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Entrainment of xenoliths and their consequent assimilation are key

processes in modifying the crystallization kinetics and magma

dynamics of conduit systems. Here, an integrated textural and min-

eral chemical study of the evolution of a suite of gabbroic inclusions

within a set of sheet intrusions from the Ardnamurchan Central

Complex, NW Scotland, is presented. The key findings are as

follows: (1) the host magma sheets and inclusions are not cognate;

(2) there are microstructural and mineral chemical similarities

between the gabbroic inclusions and the textures and mineralogy of

the major Hypersthene Gabbro on Ardnamurchan; (3) orientations

of magnetic fabrics within the host sheet groundmass and within the

gabbroic inclusions are virtually identical. Field observations suggest

that the inclusions were derived from the Hypersthene Gabbro and

were entrained in a few laterally restricted magma segments that

subsequently coalesced with inclusion-free segments into continuous

sheets. Using Stokes’ Law and adaptations thereof, we calculate

that the magma within the inclusion-free segments behaved as a

Newtonian fluid, with a potential settling velocity of50·028 m s^1.

In contrast, the presence of gabbro inclusions probably modified the

magma dynamics to Bingham-like behaviour.We infer that this vari-

ation in the magma rheology of separate segments continued after

coalescence and internally partitioned the magma sheet, preventing

lateral mixing and inclusion transport.

KEY WORDS: anisotropy of magnetic susceptibility; Ardnamurchan;

magma rheology; inclusions; magma flow

I N T RO DUC T ION
Mafic magmas that feed and drive many volcanic systems
are often compositionally modified during transport from
the mantle and lower crust to the Earth’s surface (Ander-
son, 1976; Huppert & Sparks, 1985; Sparks & Marshall,
1986; Blake & Fink, 2000; Polacci et al., 2001; Rutherford,
2008; Genareau & Clarke, 2010). This can occur by pro-
cesses that include magma mixing, assimilation of magma
chamber crystal mushes and incorporation of conduit
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wall-rock material. The crystallization kinetics of these
magmas, which can be significantly altered by these pro-
cesses, partially controls the viscosity and flow regime of
the magma and thus potentially affects the ascent and
eruption style (Melnik & Sparks, 1999; Rutherford, 2008).
However, it has proved exceedingly difficult to quantify or
even recognize the degrees of mixing and assimilation
that have occurred in mafic magmas by studying the erup-
tive products alone (e.g. Humphreys et al., 2009).
Sub-volcanic sheet intrusions, such as dykes and sills, can
provide an unparalleled perspective of these processes by
freezing the intruding magma ‘in transit’, together with its
associated crystal and inclusion cargoes. For example,
Holness et al. (2007) studied gabbroic and peridotitic xeno-
liths entrained in Icelandic lavas and found that the ori-
ginal solidification microstructure of the crystal mushes
was preserved to a significant degree, and Hrouda et al.
(1999) outlined processes by which coaxial magmatic fab-
rics developed synchronously in xenoliths and the host
magma. Other studies have highlighted how mechanical
disaggregation of inclusions and incorporation into the
host may be wholesale (e.g. Humphreys et al., 2009) or
how factors such as a rigid crystal framework may act to
limit the degree to which inclusions (enclaves) mix with
the host magma (Martin et al., 2006). Analysing the
impact of these processes on magma rheology therefore
provides an opportunity to refine our knowledge of
magma emplacement.

