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Abstract

Detailed microstructural analysis of three basaltic sills of the Little Minch Sill Complex demonstrates that convection leaves a detectable
signature in fully solidified bodies. The presence of dense clusters of equant grains of olivine and clinopyroxene in the central parts of
sills can only be accounted for if they formed and were enlarged while suspended in convecting magma, with delayed settling to the
sill f loor. An associated stratigraphic invariance of plagioclase grain shape is consistent with growth while suspended in convecting
magma. These microstructural indicators demonstrate that convection during solidification was vigorous and long-lived in the 135-
m-thick picrodolerite-crinanite unit (PCU) of the composite Shiant Isles Main sill and vigorous and likely short-lived in the PCU of the
composite Creagan Iar sill. In contrast, convection in the Meall Tuath sill was weak and short-lived: plagioclase grain shape in this sill
varies with stratigraphic height, indicative of primarily in situ nucleation and growth at the magma-mush interface, while olivine and
clinopyroxene were kept suspended in the overlying convecting magma. The magma in all three sills fractionated during solidification,
permitting convection driven by the instability of an upper thermal boundary layer. The comparative vigour and longevity of convection
in the Shiant Isles Main sill and the Creagan Iar sill was due to their emplacement above an earlier, still-hot, intrusion, resulting in highly
asymmetric cooling.

INTRODUCTION
The fundamental link between magma fluid dynamical behaviour
and its chemical evolution necessitates constraining the extent
to which magmas convect during solidification, although early
attempts to solve this problem proved contentious (Marsh, 1989,
1991; Sparks, 1990; Huppert & Turner, 1991; Gibb & Henderson,
1992). While some authors advocate a short and transient period
of thermally driven convection (Brandeis & Marsh, 1989, 1990;
Marsh, 1989, 1991; Bea, 2010), others argue for sustained and
continuous convection during most of the solidification history,
driven by thermal or compositional gradients (Worster et al., 1990;
Huppert & Turner, 1991), or by the descent of dense, crystal-
bearing, material from the roof (Bergantz & Ni, 1999; Philpotts &
Dickson, 2000; Philpotts & Philpotts, 2005).

Much of the earlier work is reliant on conclusions based vari-
ously on assumed values of temperature differences driving con-
vective flow (Marsh, 1991), analytical models (e.g. Worster et al.,
1990) or observations of low-temperature analogues (e.g. Brandeis
& Marsh, 1989, 1990). In this contribution, we build on the work
of Holness et al. (2017a) and Dyck & Holness (2021), who argued
that the presence, and stratigraphic variation in size, of crystal
clusters in fully solidified magma bodies provides evidence of
vigorous long-lived convection. We report the results of a detailed
microstructural examination of mafic sills belonging to the Little

Minch Sill Complex and argue that the stratigraphic variation
of plagioclase grain shape may also record convection and that
vigorous and long-lived convection may be common in composite
sills.

PREVIOUS WORK
Convection and crystal settling in sills
A horizontal tabular body of basaltic magma intruded into the
crust will conduct heat into the cooler material above and below,
generating density gradients that may drive thermal convection
of the magma. Density changes resulting from changes in liquid
composition due to crystallisation may also drive compositional
convection.

Compositional convection is caused by the creation of a buoy-
ant residual melt by crystallisation at the floor or a dense residual
melt created at the roof—the former is most common in basaltic
systems (e.g. Jaupart & Tait, 1995). Compositional convection
may occur within the marginal crystal mushes or be driven by
the instability of a compositional boundary layer immediately
adjacent to the marginal mush zones. Whether or not convection
initiates, and the vigour of the resulting convective flow, depend
on a non-dimensional Rayleigh number. Convection occurs for Ra
greater than some critical value, and the flow is more vigorous
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and complex as Ra increases. The Rayleigh number for convection
of interstitial melt in the mush, Ramush, is

Ramush = g�ρ k h
κ μ

,

where �ρ is the difference in density across the mush layer of
thickness h, g is gravitational acceleration, and κ and μ are the
thermal diffusivity and viscosity of the fluid, respectively. The
mush permeability, k, for crystals ∼1 mm in diameter and crystal
volume fractions of 0.8, 0.6 and 0.4 is of order 10−10, 10−9 and
10−8 m2, respectively (Hersum et al., 2005). For these values of
permeability, Rayleigh numbers only exceed the critical value of
∼25 required for convection if the mush thickness exceeds several
hundreds of metres (Tait & Jaupart, 1992). The mush thickness
in the sills discussed in this contribution was less than 10 m
(see later), so compositional convection in the mush was not
possible.

The Rayleigh number associated with convection driven by a
chemical boundary layer of buoyant residual liquid immediately
overlying the floor mush is

Racompositional layer = g�ρ δ3

D μ
,

where δ is the thickness of the buoyant layer above the floor
mush, �ρ is the difference in density across the boundary layer,
and D is the diffusivity of relevant chemical species in the melt
(e.g. ∼10−12 m2s−1 for Mg2+ and Fe2+). The thickness of the chem-
ical boundary layer is proportional to the mush thickness until
convection initiates, so the critical Ra (which is in the range 1–8;
Tait & Jaupart, 1989) can also be expressed in terms of the mush
thickness required to initiate convection. Using values typical of
basaltic systems, Tait & Jaupart (1989) argue that the crystallisa-
tion front has to attain a thickness of ∼90 m before convection
begins; convection driven by a compositional boundary layer is
not possible in sills of order 10’s of metres thickness.

Convection in basaltic sills will therefore be predominantly
thermal, driven by the instability of an upper thermal boundary
layer since the cool liquid in the lower thermal boundary layer
will be gravitationally stable. The Rayleigh number for thermally
driven convection can be expressed as

Ra = g α�T ρ d3

κ μ
,

where �T is the temperature difference across a fluid layer of
thickness d and α and ρ are the thermal expansion coefficient and
density of the fluid, respectively (other symbols as before). The
critical value of Ra is of order 103. The cubic dependence of Ra on
the length-scale d and the limited ranges of the other parameters
in basaltic magma, make d the most critical parameter. The
relevant value of d for the initiation of convection is the thickness
of the thermal boundary layer at the magma-mush interface at
the sill roof (Marsh, 1989; Jaupart & Tait, 1995). The tempera-
ture difference, or supercooling, is likely to be that required to
drive nucleation and crystal growth at the upper margin of the
intrusion (termed kinetic undercooling by Worster et al., 1990).
Since almost all mafic bodies preserve phenocrysts in their chilled
margins, and were thus saturated in at least one mineral phase on
intrusion, the magnitude of the temperature difference available
to drive convection immediately following intrusion is likely to be
only a few degrees Celsius. For �T = 1◦C, μ= 10 Pas, α= 5x10−5, ρ=
2750 kg/m3, and κ = 10−6 m2/s, Ra of order 103 is achieved for d =
0.2 m.

In non-fractionating bodies, the composition of the remaining
bulk liquid, and hence the liquidus temperature, remain con-
stant; thus, for simple, non-composite intrusions, once the entire
magma body has cooled to the temperature at which crystals
can nucleate, convection will cease. In contrast, the continuously
decreasing liquidus temperature of the remaining bulk magma
in a fractionating system may preserve the temperature dif-
ference between the magma and the crystallised solidification
front required for thermally driven convection. The longevity of
thermally driven convection is therefore fundamentally linked to
fractionation (Marsh, 1989, 1991).

Destabilisation of the boundary layer results in downwelling
plumes that carry suspended crystals. These plumes move
through the full depth of the remaining bulk magma, and so
the dynamics of convection also reflect a larger Ra characterised
by the length scale of the full fluid depth (Huppert & Turner,
1991). Once thermal convection is initiated by destabilisation of
the upper thermal boundary layer, convection in sills of order
10 m thick (i.e. d = 10 m) should be vigorous. However, Ra will
decrease with time, both because d decreases with progressive
solidification and because of increasing viscosity (μ) of the cooling
and evolving magma.

Although sinking magma can carry crystals downwards,
upwellings can only entrain crystals (and crystal clusters) if
flow exceeds their fall velocity, which is dependent on crystal (or
cluster) size. Particles with terminal velocities much lower than
mean flow velocity can remain in suspension for extended times
(e.g. Patočka et al., 2022), eventually accumulating on the floor
(or getting trapped in the downwards-migrating roof sequence)
when the convective flow brings them into the marginal boundary
layers in which flow velocities are vanishingly small (e.g. Martin
& Nokes, 1989). If magma plumes sinking from the roof remain
sufficiently cool and dense, they pool at the floor, creating a
progressively thicker basal layer of cool, stable magma with
convective flow continuing only in the magma above it. This
is a form of ‘filling box’ convection (Turner, 1979) and facilitates
crystal accumulation at the floor. However, cooling through the
base will be reduced if the sill is emplaced over a warm (e.g.
partially molten) layer, such as might occur in a composite body.
This will slow down the overall cooling rate, thus maintaining
higher Ra for longer, and so enabling convection initiated at the
top of the sill to occur more readily and to be more vigorous than
for the same sill with cold country rock at its base.

Microstructural evidence for convection
preserved in fully solidified intrusions
Evidence of fractionation in sills, and hence the possibility of long-
lived convection, is provided by the position of the sandwich
horizon—that stratigraphic position where the roof and floor
solidification fronts meet. This is usually the position of the
most evolved composition (neglecting the possibility of localised
segregation of late-stage evolved liquids into tears in the upper
solidification front as described by Marsh, 1996). The sandwich
horizon occurs significantly above the stratigraphic mid-point in
systems in which the solids were predominantly denser than the
residual liquid and ended up on the floor. However, an unambigu-
ous indicator of convection during solidification can be provided
by a detailed analysis of grain size and clustering in the particle
accumulations at floor and roof.

