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a b s t r a c t

The Rosses Granitic Complex, NW Ireland, part of the late Caledonian (c. 400 Ma) Donegal Batholith,
provides the opportunity to study the interplay between relative tectonic strain and magma supply rates
in the wall of a major tectonic shear zone. Anisotropy of magnetic susceptibility (AMS) measurements,
structural analysis and examination of key intrusive relationships were used to assess the accommo-
dation of magma, associated deformation and magma flow pathways in this complex. In this case the
varying emplacement styles, switching from forceful to passive, indicate that relative tectonic strain and
magma supply rates were not constant. In the earliest component (a suite of microgranite sheets), AMS
reveals subtle fabrics discordant to the sheet margins and is interpreted as post-emplacement defor-
mation fabrics. The concordance of these fabrics to the next component of the complex, the main pluton
(G1 and G2 monzogranite), indicates that this deformation was caused by the forceful emplacement of
the pluton. AMS fabrics in G1 and G2 reveal a dome shaped foliation with an east-west lineation,
indicating an east-west oriented magma transport direction. Outcrops of small stocks or cupolas similar
to G2, east of the main pluton, link it to similar lithologies in the Main Donegal Granite further to the east
via a partially exposed lateral feeder. This suggests east to west emplacement. The next component,
a suite of subvertical porphyritic felsite dykes, is shown (from AMS and visible shearing fabrics) to have
been emplaced passively under east-west tension. The final component comprises G3 and G4 of the main
pluton, which passively cut all earlier components and contains significant amounts of aplite, pegmatite
and greisen. These are interpreted to be cupolas or stocks emanating from an unexposed sheet probably
similar in composition and mode of emplacement to G1 and G2. Thus, a general model is put forward
where initially forceful subhorizontal sheets extending laterally from the nearby Main Donegal Granite
shear zone, gave way to passive emplacement where the roofs of these and subjacent sheets failed. The
control on siting of the complex can be related to lower crustal structures, which control upper crustal
shear zones. The reason for the switch in emplacement style is suggested to be due to a waning magma
supply, in a tectonic strain field where the extensional component was oriented east-west. The waning
magma supply then possibly due to switching of the site of emplacement of magma, supplied by the
Main Donegal Granite shear zone, to another member of the Donegal Batholith – the Trawenagh Bay
Granite.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The tectonic control of the ascent and emplacement of granitic
magma in high strain zones is well established (e.g. Brun and Pons,
1981; Hutton, 1982, 1988a,b, 1992, 1996; Reavy, 1989; Hutton and
Reavy, 1992; McCaffrey, 1992; Ingram and Hutton, 1994; Hutton and
Alsop, 1996; Jacques and Reavy, 1996; Mahan et al., 2003). Forceful
emplacement occurs when magma supply exceeds the rate of space
All rights reserved.
creation achieved by tectonic deformation (tectonic opening) and
magma is therefore required to shoulder aside the country rocks.
Whereas passive emplacement occurs when opening rates are
great enough in comparison to magma supply rates that magma
fills the space passively with no shouldering aside (Hutton, 1988b).
An alternative passive emplacement mechanism that requires no
tectonic space creation is cauldron subsidence, where a large block
of country rock has subsided passively into a subjacent magma
chamber and the space vacated by the block filled with upwelling
magma from the subjacent chamber (Richey, 1928, 1932; Cole et al.,
2005). In low strain zones, it is also now well established that
granite plutons form tabular shaped bodies constructed from
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vertically thickened subhorizontal sheets – essentially laccoliths
(Cruden, 1998; McCaffrey and Petford, 1997; Petford and Clemens,
2000; Cruden and McCaffrey, 2001), see Petford et al. (2000) and
Vigneresse (2005) for discussion on ascent and emplacement of
granitic magma. In this case, tectonic strain is effectively zero and
emplacement is forceful. However, the link between ascent through
a high strain zone and emplacement outside this zone is poorly
understood, especially when there is potentially both forceful and
passive emplacement operating.

The late Caledonian (w400 Ma) Donegal Batholith (Fig. 1)
displays a range of forceful and passive emplacement styles pene-
contemporaneously, and in the wall of a major tectonic shear zone
(Hutton, 1982; Price, 1997), which potentially provided the deeply
penetrating ascent route for the magma (Stevenson et al., 2008).
This situation provides the ideal opportunity to study the rela-
tionship between forceful and passive emplacement in the upper
crust (Pitcher and Berger, 1972), set against a batholithic ascent and
emplacement model (Stevenson et al., 2008).

The Rosses Complex, one of the younger members of the Don-
egal Batholith, is made up of a series of microgranite sheets,
a swarm of porphyritic felsite dykes and the Rosses granite pluton
(Fig. 2) (Pitcher and Berger, 1972). Pitcher (1953a) described the
structure and petrology of this complex concluding that it repre-
sented an example of the cauldron subsidence mechanism. This
passive emplacement mechanism was set against the closely
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Fig. 1. The plutons of the Donegal Batholith modified after Pitcher and Berger (1972). The
position of the N12�E from Hutton and Alsop (1996).
associated (spatially and temporally) forceful emplacements of the
Ardara and Main Donegal Granite plutons by Pitcher and Berger
(1972).