In this study, we report the results of integrated rock
magnetic, quantitative textural and mineral chemical ana-
lyses of a suite of gabbro inclusions entrained in several clo-
sely spaced sheet intrusions from the southern part of the
Ardnamurchan Central Complex in NW Scotland (Fig. 1)
to assess the provenance of the inclusions, inclusion^host
magma relationships and the transport mechanics of the
system. Within the sheets themselves the gabbro inclusions
are often restricted to one or two segments that extend
510 m along strike and are bounded by intrusive steps
and/or broken bridges. To the best of our knowledge, these
gabbro inclusions, and similar anorthositic inclusion-
bearing sheets at Glebe Hill (Fig. 1a; Day, 1989), are
unique on Ardnamurchan in terms of their spatial occur-
rence and petrography. From the complex cross-cutting
relationships, the sheet intrusions studied here have been
interpreted as spanning a significant proportion of the life-
time of the Ardnamurchan Central Complex (Richey &
Thomas, 1930). Richey & Thomas (1930) briefly described
these inclusions and suggested that they represent parts of
intrusive sheets that were subsequently fragmented and
disrupted by the current sheet lithology that utilized the
pre-existing pathway during magma ascent. We disagree
with this interpretation as the inclusions are gabbroic,
with a well-developed cumulate texture, similar to that of
the nearby (51km) Hypersthene Gabbro. We propose

here that the inclusions were entrained from a partially
solidified magma reservoir at depth. The inclusions pre-
serve information on the fluid dynamics of the conduit
systems, suggesting that the magma rheology of inclusion-
bearing segments changed from Newtonian to Binghamian
upon entrainment. These potential internal variations in
magma rheology, between segments containing inclusions
and those without, possibly partitioned the coalesced
sheets and prevented lateral mixing of magma or
inclusions.

G EOLO G IC A L S ET T I NG
The Ardnamurchan Central Complex, NW Scotland, rep-
resents the eroded roots of an ancient volcanic complex
(Fig. 1a). It is one of the classic sub-volcanic central com-
plexes of the British Palaeogene Igneous Province (BPIP)
and was emplaced during the early stages of opening of
the North Atlantic. In most cases, the BPIP central com-
plexes intruded following the eruption of extensive basaltic
lava fields onto Proterozoic metasedimentary rocks and
Mesozoic strata in the Palaeocene (�60^58 Ma; Emeleus
& Bell, 2005). Ardnamurchan, along with other BPIP cen-
tres (e.g. Mull and Skye), has been cited as an example of
a system in which migrating volcanic centres developed
throughout the lifetime of the complex (Richey &
Thomas, 1930; England, 1988; Emeleus & Bell, 2005). In
the case of Ardnamurchan, three centres (1, 2 and 3, in
order of decreasing age) have been recognized from intru-
sive cross-cutting relationships and the foci of several cone
sheet swarms (Fig. 1; Richey & Thomas, 1930), hereafter
referred to as inclined sheets to avoid implied genetic con-
notations (Gautneb et al., 1989). Centre 1 is considered to
largely comprise numerous minor mafic intrusions (e.g.
the Ben Hiant Dolerite) and volcaniclastic rocks (Richey
& Thomas, 1930; Brown & Bell, 2007). Centre 2 consists of
large gabbro intrusions of variable geometries, including
laccoliths (i.e. the Hypersthene Gabbro) and ring dykes
(Richey & Thomas, 1930; Day, 1989; Emeleus & Bell,
2005). The Hypersthene Gabbro is the closest major intru-
sion to the sheets studied here and can be divided into nu-
merous geochemically and texturally distinct petrological
facies that include the main olivine-bearing hypersthene
gabbro, a subordinate augite-troctolite, olivine-rich gab-
bros and various quartz gabbros (Wells, 1953; Day, 1989).
Centre 3 is principally composed of one large gabbro lopo-
lith (i.e. the Great Eucrite; O’Driscoll et al., 2006). How-
ever, the validity of these three centres has recently been
questioned by Magee et al. (2012a,b), who have suggested
that the majority of the inclined sheets and the Ben Hiant
Dolerite may have originated from a source external to
the Ardnamurchan Central Complex.

