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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
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fabrics in and around a rising diapiric body drawn as a
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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.
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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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Emeleus and Bell 2005).
In this chart the date in
millions of years before
present (Ma), polarity
(magnetic polarity), chron
(magnetochron), period,
epoch and age are all taken
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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).

N

Old Red Sandstone
Carboniferous
Permian and Triassic

Dalradian

Inferred Mesozoic

A B

C

D

E

N

N. Arran
Granite

Central
Complex

Sills &
dykes

Carboniferous
basin

approximate trace
of the NE coast of Arran

Brodick Bay
fault system
and related
faults

downward facing
synform

BHF reactivated

Gentle E-W trending 
folds and reactivation of 
NW-SE trending faults

initial emplacement 
of the outer granite

partly controlled by 
the Brodick Bay 
fault system (Goat 
Fell Fault)

partly controlled 
by pre-existing 
gentle folds and 
u/c

Emplacement of 
the inner granite

Some deformation 
and reactivation of 
the Brodick Bay 
fault system, in 
particular of the 
Goat Fell fault

inner granite 
with a thin 
sheet geometry

current exposure 
level

Catacol synform

HBF

HBF

BBF

Mesozoic

Mid Palaeocene
ca. 60 Ma

Northern Arran Granite 
emplacement ca. 60-58 Ma
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Laccolithic Emplacement of the Northern Arran Granite, Scotland … 397



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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