This study uses anisotropy of magnetic susceptibility (AMS)
measurements to examine the fabrics in the constituent intrusions
of the Rosses Complex. Key field relationships are also examined
and together with the fabric data, the accepted fracture controlled
cauldron subsidence model is critically evaluated and a new model
involving an initial phase of lateral emplacement and vertical
thickening and doming is proposed. This new model is set against
the emplacement of the Main Donegal Granite (Hutton, 1982) and
the Donegal Batholith (Stevenson et al., 2008) and the implications
for predicting mineralisation discussed.

1.1. The geology of the Rosses Complex: fracture controlled cauldron
subsidence

The identification of steep cross cutting contacts led Pitcher
(1953a) to interpret the Rosses Pluton as an example of cauldron
subsidence. He suggested that the concentric but weak fabrics
supported a passive emplacement model and that the polygonal
pattern of the G2–G3 contact held the key to the emplacement
mechanism of the whole pluton; that the contacts followed pre-
existing joint sets. The significant feature of Pitcher’s (1953a) model
was the apparent control of the contact orientations by fracture
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Fig. 2. The geology of the Rosses area modified after Pitcher (1953a). The metasedimentary xenoliths of the Thorr Pluton are omitted.
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sets, where upward directed magma pressure exploited pre-exi-
sting fractures or ‘master joints’ rather than instigating a new
ring-fault/dyke (Read, 1958); a modification of Anderson’s (1936)
ring-dyke mechanism. Subsequent to Pitcher’s (1953a) work, pre-
existing fracture controlled cauldron subsidence was established as
an important emplacement mechanism in the Peruvian Coastal
Batholith (Bussell et al., 1976; Cobbing et al., 1981; Cobbing and
Pitcher, et al., 1985; Pitcher, 1997, p. 202–246, 242; Bussell and
Pitcher, 1985; Haederle and Atherton, 2002) and elsewhere (e.g.
Dehls et al., 1998; Lacroix et al., 1998; Chernicoff et al., 2002). The
Rosses Complex was thus a seminal study for the Peruvian Coastal
Batholith model and remains an important example of cauldron
subsidence and fracture controlled magma emplacement (see Hall,
1966, p. 81; Pitcher, 1997, p. 202; Pitcher and Hutton, 2004, p. 60).

Hall (1966) suggested that the microgranite sheets represented
the initial fracturing of the roof of a magma chamber in the cauldron
subsidence emplacement model. He also postulated that the
partially radial disposition of the porphyry dykes was due to inflation
of an underlying magma chamber modified by east-west tensional
stresses. This has important implications in terms of understanding
the timing and circulation of mineralising fluids, as only the latest
stages of the Rosses exhibit mineralisation (Pitcher, 1953a).

The petrology and the field relations of the various constituent
parts of the Rosses Complex were studied in detail by Pitcher
(1953a,b), Mercy (1962) and Hall (1966). The Rosses Pluton consists
of relatively homogeneous biotite–muscovite monzogranite with
a roughly circular outcrop, w8.5 km in diameter emplaced entirely
into the Thorr Pluton (Pitcher, 1953a,b) (Fig. 2). Pitcher (1953a)
identified four separate, roughly concentric, units (G1–G4) in the
pluton. These separate units were identified based mainly on the
variation of grain size and delineated by sharp but discontinuous
contacts sometimes characterised by accumulations of pegmatite



Fig. 4. Stereographic projection showing the orientation of the microgranite sheets in
the three main areas.
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or aplite. The G1 unit also contains a marginal G1A facies, which is
essentially a finer grained variant of G1 and exhibits both transi-
tional and cross cutting boundaries with some large microgranite
sheets.

Pitcher (1953a) measured very weak fabrics in the Rosses
Pluton, defined by biotite, in orientated thin sections of samples
from G1 and G2. These fabrics were generally parallel with the
contacts and, due to a lack of evidence for plastic deformation, of
magmatic-state (Fig. 2).

The microgranite sheets are younger than the pluton and crop
out within w3–4 km around the periphery in three main areas;
around the northwest, in the east and a small area in the southwest.
Pitcher (1953a) described a range of microgranite sheets; a dark
biotite rich variant, a pale biotite rich variant, a pale muscovite rich
variant and a coarser porphyritic variant. Generally, the darker
biotite rich variety is earliest and is usually cut by the paler sheets. In
the east, three large microgranite sheets dip moderately north, strike
at a high angle to the margins of the pluton and are up to w70 m
thickness. A significant feature of the largest sheet at Crovehy (also
present in the Pollcrovehy sheet) is its xenolith–strewn base or floor
(near the southern contact). According to Pitcher (1953a), the
xenolith rich portion of these sheets appears to be continuous with
the G1A facies that fringes the Rosses G1 in some eastern marginal
areas (Fig. 2). Fabrics in these sheets are also very weak.