Because the presence of a crystal cargo in the incoming magma
can delay the onset of convection (Koyaguchi et al., 1990), imme-
diately following intrusion a crystal-rich magma may be static

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/63/11/egac106/6763674 by guest on 12 D

ecem
ber 2022



Journal of Petrology, 2022, Vol. 63, No. 11 | 3

until settling reduces the particle concentration, creating a fining-
upwards floor sequence typified by coarse-tail grading, and a
fining-downwards sequence at the roof (e.g. Marsh, 1988). The
onset of convection changes both the rate of settling (e.g. Marsh &
Maxey, 1985; Martin & Nokes, 1988) and the grain size profile of the
crystal accumulations at the floor and roof (e.g. Jarvis & Woods,
1994). Although a fining-upwards accumulation is expected on
the floor (with a corresponding fining-downwards sequence at
the roof) of a convecting system in which the sizes of all particles
remain constant, it does not exhibit coarse-tail grading (Holness et
al., 2017a). However, the population of particle sizes changes with
time in a magmatic system, generally by nucleation and growth of
individual crystals during cooling. Even at constant temperature,
particles grow by the formation of grain clusters by synneusis
(e.g. Schwindinger & Anderson, 1989; Philpotts et al., 1998, 1999;
Schwindinger, 1999; Philpotts & Dickson, 2000; Wieser et al., 2019;
Dyck & Holness, 2021), particularly in well-mixed convecting sys-
tems. Hence, the longer particles remain suspended in convecting
magma, the larger they will be—individual grains will be larger
due to continued growth, and clusters will be larger due to con-
tinued accretion. The progressive loss of particles from the con-
vecting bulk magma, as they enter the lower boundary layer of the
convection cell (Jaupart & Brandeis, 1986; Martin & Nokes, 1988;
Patočka et al., 2022), will thus result in a coarsening-upwards
sequence on the intrusion floor (involving both larger grains
and larger clusters), and a corresponding coarsening-downwards
sequence at the roof, formed as progressively larger particles
brought up by convection currents get trapped in the downwards-
propagating solidification front. This coarsening-downwards of
the crystal cargo at the roof is critical evidence of vigorous con-
vection—it cannot form during solidification of a static magma.

Other microstructural indicators of convection in basaltic sys-
tems are the spatial variation of shape and size of plagioclase
grains. Under conditions of small undercooling, during which
grain growth is controlled by the kinetics of attachment at inter-
faces (Kirkpatrick et al., 1976; Kirkpatrick, 1977; Cabane et al.,
2005), plagioclase grains are tabular, flattened parallel to (010)
(Muncill & Lasaga, 1987). These tablets are more equant in slowly
cooled rocks compared to those in rapidly cooled rocks (Coish &
Taylor, 1979; Holness, 2014), and, for rocks with no preferred grain
orientation, this difference in shape can be straightforwardly
detected using the average apparent aspect ratio (AR) of plagio-
clase (the arithmetic mean of the population of length/width
ratios), as viewed in a thin section (Meurer & Boudreau, 1998;
Boorman et al., 2004; Holness, 2014, 2015). Although AR cannot
be used to quantify the range of true 3D grain shapes present in a
sample, it is strongly correlated with the time taken to crystallise
according to the relationship:

AR = 0.5586[6.34 − log(crystallisation time in years)],

where the crystallisation time is calculated assuming diffusive
heat transport, a country rock temperature of 0◦C, and a crys-
tallisation interval of 1200–1000◦C during which latent heat is
released at a constant rate (Holness, 2014). AR therefore varies
systematically in bodies in which solidification primarily involved
in situ nucleation and growth at inwards-propagating solidifica-
tion fronts (primarily sills), but is invariant across bodies (primar-
ily dykes) in which the early stages of solidification involved the
growth of crystals suspended in a convecting magma (Holness,
2014). Furthermore, while plagioclase grain size increases with
increasing intrusion dimension, this increase is more sensitive to
increasing intrusion width in dykes than in sills, with a narrower

range of grain sizes in dykes compared to sills (Philpotts & Ague,
2009; p. 85). Holness et al. (2017b) argue that this is also linked to
differences in the location of crystal growth, with solidification
front formation dominating in sills, and growth as suspended
isolated grains in dykes.

Conversely, the cooling rate speedometer provided by the
geometry of clinopyroxene-plagioclase-plagioclase three-grain
junctions, as quantified by the median dihedral angle, �cpp

(Holness et al., 2012a), is not affected by the fluid dynamical
regime during the early stages of crystallisation, because dihedral
angles form during the last few vol% of solidification (Holness
et al., 2012b). Hence, if crystallisation primarily occurred in
solidification fronts, plagioclase grain shape, as quantified by
AR, correlates with dihedral angle whereas in bodies in which
solidification occurred in a range of different places, e.g. if
significant plagioclase growth occurred as suspended grains in a
convecting magma, plagioclase AR is decoupled from the dihedral
angle (Holness et al., 2017b).

Arguments based on grain shape must take into account
the possibility of progressive change during growth. The growth
mechanism may change from interface-controlled to diffusion-
limited, resulting in the evolution of initially equant crystals
into skeletal forms as a compositional boundary layer develops
(Hammer & Rutherford, 2002), and grains growing under
interface-controlled conditions may change shape as they grow
(Mangler et al., 2022). Furthermore, grain impingement during
growth affects shape (Brown, 1956; Martin et al., 1987; Pupier
et al., 2008 ; Schiavi et al., 2009 ; Applegarth et al., 2013). For
grains growing with no preferred orientation, growth of closely
spaced grains results in relatively equant shapes (i.e. lower AR)
compared to those of the same mineral grown under conditions
of low nucleation density (Martin et al., 1987). This is because
impingement predominantly prevents growth on the faster-
growing faces, so the earlier the impingement, the lower the final
AR (Pupier et al., 2008; Schiavi et al., 2009; Applegarth et al., 2013).
Impingement during crystallisation starts to affect plagioclase
AR at volume fractions in the range 10–20 vol% (Pupier et al.,
2008; Schiavi et al., 2009). Conversely, if crystals have a preferred
alignment, adjacent grains are likely to be in contact on their
slow-growing faces, resulting in an increasingly non-equant habit
during continued growth (Brown, 1956).

GEOLOGICAL SETTING
The Little Minch Sill Complex, part of the Hebridean Igneous
Province, is a stacked, multi-leaved Palaeocene group of dolerite
sills, with its greatest onshore exposure on the coasts of the Trot-
ternish Peninsula, Isle of Skye (e.g. Gibb & Gibson, 1989; Fyfe et al.,
2021; Fig. 1). It intruded Mesozoic sediments and Palaeocene tuffs
over an area of ∼4000 km2 (Fyfe et al., 1993) at a minimum depth
of 3 km (Nicoli & Matthews, 2019). The thickness of individual sills
in the complex varies between a few metres and >100 m, and
many are composite (Gibson, 1988; Gibson & Jones, 1991; Gibb &
Henderson, 1996; Schofield, 2009; Fyfe et al., 2021).

The magma filling the sills ranged from mildly alkaline
picrite to picritic basalt, with a crystal cargo dominated by
olivine, with small amounts of Cr-spinel and plagioclase (Gibb
& Gibson, 1989; Gibb & Henderson, 1996, 2006). The observed
range of bulk composition is almost entirely accounted for
by variations in the amount of entrained olivine phenocrysts
(Gibb & Henderson, 2006), enabling division into three lithologies
(Gibb & Henderson, 1984): crinanite, picrodolerite and picrite.
Crinanite is an analcime-bearing dolerite in which olivine is
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Figure 1. (a) The geographical setting of the Trotternish Peninsula and the Shiant Isles. The area enlarged in (b) is shown by the red rectangle. (b) A
simplified geological map of the northern Trotternish Peninsula (from the 1:50000 map of the British Geological Survey), showing the location of the
traverses across the composite sills at Creagan Iar and Meall Tuath.

predominantly ophitic: the transition to picrodolerite, in which
olivine is predominantly euhedral to subhedral, is commonly
placed at 15 vol% olivine (Gibb & Henderson, 1984) though occurs
in the range 10–20 vol%. Picrite contains >40 vol% (euhedral)
olivine (Gibb & Henderson, 1984). Many intrusions of the Little
Minch Sill Complex comprise a lower picrodolerite that grades
upwards into crinanite, interpreted as the result of cargo settling
(Gibb & Gibson, 1989; Gibson & Jones, 1991; Gibb & Henderson,
1996; Gibb & Henderson, 2006).

In this contribution, we report the results of a microstructural
examination of two composite sills of the Complex exposed
on the Trotternish Peninsula, together with the picrodolerite-
crinanite unit (PCU) of the composite Shiant Isles Main Sill,
which was the focus of Holness et al. (2017a) (Fig. 1). We
collected samples across vertical sections through the two
Trotternish intrusions, maintaining approximately metric spacing
between samples. Sample spacing was reduced in proximity to
contacts.

ANALYTICAL METHODS
It is highly unlikely that all crystals in any particular sample will
have the same shape (Duchêne et al., 2008; Iezzi et al., 2011)—
for example, Mangler et al. (2022) showed a systematic change
in the 3D shape of isolated plagioclase grains during progressive
interface-controlled growth in glassy volcanic rocks. However, for
fully solidified rocks with randomly oriented plagioclase grown
under interface-controlled conditions, the average (arithmetic
mean) apparent aspect ratio provides a first-order indication of
how platy the grains are, with no assumptions about the true 3D
shape or range of shapes required by other methods for quan-
tifying grain shape from 2D sections (e.g. Higgins, 1994). A high
average apparent aspect ratio observed in a rock with randomly
oriented plagioclase correlates with a generally platy shape in 3D,
while low AR correlates with a more equant shape: the usefulness
of this simple measure of grain shape is demonstrated by its

strong correlation with the time taken to crystallise (Holness,
2014).

