
probably emplaced into gentle east-west trending
folds created during Palaeogene sinistral reacti-
vation of the HBF zone. The northward emplace-
ment of the granite may have emanated from a
deeply penetrating feeder located approximately
beneath where the Central Complex is currently
situated and there is thus the possibility of a single
deeply penetrating crustal ascent route for all
the magmatism on Arran, potentially controlled
by a left lateral overstep on the HBF zone.
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