The porphyry dykes are feldspar- and biotite-pheric felsites.
These dykes intrude the Rosses G1 and G2 units but are then cut by
the Rosses G3 unit.

Parts of the G3 unit and the whole G4 unit are characterised by
areas of greisen and greisen veins. Pitcher (1953a) suggested that
the same joint pattern that controlled the emplacement of these
last two units facilitated the circulation of late fluids.

Pitcher (1953a,b) described a number of enigmatic isolated
outcrops of coarse grained quartz rich granite occurring in the area
to the east of the pluton around the large microgranite sheets in
Fig. 3. Summary of the fabric trends in the Thorr Pluton and the contacts of the Rosses
Pluton. The limit of deflection of Thorr fabrics close to the Rosses Pluton is highlighted
with a dashed line. The limit of deflection of fabrics in the Main Donegal shear zone is
highlighted with a dashed and dotted line. The latter may involve a combination of
both of these strain fields and results in a tricuspid interference pattern in the
southeast of the figure. Only in a small area along the western contact of the Rosses
Pluton (highlighted with a dashed box) are Thorr fabrics truncated at a high angle in
a similar way to the Trawenagh Bay Granite western contact to the south. Th – Thorr
Pluton; TBG – Trawenagh Bay Granite; MDG – Main Donegal Granite, RG1, 2, etc. –
Rosses Granite G1, G2, etc.
this area (Fig. 2). These coarse bodies are similar to the coarse
granite of the G2 unit in the Rosses Pluton.

2. Structural observations: new visible fabric data, field
relations and contact geometries

2.1. The Rosses Pluton

No new visible fabrics in the Rosses Pluton can be added to the
observations of Pitcher (1953a). The only new fabrics are those
revealed by AMS analysis described below.

2.2. The Thorr Pluton

Although Pitcher (1953a) noted that the fabrics in the Thorr
Pluton were cut by the Rosses Pluton and are thus not related to its
emplacement, it is pointed out here that this is not generally true.
Fig. 5. Sketch map of the contact relations of a dark microgranite sheet (DMG) cut by
a pale microgranite sheet (PMG) (see Fig. 2 for location). Both of these intrude Thorr
granodiorite. Thin lines represent faint banding in the PMG. The offset of the DMG
contact across the PMG sheets is in a reverse sense. The strike/dip and dip direction is
noted for some contacts.



Fig. 6. (A) Photograph of a dark microgranite sheet, containing angular blocks of Thorr granodiorite. In detail, the margins are rounded–subrounded. (B) Close up of the margins of
two of the granodiorite xenoliths showing the variation between sharp cross cutting (of the lower xenolith) and lobate and diffuse relationships (of the upper xenolith). Xenocrysts
of Thorr feldspar are seen in the dark microgranite. (C) Close up of a xenocryst of feldspar in the microgranite. Note the irregular embayed contacts of the xenocryst.

Fig. 7. (A) Field photograph of an outcrop of microgranite from the Crovehy Sheet showing enclaves of a more biotite rich microgranite (highlighted with white arrows) elongated
roughly east-west (parallel with the hammer). (B) Field photograph of an outcrop of microgranite (roughly the same locality as A). Enclaves in this outcrop are flattened in
a subhorizontal plane and elongated roughly east-west (parallel with the hammer). (C) Field photograph of microgranite (same locality) showing an internal contact (marked by
white arrows) between a slightly coarser microgranite (pale) and a finer microgranite (darker). An enclave in the paler microgranite is truncated by the darker microgranite. This
contact trends roughly east-west.

C. Stevenson / Journal of Structural Geology 31 (2009) 270–287274
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In Fig. 2, from Pitcher’s own data, Thorr fabrics in the east and
southeast of the Rosses Pluton are disposed roughly parallel to the
Rosses Pluton contacts and fabrics in the northeast and northwest
swing into at least partial parallelism with it (Fig. 3). Only in one
small area on the western margin are Thorr fabrics truncated by the
Rosses Pluton at a high angle. This is similar to the western contact
of the Trawenagh Bay Granite western contact (Stevenson et al.,
2007a). The microgranites usually cross cut Thorr magmatic- and
solid-state fabrics. Liquid–liquid relationships between Thorr and
microgranites are also found (see below).