In this study, we confined our measurements to samples with
randomly oriented plagioclase. The long and short axes of up to
330 plagioclase grains for each sample were drawn by eye on
digital photographs of thin sections under crossed polars. The
magnification was chosen such that all grains could be distin-
guished in the image, and all discernible grains were measured
in each photograph, other than those grains truncated by the
edge of the photograph. The smallest grains measured are ∼40
microns long. The long and short axes were measured for each
grain using the software package ImageJ to obtain the average
apparent aspect ratio. The 2σ confidence interval on the average
apparent aspect ratio was constrained using bootstrap sampling.

To facilitate comparison between the various intrusions of
this study and those of previous related work we followed the

approach of Holness (2014) and Holness et al. (2017a) and use the
simplest measure of grain size (with no underlying assumptions
about 3D grain shape or growth conditions), reporting both the
average (arithmetic mean) and the skew (the adjusted Fisher–

Pearson standardised moment coefficient) of the population of
long axes of grain intersections as viewed in thin section.

Values of AR for the Creagan Iar and Meall Tuath sills were
determined by amalgamating data obtained from a number of

photomicrographs of each sample, but for the parts of the Shi-
ant Isles Main sill PCU in which clinopyroxene is poikilitic we

measured AR for the plagioclase chadacrysts in individual pho-
tomicrographs, each covering ∼12 mm2, to investigate the effect
of impingement on plagioclase shape. We obtained values of AR

for plagioclase outside the oikocrysts by amalgamating data from
several photomicrographs.

We used the moment-based method of Farr et al. (2017)
to determine the volume-weighted mean diameter, D4,3, for
individual olivine grains, clusters of olivine grains, and clusters
formed of both olivine and pyroxene. For each sample, grain and
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cluster intersection diameters were obtained by measuring the
outline of phenocrysts and polycrystalline clusters, distinguishing
between olivine-only, clinopyroxene-only and bi-mineralic
(olivine + clinopyroxene) clusters. The area corresponding to the
outline is then calculated using ImageJ software (Schneider et al.,
2012) and converted to the equivalent circular grain intersection,
i.e. the Heywood diameter.

The method of Farr et al. (2017) takes into account the change
in average grain diameter of the crystal cargo caused by post-
accumulation overgrowth to obtain the original volume-weighted
mean diameter, D∗

4,3, of the olivine cargo (c.f. Holness et al.,
2017a). This correction was performed for olivine phenocrysts and
olivine-only clusters, but not for olivine clusters surrounded by
a rim of heterogeneously nucleated clinopyroxene. To measure
the overall size of these bi-mineralic clusters, we corrected for
post-settling overgrowth of the clinopyroxene by ignoring the
irregular interstitial overgrowth of initially euhedral grains. A
similar approach was used for clinopyroxene-only clusters and
also for olivine-only clusters in relatively olivine-poor samples
(e.g. MT34, MT35, MT36 and MT38; Table 2) in which some clusters
display late, irregular olivine overgrowth with no clinopyroxene
corona present in the plane of the section.

Clinopyroxene-plagioclase-plagioclase dihedral angles were
measured using a Leitz 4-axis universal stage mounted on an
optical microscope, with a ×32 long working distance objective
(the eyepiece adds a further ×10 magnification). Between 40
and 70 measurements were made on each sample to determine
the median value, �cpp, of the population of true 3D dihedral
angles, with the 95% confidence interval about the median
calculated following Stickels & Hücke (1964). Holness et al.
(2005) found higher median dihedral angles at the three-grain
junctions formed by clustered olivine chadacrysts enclosed in
pyroxene oikocrysts in the centres of the oikocrysts compared
to the edges (which they attributed to post-enclosure textural
equilibration), so we confined our measurements of �cpp to the
edges and exterior of oikocrysts in samples containing poikilitic
clinopyroxene.

PETROGRAPHY AND MICROSTRUCTURAL
ANALYSIS
The Shiant Isles Main Sill
The Shiant Isles Main sill is the most studied intrusion of the
Little Minch Sill Complex (Gibb & Henderson, 1984, 1992, 1996,
2006, 2014; Gibb & Gibson, 1989; Foland et al., 2000; Latypov &
Chistyakova, 2009; Latypov, 2014; Holness et al., 2017a) and is
thought to have been fed via the Minch Fault (Fig. 1; Fyfe et al.,
2021). It comprises four separate intrusions (Gibb & Henderson,
1996), the larger two of which are a 24-m picrite intrusion (forming
the base of the composite body) and an overlying later 135-m-
thick PCU characterised by a pronounced basal concentration of
olivine primocrysts (Fig. 2). Here, we focus on the 135-m-thick
PCU.

The olivine grain size in the basal picrodolerite of the PCU
decreases upwards through the lowermost 10 m but then
increases upwards through the remaining ∼50 m (Holness
et al., 2017a). Holness et al. (2017a) argued that the fining-
upwards sequence formed by settling of most of the olivine
cargo shortly after emplacement. The overlying coarsening-
upwards sequence formed by accumulation of olivine grown post-
emplacement in a strongly convecting magma, with a progressive
increase in cluster size due to synneusis. The case for convection
during solidification is strengthened by the mirroring of the

coarsening-upwards sequence on the floor by a coarsening-
downwards sequence at the roof, in which the size of both
individual grains and of grain clusters reaches values similar to
that of the coarsest-grained horizons of the floor accumulation
(Holness et al., 2017a), in stark contrast to the fining-downwards
antecryst distributions expected at the roof of static magma
bodies (Marsh, 1988).

Both olivine and clinopyroxene in the crinanite, between ∼80 m
and 150 m stratigraphic height in the composite intrusion (Gibb &
Henderson, 1996; Gibb & Henderson, 2006), form large oikocrysts
enclosing a framework of plagioclase grains (Fig. 3a, b). These
frameworks are highly reminiscent of those described by Philpotts
et al. (1998, 1999) and Philpotts & Dickson (2000) and ascribed
to synneusis. The olivine oikocrysts enclose a greater propor-
tion of plagioclase than do the pyroxene oikocrysts. The size
of the clinopyroxene oikocrysts increases with height, exceeding
2 cm (i.e. the dimensions of thin sections) at 100–120 m. The
amount of plagioclase enclosed by the clinopyroxene oikocrysts
varies, with a minimum of 40 vol% in the compositionally uni-
form cores increasing towards the (commonly compositionally
zoned) oikocryst margins to values typical of that in the olivine
oikocrysts. These observations are consistent not only with the
centres of the pyroxene oikocrysts recording the earliest history
of framework formation (e.g. Mathison, 1987; Higgins, 1998), with
open frameworks collapsing and densifying where not preserved
by enclosure, but also with relatively rapid early growth of intersti-
tial clinopyroxene compared to the associated interstitial olivine.

The regions between oikocrysts are dominated by plagioclase
(Fig. 3c). Fe-Ti oxides are interstitial in the lower parts of the
PCU (below ∼81 m height) and in the matching upper parts of
the intrusion (above ∼140 m) and occur only outside oikocrysts
(Figs 3b, c). In the more evolved, central parts of the sill, oxides
are euhedral, with some hopper grains (Fig. 3d) in the margins of
the clinopyroxene oikocrysts.

The median clinopyroxene-plagioclase-plagioclase dihedral
angle, �cpp, forms a broadly W-shaped profile through the PCU
with a maximum of 65–70 m and marginal reversals creating
minima at ∼30 and 150 m (Holness et al., 2017a; Fig. 2 and
Supplementary Appendix 1). The observed values are within error
of the expected values (calculated following Holness et al., 2012a)
in the picrodolerite (with the exception of the lowest few metres),
but those in the crinanite are significantly lower than expected
values (Fig. 2).

In those parts of the PCU in which olivine forms compact
grains, and in which interstitial clinopyroxene is not notably
poikilitic (i.e. below about 50 m stratigraphic height in the com-
posite intrusion), the average apparent aspect ratio of plagioclase
is the same inside and outside the (poorly developed) oikocrysts
(Table 1). With increasing height in the PCU, these values begin
to diverge, with higher values of aspect ratio in the oikocrysts
(Fig. 2). In samples with strongly poikilitic clinopyroxene, there is
a negative correlation between AR of the plagioclase chadacrysts
and the mode of those chadacrysts as measured in single pho-
tomicrographs (Fig. 4). This is particularly evident when data
from sample S81/35 (at 100.86 m stratigraphic height) are con-
sidered: the clinopyroxene in this sample forms a sufficient area
of oikocrysts to permit measurement of seven non-overlapping
4.5 × 3 mm areas, for comparison with plagioclase grain shape
outside the oikocrysts (Table 1; Fig. 4).

Both the maximum value of local AR and the range of AR seen
in individual photomicrographs from any sample through the
crinanite increase with height, reaching their maximum values
at ∼120 m in the composite sill, close to the sandwich horizon
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Figure 2. The stratigraphy of the Shiant Isles Main sill (simplified from Gibb & Henderson, 1996). The abbreviation GOP shows the stratigraphic
location of the last-to-intrude Granular Olivine Picrodolerite component of the composite sill (see Gibb & Henderson, 1996, for details). The
approximate position of the sandwich horizon is estimated from the stratigraphic position of the most evolved rocks (from Gibb & Henderson, 2006).
The labels in italics give the microstructural habit of the olivine. Also shown is the variation in olivine mode (from Henderson et al., 2000), the median
value of the clinopyroxene-plagioclase-plagioclase dihedral angle (from Holness et al., 2017a), and the average apparent aspect ratio (AR) of the
plagioclase in the PCU. The AR data shown by the black dots refer to plagioclase outside clinopyroxene oikocrysts, whereas the grey dots show values
pertaining to the plagioclase chadacrysts in single photomicrographs (each covering 4.5 × 3 mm area of thin section) dominated by oikocrysts (those
data points in the crinanite are also shown in Fig. 2). The dashed lines on the plots of dihedral angle and AR show the expected values of these two
parameters for a sill with a thickness of 135 m, calculated according to the data compilations of Holness et al. (2012a) and (2014), respectively.