The gabbro inclusions of interest here occur in a loca-
lized set of mafic sheet intrusions, with variable geome-
tries, along a 500 m coastal section on the southwestern
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shores of Ardnamurchan close to Sro' n Bheag (NM 46178
62303, UK National Grid; Fig. 1b). Richey & Thomas
(1930, pp. 348^349) noted that this area showed useful
age relations between sheet intrusions and the host-rock
lithologies they intrude, which include Middle Jurassic

sedimentary rocks (i.e. Bearreraig Sandstone Formation)
and Palaeogene olivine basalt lavas. Bedding in the
Jurassic sandstone dips outward (southward) away from
the Ardnamurchan Central Complex at �208, attributed
to early intrusion-induced doming (Richey & Thomas,
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Fig. 1. (a) Map of the general geology of western Ardnamurchan (after Emeleus & Bell, 2005) and the location of the Sro' n Bheag headland
(inset shows the location of the Ardnamurchan peninsula in NW Scotland). The grid lines on the main figure are those of the UK National
Grid. (b) Detailed geology of the Sro' n Bheag area, highlighted in (a), including the studied sheet intrusion locations (after Emeleus, 2010).
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1930; Emeleus & Bell, 2005). The inclined sheets in this
area typically strike east^west and dip �408 N. A number
of subvertical mafic dykes and inclined sheet intrusions,
striking about north^south, also intrude the Bearreraig
Sandstone Formation. North of this stretch of coastline
(�1km), the Jurassic sedimentary rocks (and sheet intru-
sions they contain) are observed to overlie a shallow
southward-dipping contact (5158) with the large Centre 2
Hypersthene Gabbro intrusion (Richey & Thomas, 1930),
interpreted as a laccolith by Day (1989).

F I E L D O B S E RVAT ION S A N D
P ET RO G R A P H Y
Field observations
The field relations of the Sro' n Bheag locality are
illustrated here in detail in Figs 2^5 and on p. 348 of
Richey & Thomas’ (1930) Ardnamurchan Geological
Survey memoir.

Porphyritic Basalt Dyke

In Fig. 2, a 1·5 m thick porphyritic basalt dyke (PBD) is
intruded by the northern branch of a thin bifurcating
(�70 cm) aphyric doleritic inclined sheet. The PBD is ori-
ented 026/858 E and exhibits well-developed chilled mar-
gins against the Bearreraig Sandstone Formation (Fig. 3a).
It is also characterized by the presence of large (�5 cm in
length), tabular, euhedral plagioclase crystals that show a
substantial increase in grain size toward the core of the
dyke. Clinopyroxene phenocrysts and scarce, small
micro-gabbro inclusions (up to 10 cm in diameter with
�1mm grain size) are observed in the PBD. Approxi-
mately 25 cm inside either margin of the PBD, strong
contact-parallel planar fabrics are defined by tabular
plagioclase crystals (Fig. 3a). Synneusis and imbrication of
euhedral plagioclase phenocrysts are also observed within
the core of the PBD. The largest crystals in the 50 cm
thick core of the sheet show no alignment and a greater
population density than toward either contact. At least
three other similar porphyritic basalt dykes, oriented
NW^SE, have been observed along the Ormsaigbeg to
Mingary Pier coastline (NM 46965 62582 and NM 49255
62633, respectively) and in a road cutting NE of Ben
Hiant (NM 54612 65106). Richey & Thomas (1930) identi-
fied these and other PBD-like intrusions, which they
termed ‘big-feldspar basalts’, throughout Ardnamurchan.
Similar basaltic blocks containing very coarse plagioclase
phenocrysts are observed within the volcaniclastic de-
posits, suggesting that the porphyritic dykes were amongst
the earliest intrusive phases of the Ardnamurchan Central
Complex (Richey & Thomas, 1930). This is supported by
field relationships, which reveal that the PBD-type dykes
are cross-cut by Centre 1 and Outer Centre 2 inclined
sheets (Richey & Thomas, 1930).