2.3. The microgranite sheets

The microgranite sheets in the northwest are usually between 1
and 20 m thickness, strike NNW to NE (approximately tangential to
the margins of the Rosses Pluton) and always dip away from the
Rosses centre, although the amount of dip varies between 20 and
85� (Fig. 4). Fabrics in the northwest microgranite sheets usually
strike very roughly parallel with the margins of the sheets and dip
A

Fig. 8. (A) Map of the area just west of Toberkeen (see Fig. 2, contours are in feet). (B) Field ph
taken in the early evening when the low angle of the sun reveals the relief of smooth microgr
a variety of angular to lobate shapes.
in the same direction but more steeply. These fabrics also seem to
be more consistently parallel with the margins of the Rosses Pluton
than the microgranite sheets. The pale microgranite sheets some-
times exhibit contact parallel banding and when they cut darker
sheets, they usually offset these sheets in a reverse sense (Fig. 5).

Xenoliths or enclaves are rare in the northwest sheets. However,
xenoliths of Thorr tonalite have been discovered north of Kincas-
slough at 55�201800N, 8�230W in dark microgranite sheets (Fig. 6).
These xenoliths are up to w1 m in size and display a variety of
contact relationships from sharp angular to lobate to gradational,
even on the same xenolith. There are also plagioclase xenocrysts
(displaying embayed margins) in the microgranite most likely
derived from the host tonalite. The significance of these observa-
tions will be discussed below.

The eastern microgranite sheets contain biotite rich and musco-
vite rich variants. The largest sheet at Crovehy contains all variants
and the sheet at Pollcrovehy contains mainly muscovite rich micro-
granite. The northernmost sheet, Lettercau, has again both biotite
and muscovite rich variants. These sheets dip 20–40� north (Fig. 4).
B

otograph of an outcrop of a microgranite sheet (location indicated in part A with a star)
anite and rough (coarse grained) tonalite. Numerous xenoliths of tonalite are seen with
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Fabrics in these sheets are weak and subhorizontal, although an east-
west alignment of plagioclase is often observed. The weak magmatic-
state fabric is reflected in a preferred orientation of xenoliths and rare
mafic enclaves of a finer grained microgranodiorite, the latter mainly
in the Crovehy sheet, which in 3D are flattened in a roughly
E

D

B C

A

Fig. 9. Visible fabric data from the porphyry dykes. (A) Sketch map showing the locations
a porphyry dyke. A fabric defined mainly by biotite (highlighted with a dashed white line) is
granodiorite (Th). (C) i. Stereographic projection of contacts (solid lines) and visible fabri
relationships indicating a dextral sense of shear. (D and E) i. Stereographic projection of con
map of the fabric–contact relationships indicating a dextral sense of shear; and iii. field phot
contacts (solid lines) and visible fabrics (dashed lines) measured at this locality; and ii. s
Stereographic projection of contacts (solid lines) and visible fabrics (dashed lines) measured
lobate contacts. This is the only locality in which these have been found.
subhorizontal plane with an east-west trending long axis (Fig. 7B). In
these large sheets, subtle internal contacts are noticed indicating that
these sheets are multiple (Fig. 7C).

At the southern margin of the largest sheet (Crovehy , location
54�65’59’’N, 8�16’41’’W) a glacial pavement exposes a xenolith–
of where fabrics were measured in parts B–H. (B) Field photograph of the margin of
observed at an apparent low angle to the margin between the porphyry (Por) and Thorr
cs (dashed lines) measured at this locality; and ii. sketch map of the fabric–contact
tacts (solid lines) and visible fabrics (dashed lines) measured at this locality; ii. sketch

ograph displaying these fabric–contact relationships. (F–I) i. Stereographic projection of
ketch map of the fabric–contact relationships indicating a dextral sense of shear. (J)
at this locality. (K) Field photograph showing xenoliths of Thorr granodiorite displaying



N N

RP4

RP5

N

6m
N

N

N

i.

i.

ii.

ii.

ii.

N

s

c 5mm

N

ii.

i.

i.

H

F G

I

J
K

Fig. 9. (continued).

C. Stevenson / Journal of Structural Geology 31 (2009) 270–287 277
strewn base with gently dipping fabrics (see Supplementary map).
Xenoliths are of Thorr granodiorite and a quartz rich granitoid of
unknown affinity. Xenoliths are aligned with their long axes
parallel with strike of the microgranite sheet. The margin of the
sheet cuts a mineral alignment in the Thorr at a high angle.
Xenoliths of Thorr also display an internal fabric but this fabric is
rotated and is aligned east-west parallel with the strike of the sheet
and alignment of xenoliths. Pitcher (1953a) suggested the quartz
rich granite xenoliths were related to a nearby stock, which crops
out w100 m perpendicular to strike. However, this cannot be
confirmed here as the east-west alignment and rotation of fabric of
the xenoliths suggests that they have been transported along strike
in the microgranite. These quartz rich granitoid xenoliths could be
related to any other monzogranite of this Batholith.

In a few southerly locations of the Crovehy sheet, a steeply
dipping east-west trending fabric is observed. This fabric is late as it
deforms all members of the microgranites and late pegmatite dykes
and is concomitant with deformation associated with the Main
Donegal shear zone (Hutton, 1982; Stevenson et al., 2008).