(Table 1; Fig. 2). In contrast, the shape of plagioclase grains that
are not enclosed by oikocrysts is much less variable: AR increases
upwards over ∼20 m from a minimum of ∼2.4 at the base of
the PCU to between ∼2.8 and 3.0 through the remainder of the
PCU, remaining essentially constant within error, and signifi-
cantly lower than the values found for localised areas enclosed
by oikocrysts (Fig. 2). This is also evident from Fig. 4, which shows
that AR reaches a relatively constant value once the mode of pla-
gioclase exceeds ∼65 vol%. There is no correspondence between
the observed values of AR and those expected for a dolerite sill
of 135 m thickness, shown by the dotted line in Fig. 2, which
was calculated assuming the 135-m-thick sill was a single body
intruded into cold country rock and using the observed variation
of AR with calculated crystallisation time of Holness (2014).

The average long axis of plagioclase grains outside oikocrysts
increases through the PCU, from a minimum of ∼0.17 mm to
0.28 mm (Table 1; Supplementary Appendix 2), similar to values
observed in sills of this thickness by Holness et al. (2017b). The
frequency distribution of values of the skew of the grain length
populations is also similar to that reported for sills by Holness et
al. (2017b) (Fig. 5).

The Meall Tuath sill
The composite Meall Tuath sill is the thickest of the sills exposed
on the Trotternish Peninsula, forming a sheer cliff face (Fig. 6a–c)
and belonging to the northern dolerites as defined by Schofield

(2009). It was fed from a magma source to the south-east
(Schofield, 2009). Although the top contact is above the present
erosion surface, local topography suggests it is likely to be between
100 and 110 m thick, consistent with abundant field evidence
for the exposed top surfaces of the Trotternish sills being at,
or close to, their upper contacts (Schofield, 2009). The Meall
Tuath sill comprises an early PCU (of which the lower ∼48 m
is exposed), and a later, ∼50 m thick, picrite sill that intruded
into the lower part of the PCU (Gibson, 1988), some 5 m above its
lower contact (Fig. 6a). The later picrite has well-developed chilled
margins against the enclosing PCU (Fig. 6a), with decreasing
spacing of columnar jointing towards the contacts (Schofield,
2009), suggestive of significant cooling of the earlier PCU before
the picrite was intruded. Here, we focus on the older of the
two components of this composite intrusion: the stratigraphic
heights given in the remainder of this contribution omit the later
picrite.

The basal chilled margin of the Meall Tuath PCU is in con-
tact with Jurassic sediments and contains ∼30 vol% euhedral
olivine phenocrysts (Fig. 7a) and small, euhedral, included grains
of chromite (Nicoli & Matthews, 2019). Clusters of up to 10 grains
(as viewed in thin section) are present in the chill, attesting to the
presence of clusters in the crystal cargo. There are no phenocrysts
of other phases. The immediately overlying picrodolerite contains
abundant euhedral olivine grains and grain clusters. The olivine
mode increases sharply from 11 vol% in the lowest cm, to 46 vol%
1 m from the base (Table 2). It then decreases steadily upwards,
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Figure 3. Photomicrographs of the crinanite part of the Shiant Isles Main sill PCU. All scale bars are 1 mm long. (a) Sample S82/68 (from 120.73 m
stratigraphic height in the composite intrusion). The left half of the image comprises an oikocryst of clinopyroxene, while the right half is an olivine
oikocryst. Both contain abundant plagioclase inclusions, but the olivine generally contains more plagioclase than does the clinopyroxene. (b) Sample
S82/67 (from 118.6 m stratigraphic height in the composite intrusion). Note the framework of plagioclase grains preserved inside the clinopyroxene
oikocryst. Oxide is found only outside the clinopyroxene oikocrysts, in regions dominated by plagioclase. (c) Sample SC1191 (from 146.2 m
stratigraphic height in the composite intrusion). Oxide is an interstitial phase in the relatively primitive crinanite far from the sandwich horizon. (d)
Sample S82/69 (from 132.92 m height in the composite intrusion). Oxides grains are more equant and generally compact, although some display
irregularities indicative of hopper-style (diffusion-limited) growth.

with an abrupt drop to ∼10 vol% some 20 m above the base,
followed by a slow decrease of a few vol% in the overlying 15 m
(Fig. 8). The olivine mode then increases in the uppermost 10 m of
the exposure, to a maximum of 15 vol%, forming a poorly defined
S-type profile (c.f. Marsh, 1988), with clearly identifiable olivine
primocrysts and clusters present in the topmost three samples of
our traverse.

The grain size of individual olivine grains in the lower 20 m
of the PCU is generally constant (Table 2). However, the size of
olivine clusters increases from the lowest horizon where they can
be easily differentiated from each other, at ∼5 m stratigraphic
height, to a maximum at ∼10 m height (Fig. 8). Cluster size may
decrease upwards through the remaining picrodolerite, although
this decrease is defined by only two data points. The size of both
individual olivine grains and olivine clusters is smaller in the
topmost three samples of our traverse compared to that in the
lower part of the sill.

Clinopyroxene forms oikocrysts in the picrodolerite (Fig. 7b),
enclosing both plagioclase and olivine: the size of these oikocrysts
(and the number of plagioclase inclusions) increases up-
stratigraphy to a maximum of ∼5 mm diameter before an abrupt
transition to small (∼0.25 mm diameter), equant, inclusion-
free grains between 8.5 m and 9.1 m from the base (Fig. 7c).
These fine grains commonly form clusters. Significantly, these
equant clinopyroxene grains are commonly attached to, and
may entirely surround, olivine primocrysts (Fig. 7c). Although
Gibson & Jones (1991) suggest these pyroxene mantles may have
formed by reaction of olivine with the surrounding liquid, we
consider them more likely to be a consequence of heterogeneous

nucleation on the olivine substrate of pyroxene crystallising
directly from the evolving liquid. That there was no peritectic
reaction involving olivine is supported by the presence of compact
grains of clinopyroxene within grain clusters dominated by
olivine.

Clinopyroxene is exclusively represented by clusters of small
equant grains for at least 4 m of stratigraphy, but above ∼18 m
stratigraphic height, the number and size of the clusters of equant
grains drops significantly. Instead of ∼90% of the pyroxene form-
ing clusters of small equant grains, each thin section contains ∼10
clusters comprising few grains (in the plane of the section), with
most of the pyroxene forming large (∼3 mm in diameter at ∼20 m
height) isolated grains (Fig. 7d), with abundant inclusions of pla-
gioclase and highly irregular margins, indicative of interstitial
growth (Fig. 7e). The few remaining clusters of small, inclusion-
free, equant grains are invariably surrounded by these large,
inclusion-rich grains (Fig. 7d, e), suggestive of extensive intersti-
tial overgrowth of the outer grains of a cluster: olivine is a rare
component of these clusters. The number of clusters of small
compact grains continues to decrease with stratigraphic height,
with only a few small clusters present on the thin section scale at
35 m. Instead, pyroxene forms large oikocrysts (Fig. 7e). Pyroxene
clusters re-appear above ∼44 m, but are relatively rare and occur
in the centres of large groups of oikocrysts (c.f. Fig. 7e). The ratio
of pyroxene to plagioclase is greatest at 37 m height, which is
therefore likely to be the sandwich horizon.

Given that the settling behaviour of the olivine clusters is
affected by the amount of heterogeneously nucleated clinopyrox-
ene on their margins, we re-calculated the average size of the
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Table 1: The stratigraphic variation of plagioclase grain shape and size as a function of height in the PCU of the Shiant Isles Main Sill

Plagioclase grain size Average apparent aspect ratio (AR)

Sample Height (m) n vol% plag Average (mm) Skew Chadacrysts Outside oikocrysts Min Max

SC518 23.63 229 0.25 1.87 2.44 2.30 2.57
SC482 27.61 215 0.23 1.27 2.53 2.39 2.64
S81/10 32.95 282 0.17 1.50 2.69 2.55 2.84
S81/15 39.95 162 0.21 1.44 2.93 2.76 3.09

392 2.89 2.73 3.01
150 2.87 2.71 3.04

S81/19 45.57 149 0.20 1.18 2.94 2.77 3.09
268 2.91 2.74 3.04
130 53.7 3.25 3.05 3.36

S81/24 56.57 128 40.4 0.21 2.40 2.88 2.75 2.99
288 67.2 2.79 2.63 2.93
102 51.5 2.97 2.82 3.15

S81/27 65.87 147 54.0 0.21 1.22 3.25 3.09 3.41
185 52.0 2.74 2.60 2.88
251 71.5 2.71 2.56 2.86
106 56.3 3.52 3.19 3.62

S81/32 80.80 128 43.4 0.24 0.72 2.76 2.60 2.92
255 69.8 2.76 2.72 3.02

S81/34 96.95 223 2.8 2.66 2.95
159 49.0 3.50 3.27 3.72
146 62.0 3.09 2.84 3.22
143 58.0 3.22 3.01 3.43

S81/35 100.86 191 61.0 0.26 1.25 3.05 2.88 3.27
154 50.0 3.47 3.20 3.68
108 49.0 3.67 3.33 4.04
161 52.0 3.29 3.11 3.44
222 69.4 2.85 2.71 2.99
128 44.2 3.26 3.05 3.45
93 59.3 0.28 1.23 3.77 3.57 4.01