Inclusion-bearing sheet, XBSa

Both the inclined sheet and PBD are intruded by a 1m
thick basalt sheet (XBSa) oriented at 005/658 W and con-
taining numerous gabbro inclusions (Fig. 2). This orienta-
tion changes to 008/288 W as the XBSa cuts the
stratigraphy higher in the section. The north^south strike
of the sheet is distinct from the local east^west strike of
the inclined sheets. Chilled margins are developed except
where XBSa is in contact with the PBD. The �1m offset
of the PBD may be accounted for by the dilatational open-
ing of XBSa (Fig. 2). North of the point where both sheets
intersect, the XBSa contains locally abundant (�75% of
the dyke volume) coarse-grained (45 mm) plagioclase-rich
gabbro inclusions (Fig. 3b and c) that exhibit a cumulus
(framework) crystalline texture. Within the gabbro inclu-
sions the interstitial component increases towards the con-
tact with the host groundmass and appears to be
dominated by basalt similar in mineralogy and texture to
the XBSa groundmass. The contacts of the gabbroic inclu-
sions with the XBSa groundmass are diffuse and irregular,
with transfer of single (or ‘clots’ of) plagioclase crystals
from the gabbro inclusions into the dyke groundmass (Fig.
3c) being a common feature. Gabbro inclusions reach a
maximum diameter of 75 cm (almost 75% the width of
the sheet itself) with an average size of 40 cm. South of
the intersection with the PBD, the XBSa contains no
gabbro inclusions (Richey & Thomas, 1930) and displays
a coarser-grained groundmass compared with the north
of the intersection and also contains a broken bridge of
thermally metamorphosed sandstone. These observations
suggest that the exposed part of the XBSa may represent
at least two separate sheet segments, with slightly variable
crystallization histories, that coalesced upon dyke inflation
(Hutton, 2009).

Inclusion-bearing sheet, XBSb

About 130 m farther west along the coast (Fig. 1, NM 4630
6222) another inclusion-bearing sheet (XBSb), oriented
002/908 and 1·5 m thick, forms a prominent dyke exposure
in the cliff face (Fig. 3f). The large, coarse-grained gabbro
inclusions exposed in this dyke are very similar in grain
size and texture to those in the XBSa. The inclusions have
an apparently random distribution; some areas of the
dyke outcrop have a marked paucity of these inclusions,
whereas others have an abundance. There is no apparent
preference for inclusions to be concentrated at the margins
or core of the XBSb. As with the XBSa, the inclusions in
the XBSb are plagioclase-rich with cumulate textures and
have diffuse boundaries with the dyke groundmass.

Inclusion-bearing sheet, XBS-89

Twenty metres west of the XBSb, three adjacent moder-
ately inclined sheets ranging from 1·5 to 2 m in thickness
crop out (Fig. 4a). These sheets have chilled upper and
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Fig. 2. Plan view of the field relations and AMS data for PBD and XBSa. On the equal-area, lower-hemisphere stereographic projections the
great circles (grey) represent the plane of intrusion. For each principal susceptibility axis, 95% confidence ellipses are also plotted, although
for some axes the confidence ellipses are smaller than the axis symbol. The circled numbers highlight the sample positions.
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Fig. 3. Field photographs. (a) Chilled margin to the porphyritic basalt dyke (PBD; the contact with metasediment is towards the left of the
image). (b, c) Irregular-shaped blocks in the XBSa. The intricate margins on the gabbro block in the bottom right of (b), suggesting reaction
with melt, should be noted. Black arrows highlight single plagioclase crystals or glomerocrysts incorporated into the host sheet groundmass
from the adjacent gabbro inclusions. (d) XBS-89 with zone of gabbro xenoliths highlighted in black. (e) Imbrication of gabbro clots in
XBS-89. (f) Exposure of XBSb in the southern facing cliffs of Sro' n Bheag. This dyke is �2 m in width.
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Cross-section view of XBS-89 highlighting the AMS results and sample positions. Key as in Fig. 2.

Fig. 5. (a) Accumulation of gabbroic inclusions around a thermally metamorphosed sandstone broken bridge in XBS-128. (b) Disaggregation
of single and ‘clots of ’ plagioclase crystals at the contacts of the inclusions in XBS-128. (c) Gabbroic inclusions highlighted in XBS-279.
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