In the southwest (between Dungloe and Toberkeen) there are
several small microgranite sheets and one main sheet, which strikes
roughly north–south and dips moderately west (Figs. 2 and 8).
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In this main sheet, a steeply dipping east-west trending fabric is
more obvious and is parallel with deformation associated with
a splay of the Main Donegal Granite shear zone (Stevenson et al.,
2008). In lower strain portions of this sheet a weak north–south
fabric is preserved. Here, as in the northwest, xenoliths of Thorr
tonalite exhibit a range of contact relationships from sharp angular
to lobate to gradational (Fig. 6A and B).
2.4. Porphyry dykes

Visible fabrics are often oblique to the margins within a few
centimetres of the margins (Fig. 9). These fabrics are defined by
biotite and plastically deformed feldspars and are therefore solid-
state (e.g. Fig. 9B and Diii). The obliquity is usually consistent on
each margin of the same dyke indicating shearing by movement of
the dyke walls (Berger, 1971). The sense of shear from sheared
fabrics and offsets determined in dykes that trend NNW is dextral
(e.g. Fig. 9B–E) and from those trending NNE it is sinistral (Fig. 9F–I).
Not all dykes that exhibit offsets of earlier features exhibit solid-
state fabrics (e.g. Fig. 9Eiii) suggesting that the dykes were
emplaced during the cessation or waning of a period of tectonic
strain.
A

B

Fig. 10. (A) H plotted against K for all samples from the Rosses Complex. Data for each
unit has been outlined and background shaded in varying white to grey for clarity. (B)
L/F plot for all samples from the Rosses Complex, symbols and outlines are as in part A.
3. Anisotropy of magnetic susceptibility

Anisotropy of magnetic susceptibility (AMS) can reveal the
preferred orientation of paramagnetic minerals and the preferred
orientation and/or distribution of ferromagnetic minerals (princi-
pally biotite and magnetite respectively). Thus, the orientation of
the principal axes of the susceptibility ellipsoid can be used as
a proxy for the orientation of mineral alignment fabrics and can be
a powerful tool for constraining or defining very subtle fabrics in 3D
(Tarling and Hrouda, 1993; Bouchez, 1997). However, because of the
potential conflicting contribution from different magnetic grains,
direct strain analysis is very difficult and detailed petrological
observation and complimentary magnetic techniques (e.g. ther-
momagnetic analysis) of the contributing mineralogy and the
formation of any fabric is required before any conclusions can be
drawn concerning magma flow directions (e.g. Stevenson et al.,
2007a; O’Driscoll et al., 2008).

The magnetic susceptibility tensor may be pictured as an ellip-
soid with six independent quantities, which includes three prin-
cipal susceptibility magnitudes, K1� K2� K3, and a corresponding
Fig. 11. Susceptibility with varying temperature for three representative samples from
the Rosses Complex. On each plot, the heating curve is in black and the cooling curve in
grey. The susceptibility (K) is shown for each sample. Heating curves indicate the Curie
temperature of magnetite (w585 �C).
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set of three orthogonal principal axis directions. It is conventional
to recast the three magnitude parameters in terms of three
parameters, which together reflect the ‘‘size’’, ‘‘shape’’ and
‘‘strength’’ (or ellipticity) of the ellipsoid. The three parameters
adopted here (cf. Owens, 1974) are:

Kmean¼ ðK1 þ K2 þ K3Þ=3

L ¼ ðK1�K2Þ=Kmean

F ¼ ðK2�K3Þ=Kmean

where Kmean is effectively the size, a plot of the magnetic lineation L
against the magnetic foliation F indicates graphically the shape of
the ellipsoid where prolate ellipsoids lie near the L axis, oblate
ellipsoids near the F axis, triaxial ellipsoids occupy middle of the
plot. Although the three quantities Kmean, L and F are sufficient to
define the magnitude parameters of the ellipsoid, it is convenient to
define another parameter, H¼ Lþ F¼ (K1� K3)/Kmean to indicate
the strength of the magnetic fabric.

In order to assess the AMS of the Rosses Complex a suite of 113
oriented block samples in total were collected; 54 from the pluton,
35 from the microgranite sheets and 24 from the porphyry dykes. 6–
12 sub-specimens were drilled from each sample in the lab by the
method outlined by Owens (1994) and measured on an AGICO KLY3-
S Kappabridge (an induction bridge operating at a field of 377 mT and
a frequency of 875 Hz) at the University of Birmingham. Results are
reported for block averages of specimen AMS tensors, normalised by
specimen mean susceptibility, on the assumption that the specimens
N
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Fig. 12. (A) Field photograph showing the relationship between Thorr granodiorite, a micro
(mg) contacts is shown. AMS sample points are indicated and orientation data from these sa
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of the fabric geometry in the microgranite sheet displaying how the AMS foliation is subpa
from a block are representative of a homogeneous multinormal
population (Figs.10–17). The tensor-averaging process (Jelı́nek,1978;
Owens, 2000) allows for the characterisation of within-block vari-
ability through, for example, the calculation of 95% confidence limits
on directions and magnitude parameters. The variation of suscepti-
bility with temperature was measured using an AGICO CS-3 oven
attachment to the Kappabridge on powder samples of w2 g.