S82/67 118.60 312 73.4 2.83 2.68 2.94
97 44.0 3.31 3.10 3.49

SC1464 125.02 105 44.8 0.27 1.30 3.57 3.34 3.77
227 78.3 2.78 2.63 2.94
104 48.3 3.39 3.16 3.57
103 41.8 0.27 2.60 3.31 3.09 3.50

SC1397 129.36 282 80.0 2.84 2.67 3.01
68 59.7 3.46 2.57 2.99

SC1337 133.73 106 57.0 0.28 2.25 3.45 3.09 3.50
258 65.4 2.87 2.70 3.04
70 56.9 3.06 2.90 3.21

SC1191 146.20 109 48.4 0.28 2.67 3.20 3.00 3.37
264 71.2 2.72 2.58 2.86
128 49.7 2.79 2.66 2.96

SC1160 148.71 130 69.7 0.26 1.08 2.75 2.59 2.87
299 84.2 2.84 2.68 3.00

SC1131 152.63 103 49.2 0.28 1.18 3.48 3.23 3.71
332 79.5 2.78 2.60 2.93
139 49.5 3.23 2.99 3.45

SC1081 156.16 118 39.4 0.24 1.48 3.42 3.14 3.67
329 71.0 2.65 2.48 2.82

The number of individual grains measured is given by n, with multiple values of both n and the vol% of plagioclase denoting individual photomicrographs of
chadacrysts taken for a single sample. Plagioclase grain size was averaged using all grains measured for each sample. Values of AR for chadacrysts were
measured in single photomicrographs (4.5 × 3 mm). The min and max values give the 2σ uncertainties for the average value.

clusters to include the attached clinopyroxene grains (Table 2).
These averages, presented in Fig. 8, also include the size of clusters
of equant, compact clinopyroxene grains (with no olivine visible
in the plane of the thin section). The average size of clusters of
olivine ± clinopyroxene and clinopyroxene only, are the same
within error as those of olivine alone (Table 2; Fig. 8).

Fe-Ti oxides form isolated euhedral grains and grain clusters
through the traverse, attesting to nucleation and growth in a

liquid-rich environment. While ilmenite commonly forms elon-
gate grains, magnetite grains exhibit an open, facetted, structure
with crystallographic branching indicative of diffusion-limited
growth (Fig. 7f). The complexity of dendritic growth morphology,
and the size of individual grains, increases with stratigraphic
height (from 0.05 mm to 0.5 mm in diameter). Small quantities
of highly altered interstitial analcime are present throughout the
traverse.
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Table 2: The stratigraphic variation of microstructure in the PCU of the composite Meall Tuath Sill

Olivine grain
size

Olivine-only
clusters

Bi-mineralic
clusters

Plagioclase grain size Plagioclase grain
shape

Sample Height (m) vol% olivine �cpp n D4,3 σ n D4,3 σ n D4,3 σ Average (mm) Skew n AR Min Max

MT36 47.1 20.3 81.5 ± 3 53 0.5 0.07 11 0.81 0.11 25 0.84 0.11 0.153 1.468 271 3.28 3.13 3.41
MT35 45.6 17.3 - 26 0.36 0.09 9 0.69 0.12 19 0.64 0.08 0.204 2.478 273 3.22 3.05 3.37
MT34 43.6 19.4 85 ± 2 31 0.35 0.05 11 0.63 0.06 16 0.64 0.07 0.132 2.305 273 3.21 3.03 3.38
MT33 42.6 16.5 - - - - - - - - - - - - - - - -
MT28 40.1 14.75 86 ± 2.5 - - - - - - - - - 0.165 1.899 252 3.03 2.87 3.21
MT27 37.8 12.1 - - - - - - - - - - 0.170 2.259 225 3.09 2.95 3.25
MT26 36.6 9.2 88 ± 2 - - - - - - - - - 0.151 2.201 271 2.86 2.71 3.02
MT25 32.1 9.4 - - - - - - - - - - - - - - - -
MT09 29.1 9.6 89.5 ± 2.5 - - - - - - - - - 0.141 1.688 330 2.77 2.64 2.89
MT10 27.1 9.3 - - - - - - - - - - 0.138 1.363 283 2.65 2.52 2.79
MT11 23.6 9.4 88 ± 2.5 - - - - - - - - - 0.131 2.105 253 2.77 2.61 2.89
MT12 21.1 11.2 - - - - - - - - - - 0.150 1.711 254 2.85 2.7 2.95
MT13 19.6 11.5 88 ± 2 - - - - - - - - - - - - - - -
MT14 17.8 21.0 - 149 0.97 0.10 27 1.85 0.39 50 1.82 0.21 0.129 2.301 298 2.63 2.5 2.73
MT15 13.3 22.0 87 ± 3 259 0.96 0.08 89 1.96 0.35 95 1.93 0.32 0.138 1.144 222 2.91 2.77 3
MT16 11.0 24.0 - 277 1.27 0.14 69 2.3 0.34 86 2.38 0.35 0.342 1.413 251 2.83 2.67 2.98
MT38 9.1 30.0 - 380 0.88 0.06 98 1.65 0.16 105 1.69 0.14 - - - - - -
MT17 8.5 29.0 87 ± 2.5 278 0.84 0.06 64 1.57 0.15 - - - 0.126 1.191 294 3.02 2.89 3.2
MT29 6.0 30.1 87 ± 2 260 0.79 0.08 70 1.19 1.19 - - - 0.122 2.255 293 2.95 2.82 3.06
MT18 5.1 31.5 83 ± 2 310 0.75 0.04 47 1.56 1.56 - - - 0.132 1.720 225 3.14 2.99 3.3
MT6b 4.5 30.0 83 ± 3 324 0.82 0.04 - - - - - - - - - - - -
MT05 3.95 32.8 - 255 0.88 0.05 - - - - - - 0.291 1.384 225 3.255 3.09 3.42
MT04 2.9 39.0 83 ± 2 299 0.70 0.03 - - - - - - - - - - - -
MT03 1.8 46.0 - 333 0.61 0.03 - - - - - - 0.289 0.886 299 3.39 3.19 3.57
MT02 1.0 46.0 78.5 ± 3.5 347 0.82 0.05 - - - - - - 0.182 0.769 248 3.87 3.7 4.05
MT01b 0.05 25.0 - 256 0.93 0.05 - - - - - - - - - - - -

The heights given omit the later intruded picrite. The median value of the clinopyroxene-plagioclase-plagioclase dihedral angle is given by �cpp. The number
of grains measured is given by n. The volume-weighted mean diameter of individual olivine grains and grain clusters (both olivine-only and
olivine-clinopyroxene), D4,3, was calculated according to the method of Farr et al. (2017). The minimum and maximum values of average apparent aspect ratio
(AR) show the 2σ confidence intervals around the mean.

Plagioclase has an average grain length of ∼0.13–0.20 mm
through much of the Meall Tuath PCU, with the exception of two
samples rich in olivine cargo, which contain relatively elongate
plagioclase (average lengths of ∼0.3 mm), and a single sample
at 11 m stratigraphic height (Table 2). The average grain size is
similar to that expected for a sill of this thickness (Holness et al.,
2017b), and the skew of the long axis populations is similar to that
reported for sills by Holness et al. (2017b) (Fig. 5). AR of plagioclase
outside clinopyroxene oikocrysts describes a U-shape through the
intrusion, with a maximum value of 3.87 at the base, decreasing
to a minimum of 2.65 at ∼27 m before increasing upwards (Fig. 8).
The expected values of AR, calculated for a range of sill thickness

from 50 to 70 m using the relationship between observed AR and
calculated crystallisation time of Holness (2014), are also shown
in Fig. 8. The observed AR values are lower than the expected
values in the lower half of the stratigraphy, but fall between values
expected for a sill thickness of 60 and 70 m in the upper half.

The median clinopyroxene-plagioclase-plagioclase dihedral
angles through the Meall Tuath PCU broadly describe a U-shape

in the opposite sense to that of AR (Fig. 8). In detail, instead of
the smooth stratigraphic variation of �cpp expected for a non-
fractionating body, there is a marked step-wise increase between

5.1 and 6 m height, and the high values in the central part of
the sill are, within error, constant before the decrease to lower
values at the top of the traverse. Values at the top of the traverse
are consistent with a total thickness of 50–60 m, but are higher
than the calculated curves in the lower part of the PCU. There is
no variation of �cpp either immediately below, or above, the later
picrite.

The Creagan Iar sill
The composite Creagan Iar sill is at least 90 m thick and belongs
to the central dolerites as defined by Schofield (2009) (Fig. 1),
intruded at a higher stratigraphic level than the northern dolerites
but fed from the same source to the south-east (Schofield,
2009; Fyfe et al., 2021). The lower contact with the underlying
Jurassic sediments is not exposed but can be constrained to
within a few tens of metres, whereas the upper part of the
sill is absent (Fig. 6d). Our samples are derived from ∼25 m of
almost continuous exposure, found some 70 m above the base
of the composite intrusion and including the contact between a
lower picrite and the basal ∼16 m of an overlying PCU (Fig. 6e).
Earlier work reported an internal chilled margin within the upper
crinanite at ∼93 m stratigraphic height (Gibson, 1988; Gibson
& Jones, 1991; stratigraphic heights as given in Fig. 9), but we
did not find this and treat the Creagan Iar PCU as a single
intrusion.

The distinction in the field between the different magma
batches is less straightforward than for the Meall Tuath sill. Along
strike, ∼1.5 km to the west at Osmigarry (Fig. 1), a lower picrite is
separated from an overlying PCU by a screen of Jurassic sediments
(Gibson & Jones, 1991). At Creagan Iar, there is a marked change
in slope corresponding to the picrite-picrodolerite transition (c.f.
Schofield, 2009; Fig. 6d), although in outcrop the contact is diffuse
(Walker, 1931). Columnar jointing runs through the entire body
(Fig. 6e), consistent with a short time separating the two intrusive
episodes. Although there is a clear distinction between the two
bodies on the basis of olivine mode and grain size (Fig. 9), the
absence of chilled margins, together with the incomplete record of
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Figure 4. The variation of average apparent aspect ratio (AR) of
plagioclase as a function of progressive solidification. The experimental
data, plotted as a function of vol% total solids (of which plagioclase is
predominant), are taken from Pupier et al. (2008) and Schiavi et al.
(2009). The data from the Shiant Isles Main Sill crinanite (above 80 m
stratigraphic height) are plotted as a function of plagioclase mode. The
data for plagioclase chadacrysts are determined from a single
photomicrograph (covering 4.5 × 3 mm area of thin section containing
only plagioclase and clinopyroxene), whereas that for plagioclase
outside the oikocrysts is averaged over several photomicrographs (data
in Table 1). Sample S81/35 contained sufficient oikocrysts to enable the
collection of eight data points (seven for chadacrysts and one for
plagioclase outside the oikocrysts), and these are differentiated from the
others to show the negative correlation between plagioclase grain shape
and the progressive crystallisation of plagioclase within a single thin
section. The dotted lines show suggested possible trajectories for
systems with different cooling rates: the lines are shifted to higher
values of AR as the cooling rate increases.

internal contacts, means that it is not straightforward to establish
their relative age.

The picrite is dominated by olivine primocrysts, with an
upwards decreasing mode through our sample traverse (Table 3;
Fig. 9). The base of the overlying PCU also contains abundant
grains and clusters of olivine, with many of the olivine grains
containing small euhedral chromite inclusions. The olivine mode
is highest within a few metres of the base, and decreases upwards
from a maximum of 46–10 vol%, consistent with an overall S-type
modal distribution (Table 3; Fig. 9). Although the olivine mode in
our topmost two samples is that of a crinanite according to Gibb
& Henderson (1984), the olivine is not interstitial: it is not directly
analogous to the Shiant Isles Main sill crinanite. The average size
of individual olivine grains coarsens upwards in the lowest 5 m,
followed by a rapid decrease over a few metres to ∼0.8 mm—
grains are all this size to the top of our traverse. If we consider
only clusters formed of olivine grains, these coarsen upwards
from the base of the PCU until about 87 m height, above which
the average cluster size decreases, approaching that of individual
grains (i.e. clusters contain only a few grains). The full picture of
cluster size variation, however, requires us to also consider the
behaviour of clinopyroxene.

Clinopyroxene is interstitial at the base of the Creagan Iar PCU,
commonly with inclusion-free cores: any included plagioclase
grains may be significantly larger than those outside (Fig. 10a).
The same abrupt transition observed in the Meall Tuath PCU, from
oikocrysts to small, equant, grain clusters, occurs at Creagan Iar
between 87.6 m and 88.3 m. In a similar fashion to the Meall Tuath
dolerites, clinopyroxene and olivine form bi-mineralic clusters
(Fig. 10b), and individual olivine grains and clusters are commonly Ta
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Figure 5. The frequency distribution of values of skew of the population of plagioclase long axes. The distributions of skew in dykes and sills from
Holness et al. (2017b) are shown. Plagioclase shape in the dykes is invariant and is associated with a generally coarser grain size relative to sills, while
shape in sills varies with stratigraphic height. The difference in grain size population between dykes and sills is attributed to vigorous and long-lived
convection in the former, with plagioclase growth confined to inwards-propagating solidification fronts in non-convecting sills (Holness et al., 2017b).
The frequency distribution of skews in the Shiant Isles Main sill PCU and the Creagan Iar and Meall Tuath sills are similar to those found in sills by
Holness et al. (2017b), despite the arguments we propose in support of long-lived convection in these three bodies.

Figure 6. (a–c) The composite, ∼115 m thick, Meall Tuath sill. The intrusion is ∼115 m thick and comprises an earlier picrodolerite-crinanitic intrusion
that was intruded by a later ∼40-m-thick picrite. The samples collected near the top of the exposed outcrop are weathered, with no evidence for an
upper chilled margin. (a) The later picrite (picrite 2) has well-developed chilled margins against the enclosing picrodolerite-crinanite (labelled picrite
1). (b) The later picrite has columnar jointing (enlarged area shown in (c)), suggestive of significant cooling of the earlier picrodolerite-crinanite before
the picrite was intruded. Image courtesy of Geoff Allan. (d, e) The composite Creagan Iar sill. (d) Areal view of the Creagan Iar sill, with false colour
superimposed: purple is the early picrite, blue is the picrodolerite base of the later unit and yellow is the overlying crinanite. Black dashed arrows
indicate magma transport direction within the composite sill (from Fyfe et al., 2021) and the star marks the location of the sample traverse. 3D image
from Google Earth. (e) The contact between the PCU and the underlying earlier picrite (>80 m thick) is not well defined in outcrop, and the presence of
columnar jointing through the entire cliff face suggests these two units cooled together.

apparently entirely surrounded by pyroxene grains (Fig. 10c, d),
which are either equant and subhedral grains joined on growth
faces, or subhedral to anhedral grains that surround larger sub-
hedral olivine grains. The size of the clinopyroxene grains is
greater than that in Meall Tuath, and the extent to which they
are sintered to, and apparently surround, olivine grains is much
greater.

Clustered clinopyroxene grains become larger and volumetri-
cally dominant towards the top of our traverse, commonly entirely
surrounding apparently isolated olivine grains (Fig. 10d). The size
of individual clinopyroxene grains within these bi-mineralic clus-
ters become larger and more irregular with increasing height,
with included plagioclase grains on their margins attesting to
some interstitial growth (Fig. 10e), although the proportion of
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Figure 7. Photomicrographs of the Meall Tuath sill: all images except (f) taken under crossed polarised light. Abbreviations: ol, olivine; cpx,
clinopyroxene; v, vesicle; ox, Fe-Ti oxides. (a) Basal chill of the Meall Tuath sill (sample MT01), with almost completely altered olivine crystals forming
clusters, with some apparently isolated grains. The rounded bright patches are vesicles, now filled with calcite (two are labelled v). The scale bar is
2 mm long. (b) Sample MT18, collected 5 m from the base of the PCU. Rounded olivine grains (representative examples are labelled) are surrounded by
equant, randomly oriented plagioclase grains: both equant phases are enclosed by extensive clinopyroxebe oikocrysts. Scale bar is 2 mm long. (c)
Sample MT15, collected 13.3 m from the base of the PCU. An isolated olivine grain, exhibiting some crystal growth faces, is surrounded by small
clinopyroxene grains that may have nucleated heterogeneously on its surface. Note the clusters of compact clinopyroxene grains present elsewhere in
the field of view (one such is labelled ‘cpx’). Scale bar is 0.5 mm long. (d) Sample MT11, collected 23.6 m from the base of the PCU. Clinopyroxene
grains form well-sintered clusters. The outermost grains are relatively large, with included plagioclase grains, suggestive of continued growth after
incorporation into the mush. Scale bar is 0.5 mm long. (e) Sample MT11, collected 23.6 m from the base of the PCU. Much of the clinopyroxene is
formed of large oikocrysts. A small cluster of equant clinopyroxene grains is arrowed. Scale bar is 1 mm long. (f) Sample MT9, collected 29.1 m from
the base of the PCU. The Fe-Ti oxide grains are non-compact, with the crystallographic branching indicative of diffusion-limited growth. The highly
euhedral nature of these grains attests to their growth in a liquid-rich environment. Scale bar is 0.25 mm long.

inclusion-free clinopyroxene (i.e. pyroxene that did not grow in
situ within a mush) is always higher than that at equivalent
levels in the Meall Tuath sill. When clinopyroxene and olivine are
considered together, the average size of clusters of mafic miner-
als (olivine ± clinopyroxene, and clinopyroxene alone) decreases
with increasing height, but at a slower rate than that of the
olivine-only clusters (Table 3). This faster upwards decrease in the

average size of olivine-only clusters is due to the separation of
individual olivine grains in the bi-mineralic clusters. Note that the
difference between the average size of individual olivine grains
and the grain clusters (olivine-only below pyroxene-in, and bi-
mineralic above pyroxene-in) decreases with height (Fig. 9), asso-
ciated with a smaller number of individual grains within each
cluster.
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Figure 8. The stratigraphy of the picrodolerite-crinanite component of the composite Meall Tuath sill, together with the variation in olivine mode,
olivine grain size, the median value of the clinopyroxene-plagioclase-plagioclase dihedral angle, and the average apparent aspect ratio (AR) of the
plagioclase in the PCU. The sandwich horizon is placed where the olivine mode is at a minimum. The position in the stratigraphy where the later
picrite intruded is shown as the fine dotted line. The three dashed lines show, in order from the base of the sill, the position of the arrival of equant
clinopyroxene, the loss of clusters of equant clinopyroxene and the position of their re-appearance (see text for more details). The olivine grain size
data include the average size of individual olivine grains (shown as black dots) and the average size of olivine clusters (white circles). The expected
values of dihedral angle and AR are shown by the continuous lines (calculated using the compilations of Holness et al. (2012a) and (2014)) for sill
thicknesses of 50 m, 60 m and 70 m.

Figure 9. The stratigraphy of the composite sill exposed at Creagan Iar, together with the variation in olivine mode, olivine grain size, the median value
of the clinopyroxene-plagioclase-plagioclase dihedral angle, and the average apparent aspect ratio (AR) of the plagioclase. The contact between the
two units of the composite body is shown as a heavy dashed line. The average size of individual olivine grains is shown as black dots, whereas that of
olivine clusters is shown as white circles. The median dihedral angles from the Shiant Isles Main sill PCU are shown for comparison with those from
the Creagan Iar picrodolerite-crinanite, superimposed so that the base of the Shiant PCU corresponds to the contact between the two components of
the Creagan Iar sill.