3.1. AMS results

The AMS results for all members of the Rosses Complex are
displayed in Fig. 10 (and Supplementary table).

3.1.1. Microgranite sheets
Susceptibility (Kmean) values for the microgranite sheets are 8–

6339�10�6 (in the SI system) with H values ranging between 2 and 15%.
The shape of anisotropy is generally in the triaxial–oblate field except for
a few samples from the Crovehy sheet in which L is much greater than F.

3.1.2. Rosses Pluton
Susceptibility values for G1 and G2 are 37–5257�10�6 (in the SI

system) with H values ranging between 1 and 12%. In G3 and G4 Kmean

values are 37–658� 10�6 with H values ranging between 1 and 5%.

3.1.3. Porphyry dykes
Kmean values for the porphyry dykes are 139–13124�10�6 with

H values ranging between 4 and 16%. The shape of anisotropy is
generally in the oblate field.
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granite sheet and a porphyry dyke. (B) Sketch map of the locality, dip of microgranite
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Fig. 13. (A) Field photograph showing the upper contact of a microgranite sheet. (B) Field photograph showing the lower contact of the same sheet with the apparent dip of visible
fabric (feldspar alignment) indicated. (C) Sketch map of this locality (microgranite is grey). The dip of contacts is also shown. Indicated are AMS sample points and the orientation
data from these samples plotted stereographically (axis labelled as in Fig. 12). Note the dextral offset of microgranite across an NE striking porphyry dyke.
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3.2. Magnetic minerals

The mineralogy of each member of the Rosses Complex is
broadly similar (Pitcher, 1953b; Mercy, 1962; Hall, 1966). Accessory
minerals in all members include oxides, identified from reflected
light microscopy as magnetite or titanomagnetite with small
amounts of haematite.

Biotite has been identified as a fabric-forming phase in this
study and by Pitcher (1953b). However, thermomagnetic analyses
reveal a step in the thermomagnetic (temperature vs. suscepti-
bility) consistent with the curie temperature of magnetite con-
firming magnetite is as a significant magnetic carrier (Fig. 11).
Microscopic observations reveal that magnetite is usually associ-
ated with biotite either growing close to the margins of biotite
grains or along cleavage planes. Stevenson et al. (2007a) estab-
lished a mimetic relationship between biotite and magnetite for
the Trawenagh Bay Granite, where high-field susceptibility
measurements confirmed parallelism between paramagnetic and
ferromagnetic anisotropies, and heating experiments showed that
secondary magnetite grew along biotite cleavage planes. Thus the
AMS fabric orientation could be interpreted as essentially
controlled by the orientation of biotite across the range of
susceptibility values. Given the similarities in mineralogy between
the Trawenagh Bay Granite and the Rosses Complex, the same
fabric model is extended to this study.

4. AMS fabrics in the Rosses Complex

4.1. The microgranite sheets

Two main sheets were sampled in the northwest. The AMS
fabrics in these sheets support the observation that visible fabrics
do not parallel the margins of the sheets. In sheet 1, north of Kin-
casslough (Fig. 12), the magnetic foliations are parallel to the
margins but strike w30� anticlockwise in the centre of the sheet
(Fig. 12B). These AMS fabrics indicate a reverse-oblique-dextral
sense of shear (Fig. 12C). In sheet 2, just west of Kincasslough
(Fig. 13), AMS foliations are not consistently parallel to the sheet
contacts, but are parallel to the nearest contacts of the Rosses
Pluton (Fig. 12C). AMS lineations in these sheets are orientated
broadly down dip or oblique to dip.

In the larger eastern sheets, AMS foliations are usually gently
dipping or roughly subhorizontal, AMS lineations trend roughly
east-west. Exceptions are in the southern most portions of the
Crovehy sheet where the AMS foliations dip steeply and strike east-
west (Fig. 14).



N

750m

G1a

G1a

G1a

Crovehy

Pollcrovehy

Lettercau

Fig. 14. Sketch map of the microgranite sheets in the east. Lithology fills are as in Fig. 1. AMS data is plotted stereographically; symbols are as in Fig. 12. Note the generally
subhorizontal dip of the magnetic foliation and the east-west gently plunging lineation Star indicates the location of the Supplementary map.

C. Stevenson / Journal of Structural Geology 31 (2009) 270–287 281
In the southwest three samples were collected from the main
sheet. In the two most southerly samples, fabrics dip steeply and
strike east-west, consistent with the late cross cutting shear zone
fabric. In the third sample, the fabric dips parallel with the contact
of the sheet consistent with the early fabric (Fig. 15).