Plagioclase forms randomly oriented tablets throughout the
PCU, commonly with well-developed normal zoning, and of
similar size to that in the Shiant PCU (Table 3). The skew of
the populations of long axes are similar to that reported for

sills by Holness et al. (2017b) (Fig. 5). Grain shape, as quantified
by AR (and measured for grains that are not enclosed by
clinopyroxene), is invariant through our sample traverse (Table 3;
Fig. 9).
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Figure 10. Photomicrographs of the Creagan Iar sill. (a) Sample CI 10, collected from the base of the PCU. Abundant rounded olivine grains and equant
plagioclase set in clinopyroxene oikocrysts. Note how the enclosed plagioclase grains are larger than those outside the oikocrysts. Scale bar is 2 mm
long. (b) Sample CI 5, collected 6.5 m above the base of the PCU. A polymineralic grain cluster formed of olivine and clinopyroxene. The pyroxene
grains are generally smaller than those of olivine. Scale bar is 0.5 mm long. (c) Sample CI 1, collected 11.6 m above the base of the PCU, showing a
cluster of three rounded olivine grains (all highly altered), completely surrounded by fresh, equant, grains of clinopyroxene of a similar size to those of
the olivine. Scale bar is 1 mm long. (d) Sample CI 3, collected 83 m above the base of the PCU, showing a group of apparently isolated olivine grains (all
highly altered) cemented into a coherent cluster by abundant equant grains of clinopyroxene of a similar size to that of the olivine. Scale bar is 1 mm
long. (e) Sample CI 18, collected ∼14 m above the base of the PCU. The clinopyroxene grains are larger than those in (b) and, although they have
inclusion-free equant cores, have irregular overall shapes, with included grains of plagioclase at their margins denoting significant interstitial growth
within the mush at their margins. At this level in the sill, olivine grains are generally almost entirely replaced by low-temperature hydrous minerals.
Note the interstitial Fe-Ti oxides. Scale bar is 2 mm long. (f) Sample CI 17, collected 13 m above the base of the PCU, showing the interstitial nature of
the Fe-Ti oxides, with abundant enclosed and partially enclosed plagioclase grains. Scale bar is 0.5 mm long.

Ilmenite is present as elongate euhedral grains. Magnetite
forms large, subhedral to anhedral grains in the lower part
of the PCU. With increasing stratigraphic height, they become
more euhedral, commonly with the non-compact morphology
and crystallographic branching indicative of diffusion-limited
growth. In the topmost ∼5 m of our traverse, magnetite
reverts to being anhedral, forming oikocrysts with abun-
dant inclusions of plagioclase (Fig. 10f). Small quantities of

highly altered interstitial analcime are present throughout the
traverse.

The median clinopyroxene-plagioclase-plagioclase dihedral
angles in the Creagan Iar PCU are also shown in Fig. 9 (values
given in Table 3), together with �cpp in the lowest 15–20 m of the
Shiant Isles PCU for comparison. Dihedral angles in the Creagan
Iar PCU display the same pattern of high dihedral angles at the
contact with the underlying picrite, decreasing to a minimum
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and then increasing again with increasing stratigraphic height.
The value of �cpp at the contact is considerably higher than that
at the base of the Shiant PCU, but the length-scale over which it
reverses is the same.

DISCUSSION
Morphological evolution of plagioclase grains
during crystallisation
Plagioclase grain shape in the Shiant Isles Main sill crinanite
depends on the local volume proportion of plagioclase, in agree-
ment with experimental observations (Pupier et al., 2008; Schiavi
et al., 2009). Our data extend the trend observed in experimental
charges (Fig. 4), and show a continuous reduction in AR due to
impingement as the plagioclase mode increases. In detail, how-
ever, it is unlikely that our data form a true extension of the
experimental results, since the cooling rate of the Shiant crinanite
was significantly lower than that of the experiments, meaning
that plagioclase was always likely to have been more equant in
the former. While the trajectory of a crystallising magma on the
plot of AR vs % solidified will have a negative slope, flattening
to the final value in the (almost) fully solidified basalt/dolerite,
the position of that trajectory will be shifted to higher AR as the
cooling rate increases.

The greater values, and range of values, of AR observed in the
Shiant crinanite near the sandwich horizon at ∼120 m strati-
graphic height (Fig. 2) are consistent with the compositional evo-
lution of the magma documented by Gibb & Henderson (1996,
2006). It can be explained by the progressively earlier nucleation
and growth of clinopyroxene in the fractionating magma, pre-
serving progressively earlier stages of plagioclase cluster devel-
opment typified by open and loose frameworks in which the
original higher ARs have not been significantly reduced by post-
impingement growth.

A generally higher apparent AR of plagioclase grains within
oikocrysts compared with those outside was also noted by Math-
ison (1987), who attributed it to higher undercoolings during the
early phase of growth. Although he did not provide data relating
plagioclase shape to the volumetric proportion enclosed by pyrox-
ene, his observations can be explained by our hypothesis that AR
decreases during solidification due to the effects of impingement.

The values of �cpp in the upper part of the Shiant crinanite are
lower than expected from a comparison of the data compilation
of Holness et al. (2012a) (Fig. 2). We do not consider it likely that
this part of the composite sill cooled more rapidly than the
equivalent region of a single-component sill intruded into cold
country rock (c.f. Holness et al., 2012a). Instead, it is possible that
the low recorded angles are an artefact of our choice to confine
measurement to regions outside the oikocrysts, thus biassing
our measurements towards lower values (c.f. Holness et al.,
2005).

Our results emphasise the importance of minimising the com-
positional range of suites of mafic rocks used for comparative
studies of plagioclase grain shape, to ensure that the final shape
in the fully solidified rock is subject only to variations in cooling
rate and not to the timing of impingement caused by differences
in liquid composition. Our results also suggest that while the
relationship between AR and cooling rate determined by Holness
(2014) is valid for the groundmass of a porphyritic rock, AR should
not be used to deduce crystallisation times for the phenocrysts
unless it can be demonstrated that they have been released from
disaggregated, almost completely solidified, crystal mushes in
which impingement played a significant role in determining their

final shape. Further work is needed to quantify the morphology of
grains grown in isolation as a function of temperature and cooling
rate.

Intrusion sequence in the Trotternish composite
sills
While the relative timing of the two components of the com-
posite Meall Tuath sill is straightforwardly established by the
well-developed chilled margins of the later picrite, the relative
timing of the two components of the Creagan Iar sill cannot
be determined in outcrop. Schofield (2009) argues, on the basis
of a correlation with sills of the central dolerites exposed on
the east coast of the Trotternish Peninsula, that the Creagan Iar
picrite post-dated the associated PCU, but we argue below that our
microstructural data demonstrate that the picrite was the earlier
of the two.

Critically, the stratigraphic distribution of olivine in the
exposed part of the Creagan Iar PCU (Fig. 9) is similar to that
seen at the base of S-type bodies (Marsh, 1988). This unit must
therefore be exposed close to, or at, its base at Creagan Iar. This
is consistent with the observation that the top of the picrite is
close to the base of the overlying picrodolerite-crinanite at nearby
Osmigarry (Fig. 1), where these two components are separated
by a thin screen of Jurassic sediments (Gibson & Jones, 1991).
However, the lower part of the Creagan Iar PCU does not have the
relatively fine grain size that might be expected if the magma
intruded into a cold environment, highly suggestive of the PCU
post-dating the picrite.

The microstructures of the Creagan Iar PCU provide further
evidence of this revised relative timing. The intrusion of the
second of the two units almost certainly took place when the first
was completely, or almost completely, solidified: if the PCU were
the earlier of the two, we would expect a monotonic decrease
in �cpp towards its base, in a similar manner to that observed
for Meall Tuath (Fig. 8). Although there can have been no sub-
solidus textural equilibration at the contact due to heating by
the later 83-m-thick picrite (since, in comparison, the 50-m-thick
picrite at Meall Tuath caused no measurable subsolidus textural
equilibration in the associated earlier picrodolerite), there is a
substantial reversal in �cpp at the base of the Creagan Iar PCU
on the same length scale as that observed at the base of the
Shiant Isles PCU (Figs 2 and 9). From a comparison with the Shiant
Isles PCU, for which the earlier age of the underlying picrite is
unequivocal (Gibb & Henderson, 1996), the high values of �cpp

in the lower 7 m of the Creagan Iar PCU must have been a
consequence of slow solidification rather than a later, sub-solidus,
textural equilibration. The Creagan Iar PCU thus post-dates the
underlying picrite. Both the mode and the average grain size of
olivine in this underlying picrite decrease towards the contact
with the overlying PCU, suggestive that the PCU intruded close
to its upper margin, in a similar fashion to the Shiant Isles PCU,
which intruded the earlier picrite only a few metres from its roof
(Fig. 2).

The thickness of the Trotternish sills
Although the thickness of the Shiant Isles Main Sill is tightly
constrained (Gibb & Henderson, 1984, 1996), that for the Meall
Tuath and Creagan Iar sills is not. However, �cpp and AR can be
used to estimate thickness, since these parameters are controlled
by cooling rate. The values of both parameters in the upper
reaches of the Meall Tuath PCU are consistent with an overall
thickness of 50–60 m (Fig. 8), suggesting that <10 m has been lost

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/63/11/egac106/6763674 by guest on 12 D

ecem
ber 2022



16 | Journal of Petrology, 2022, Vol. 63, No. 11

to erosion, in agreement with Schofield (2009). However, the lower-
than-expected AR and higher-than-expected �cpp in the lower
part of the Meall Tuath PCU suggest slower-than-expected cooling
rates in this part of the intrusion. This lower cooling rate cannot
be a result of heating by the later picrite, as there is no evidence of
sub-solidus recrystallisation. These departures from the expected
values for a simple, closed-system, non-fractionating body must
be caused by processes occurring early in the intrusion’s history.
The absence of a marginal reversal in AR, which is present in all
the sills examined by Holness et al. (2017b), is significant in this
regard. In a forthcoming contribution, we argue that the absence
of a marginal reversal is indicative of sustained magma flow
past the location of the sample traverse, which must therefore
represent part of a conduit feeding magma either to the surface
or to distant parts of the same intrusion, during a prolonged
intrusion event. It is therefore possible that this long-lived flow
heated the country rock sufficiently to result in slower cooling
than assumed for the calculated values of AR and �cpp.