4.2. The Rosses Pluton

In G1 and G2, magnetic foliations are usually parallel with the
outer contacts, consistent with the microscopic fabrics measured
by Pitcher (1953b), essentially defining a dome shaped pattern.
Magnetic lineations are disposed roughly east-west about the
dome shaped foliation pattern (Fig. 16). However, in G3 and G4
magnetic fabrics are not well preserved.

4.3. Porphyry dykes

Magnetic foliations usually parallel the visible fabrics support-
ing the obliquity to dyke margins (e.g. Fig. 17C,H and J). Those with
no visible fabrics often show magnetic foliations that support the
sense of shear of similarly orientated dykes, i.e. those oriented
NNW are dextral, and those NNE are sinistral. Magnetic lineations
are much less consistently orientated, although this is unsurprising
considering the dominantly oblate magnetic fabric. Subsequently,
little can be drawn concerning magma flow or direction of
emplacement of these dykes.
5. Discussion: magma flow and deformation

The earliest components of the complex, the microgranite
sheets in the east, contain gently dipping magmatic-state foliations
(visible and magnetic) and east-west, gently plunging magnetic
lineations. These sheets seem to preserve an early stage of magma
emplacement where the sheets dip gently to moderately
northward.

The microgranite sheets in the northwest contain magnetic
fabrics that are consistently parallel to the margins of the main
Rosses Pluton rather than the microgranite sheets. These fabrics
must have been imposed upon these sheets (post-emplacement) by
forceful emplacement of the main Rosses Pluton. The dip of the
sheets varies between w20� and w70� to the northwest. It may be
that these sheets represent an interconnected plexus of bridges and
partial bridges (e.g. Nicholson and Pollard, 1985). The variable dip
reflects tilting during the emplacement of the Rosses Pluton so that
they all now all dip northwest. The uniform strike of these sheets
suggests that their axes of disposition, deformation or tilting,
possessed an apparently east-west trend indicating an east-west
propagation direction for these sheets.



Fig. 15. Sketch map of a microgranite sheet (grey) in the southwest, with visible fabric orientations marked with strike and dip bars and stereographic plots of AMS orientation data.
Observed fabric trace in the Thorr granodiorite is marked with a dash. Note the steep magnetic foliations roughly parallel to visible fabrics, presumably tectonic related, and gently
dipping fabric from one AMS station parallel to the margin, possibly primary magmatic.

Fig. 16. Stereographic plot of AMS orientation data for the main Rosses Pluton. The margins of the internal units of the pluton are shown in outline and all other lithologies omitted
for clarity. Symbols are as in Fig. 12.
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The sheets in the northwest and southwest seem to be affected
by post-emplacement events. These include deformation from the
emplacement of the Rosses Pluton or deformation associated with
the Main Donegal Granite shear zone respectively.

In the main Rosses Pluton, the magnetic fabrics do not support
vertical magma flow. Instead, the east-west disposition of the
lineations tends to suggest lateral inflow. Furthermore, the
apparent tilting of the earlier microgranite sheets and the deflec-
tion of Thorr fabrics indicate a forceful mechanism involving lateral
emplacement and vertical thickening of the pluton. This proposed
model is similar to the Iron Axis Pluton, USA (Petronis et al., 2004)
and the Eastern Mourne Pluton, N. Ireland (Stevenson et al., 2007b).
The tilting of microgranites in the west and shearing of micro-
granite in the northwest (Figs. 12 and 13) is consistent with magma
emplaced from east to west. The small bodies of coarse quartz rich
granite occurring to the east may be small cupolas of an eastward
subterranean extension of G2. The apparently cross cutting fabrics
on the western margin of G1, however, require explanation. This is
similar to the Trawenagh Bay Granite’s western margin. Stevenson
et al. (2008) suggested that the Trawenagh Bay Granite abutted
against a steeply dipping passive westward margin, controlled by
the regional east-west tectonic extension, which came into effect in
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the distal portion of the pluton that was fed from the east. It is
suggested here that this may also account for the cross cutting
nature of this portion of the Rosses G1 margin.

The G3 and G4 units cannot easily be explained from this data.
This is a similar situation to the G3 unit of the Trawenagh Bay
Granite, which Stevenson et al. (2007a) thought to be a cupola
related to another sheet. This may be the case for the G3 and G4 units
of the Rosses Pluton, where the fracture control envisaged by Pitcher
(1953b) may apply at least to the more evolved and pegmatite rich
G3 unit. However, the sheet from which G3 emanated would be
similar in composition and texture to the G1 and G2 units.

Thus, the Rosses Complex was emplaced laterally from east to
west. The major implication of this is that, like the Trawenagh Bay
Granite (Stevenson et al., 2007a, 2008), it was derived from magma
within the Main Donegal Granite. It is an example of lateral
emplacement of magma where the ascent was controlled by
a major crustal shear zone – Main Donegal Granite – and was not
directly subjacent.

The element of fracture control in the emplacement of this
complex has also been put into context. The initial and main stages
of emplacement involved the propagation and subsequent vertical
thickening of subhorizontal sheets. Only the final stages of
emplacement (units G3 and G4 of the Rosses Pluton) may have
occurred due to passive subsidence into a subjacent sheet.

This second phase of passive emplacement may have been
preceded by the intrusion of the porphyry dykes, which record in
their visible and magnetic fabrics an east-west oriented extension.
The transition from forceful to passive emplacement is possibly due
to a waning magma supply within a longer lived tensional strain
field. In the early stages, magma supply was such that magma
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pressure could overcome east-west tectonic extension and effect
horizontal fractures. As magma supply waned (or was switched to
another site) so too did magma pressure and vertical north–south
trending dykes were emplaced from subjacent sheets.

It is also noteworthy that the timing of emplacement of the
Thorr Pluton and Rosses Pluton does not seem to involve such
a large gap as has previously been accepted. The deflection of Thorr
fabrics without any obvious solid-state strain plus the evidence for
liquid–liquid relations between Thorr granodiorite and some of the
microgranite sheets suggests that there was actually a very short, if
not overlapping, time gap. This is significant given that the Thorr
Pluton is regarded as the oldest member of the batholith whereas
the Rosses Complex is among the youngest (Pitcher and Berger,
1972; Halliday et al., 1980; O’Connor et al., 1982).

Finally, the evidence presented here for lateral emplacement
from outcrop data and fabric interpretation (both visible and from
AMS measurements), is at variance with the significant negative
gravity anomaly centred over the Rosses Pluton (Young, 1974). This
suggests a significant amount of low-density material (likely
monzo–leucogranite) beneath the Rosses, however, this need not
be the ascent route for Rosses magma. Instead, it could indicate
a series of similar plutons to the Rosses in a Christmas tree laccolith
style stack (cf. Corry, 1988; Rocchi et al., 2002). Each of these may
have been emplaced laterally in a similar fashion to the Rosses,
from the Main Donegal Granite, their positioning controlled by
some underlying lower crustal structure (Stevenson et al., 2008)
(Fig. 18).

It is worth noting that the latest stage is the dominant miner-
alising stage and is concomitant with passive fracture controlled
emplacement allowing fluids to circulate. This fracture related style
of emplacement is crucial in the formation of significant epithermal
and porphyry ore deposits as it allows fluids to circulate as well as
providing space for magma (e.g. Titley and Heidrick, 1978; Titley
et al., 1986; Williams et al., 1999; Garza et al., 2001; Chernicoff et al.,
2002; Guillou-Frottier and Burov, 2003; Engvik et al., 2005; Garza-
Gonzalez et al., 2006). Fluid inclusion studies by Conliffe and Feely
(2006) identified a late magmatic fluid stage associated with beryl
mineralisation in the Rosses G3 and G4 greisen. They suggest that
this fluid evolved by a pressure drop during cauldron subsidence. If
the entire complex was emplaced in this way, given the relatively
evolved nature of all the magmas involved, this mineralisation
(together with associated pegmatite, aplite and greisens) should be
associated with all members of the complex. The model presented
here helps to explain the timing and driving mechanism of the
pressure drop within the overall emplacement model and will have
application in predicting mineralisation associated with this style
of granite emplacement.
6. Conclusions

The Rosses Complex was emplaced in four main stages (Fig. 18):
the first two were lateral and forceful from east to west and then
the third and fourth phases were dominantly passive and brittle,
phase 4 at least arising from unexposed sheets emplaced during
phases 1 and 2.

Phase 1: A plexus of subhorizontal sheets of microgranite was
intruded east to west. These sheets appear to become generally
thinner and more numerous proceeding east to west (Fig. 18A,B1i
and B1ii).

Phase 2: The emplacement of G1 and G2 of the Rosses Pluton,
which also occurred in an east to west direction. This pluton was
fed laterally by a largely unexposed conduit. Only small cupolas of
G2 magma rising from this feeder conduit are exposed to the east of
the pluton. The emplacement of the Rosses Pluton was forceful as it
deflects fabrics in the surrounding Thorr Pluton and tilts and
deforms microgranite sheets in the northwest and west (Fig. 18B2
and C).

Phase 3: This phase began with the intrusion of the porphyry
dyke swarm, which record east-west extension. It is not clear
where these sheets originate from but they may have a similar
origin to phase four in unexposed subjacent sheets (Fig. 18B3).

Phase 4: This dyke swarm is then followed by the emplacement
of the G3 and G4 units of the Rosses Pluton, which are probably
cupolas of a further sheet of the second phase. These cupolas were
passively emplaced and retain the fracture controlled mechanism
of Pitcher (1953a) (Fig. 18B4,B5 and D).

Thus, the complete emplacement model involves ascent
through a major shear zone and lateral emplacement into the wall
of the shear zone.
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