The thickness of the Creagan Iar PCU is less easy to estab-
lish. The dihedral angles in our traverse are consistently higher
than those in the Shiant Isles PCU (albeit with overlapping 2σ

uncertainties; Fig. 9), with correspondingly lower AR (∼2.6 instead
of ∼2.8), suggestive of a slower cooling of the Creagan Iar PCU.
Both units form part of composite bodies, so the cooling rate
is dependent on the relative size and timing of the component
intrusions. The Creagan Iar PCU overlies an older 83-m-thick
picrite sill, much thicker than the 25 m of the early picrite of
the Shiant Isles Main sill, with potentially greater thermal effects.
The Creagan Iar PCU is thus likely to be thinner than the Shiant
PCU. If the amount of olivine crystal cargo were similar to that in
the closely related Meall Tuath PCU, we might perhaps expect a
similar fraction of the Creagan Iar PCU to be picrodolerite, giving
an overall thickness of 33–40 m. The same argument, using the
thickness of the Shiant picrodolerite instead, suggests an overall
thickness of 30 m for Creagan Iar. We may therefore be missing
25 m, at most, of the top of the PCU.

Post-emplacement fractionation
The Shiant Isles Main Sill was filled by magma that carried a
cargo comprising olivine, plagioclase (Gibb & Henderson, 1996)
and chrome spinel (Holness et al., 2017a), whereas the magma
that formed the two Trotternish sills appears to have carried only
olivine and chrome spinel. Furthermore, clinopyroxene is entirely
poikilitic in the Shiant, but locally forms clusters of compact
grains in the two Trotternish sills. These minor compositional
differences are consistent with their wide geographic separation
and different feeder systems (Fyfe et al., 2021).

A similar pyroxene morphological variation to that described
in the two Trotternish sills is present in the Holyoke and Cohas-
set flood basalts, with pyroxene oikocrysts in the entablature
while the colonnade is typified by clusters of granular equant
grains. This difference is attributed by Philpotts & Dickson (2000)
and Philpotts & Philpotts (2005) to recrystallisation of original
poikilitic grains in the slower-cooled colonnade, but we argue
that the analogous morphological transition to clusters of equant,
compact, pyroxene observed in the Trotternish sills is a conse-
quence of fractionation, leading to abundant nucleation of pyrox-
ene in the bulk magma followed by cluster formation by synneusis
during convection.

The Meall Tuath PCU displays a step-wise increase in �cpp

at ∼6 m height (Fig. 8): this is associated with a poorly defined
step-wise decrease in AR, with approximately constant values of
these two parameters up to the sandwich horizon. Such step-wise

changes are observed in fractionating systems and are caused
by the addition of a phase to the liquidus assemblage, which
slows the cooling rate by increasing the contribution of latent heat
to the enthalpy budget (Holness et al., 2007; Morse, 2011). The
thickness of the floor mush in the Meall Tuath sill can therefore
be constrained to 2.5–4 m by the off-set between this step change
and the first appearance of the compact, equant, clinopyroxene
in the stratigraphy (c.f. Holness et al., 2017c).

Step-wise changes in �cpp, associated with the appearance of
new liquidus phases, are not observed in either the Creagan Iar
or the Shiant Isles PCU, despite the evidence for fractionation-
driven saturation of the Creagan Iar bulk magma in clinopyroxene
and evidence of fractionation of the Shiant magma presented by
Gibb & Henderson (1996, 2006) and Henderson et al. (2000). The
absence of a clinopyroxene-in �cpp step in Creagan Iar is perhaps
a consequence of the larger effect of the underlying earlier picrite,
which significantly slowed the solidification rate of the basal 5–
6 m, masking any effects of fractionation. That the saturation of
the magma in Fe-Ti oxides recorded by the morphological change
at ∼80 m (Fig. 3) is not associated with a step-wise increase in �cpp

in the Shiant PCU is perhaps due to insufficient sample spacing
coupled with the small magnitude of the oxide-in dihedral angle
step (e.g. Holness et al., 2007).

Convection during solidification of the
Trotternish sills
Evidence provided by plagioclase
The relatively constant values of AR through the central part of
the Meall Tuath sill might be used to argue that a significant
part of the plagioclase growth history involved suspension of
individual grains in a convecting magma (Fig. 8). However, AR is
strongly negatively correlated with �cpp (Fig. 11): that microstruc-
tural speedometers recording both the early and late stages of
solidification correlate so strongly shows that plagioclase grain
growth was predominantly in situ. In contrast, plagioclase shape in
both the Shiant Isles (considering only that outside the pyroxene
oikocrysts) and Creagan Iar PCUs is stratigraphically invariant,
with no correlation with �cpp (Fig. 11). Such spatial invariance of
shape, caused by plagioclase growth predominantly at the same
cooling rate regardless of its final position, can only be achieved
if grains spent a significant part of their growth history sus-
pended in a convecting magma before accumulating on the floor
(Holness et al., 2017b), in agreement with Holness et al. (2017a)
who concluded, from an analysis of olivine grain size, that the
Shiant magma underwent vigorous convection. The evidence of
extensive frameworks of plagioclase preserved by the oikocrysts
in the Shiant suggests that abundant clustering of plagioclase
took place before settling (c.f. Philpotts et al., 1998, 1999; Philpotts
& Dickson, 2000).

An exception to the general spatial invariance of AR in the Shi-
ant PCU occurs in the basal 10–15 m, in which it decreases down-
wards. This decrease coincides not only with the basal fining-
upwards sequence formed by the early settling of almost all
the olivine cargo (Holness et al., 2017a), but also the point at
which �cpp undergoes its marginal reversal towards higher-than-
expected values (Fig. 2). We suggest that AR in this basal 10 m
is recording some nucleation and growth of plagioclase in situ in
the pore spaces of the crystal mush formed by the rapid settling
of the incoming olivine cargo: the upwards increase in AR (and
hence increasing cooling rate) may be due to the decreasing
influence on the cooling rate of the underlying earlier picrite, as
evident in the associated decrease in �cpp. A further factor may
perhaps be an upwards-increasing contribution of plagioclase
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Figure 11. The variation of average apparent aspect ratio (AR) of
plagioclase with the median clinopyroxene-plagioclase-plagioclase
dihedral angle, �cpp, for the Shiant Isles Main sill PCU and the Meall
Tuath and Creagan Iar sills. The uncertainties are shown only for the
Meall Tuath dataset, for clarity. The best fit straight line through the
latter has R2 = 0.896.

grown predominantly as suspended grains, which then settle to
the floor.

The plagioclase grain size in both the Creagan Iar and the
Shiant Isles PCU is coarser than that in the Meall Tuath sill
(Tables 1–3). Although a coarser grain size has been argued to be
indicative of systems undergoing vigorous convection (Holness et
al., 2017b), the grain size in all three sills is comparable to that
seen in sills in which AR varies with height (Holness et al., 2017b)
and is significantly smaller than that found in dykes of the same
width in which AR is invariant (in which, for comparison, the
average grain size is of the order 1 mm, Holness et al., 2017b).
Additionally, the skew of the populations of plagioclase long axes
is similar to that of the sills investigated by Holness et al. (2017b),
rather than the lower skew found in dykes (Fig. 5).

Holness et al. (2017b) argued that the differences in grain size
between sills and dykes of comparable thickness are attributable
to the absence of convection in sills compared to the vigorous
convection in dykes, with the narrower range of grain size in dykes
attributable to the high mobility of the suspended grains, with
loss of the very largest by flotation or settling and loss of the
smallest by the rapid Ostwald ripening driven by the temperature
fluctuations experienced by suspended grains in a convecting
system (e.g. Mills et al., 2011). That we find a relatively fine grain
size and high skew in all three sills regardless of whether there
is strong evidence for plagioclase growing while suspended in
vigorously convecting magma (e.g. the Shiant Isles Main sill PCU
and the Creagan Iar PCU) or evidence for in situ grain growth in
marginal solidification fronts (e.g. the Meall Tuath sill) suggests
that the explanation of Holness et al. (2017b) is too simplistic. The
finer plagioclase grain sizes in both the Shiant and the Creagan
Iar PCUs compared to those in similar-sized dykes may be a
consequence of their poikilitic microstructure. While oikocrysts
are commonly interpreted as a consequence of interstitial growth
under conditions of limited nucleation, Barnes et al. (2016) suggest
that at least the central parts of oikocrysts may form in the bulk
magma before settling to the floor: an early formation of plagio-
clase clusters that are cemented by heterogeneously nucleated
pyroxene while suspended in convecting magma would result in
a generally finer plagioclase grain size compared to grains grown
in isolation. This hypothesis should be tested by examining the
grain size of plagioclase in non-poikilitic basaltic sills that show
invariant AR.

Evidence provided by olivine and clinopyroxene
In the Meall Tuath PCU, the olivine mode decreases from 46 to
∼30 vol% in the lowermost few metres, associated with fining
upwards (Fig. 8). Comparison with the Shiant Isles PCU suggests
this records the settling of most of the olivine crystal cargo onto
an inwards-propagating surface created by the in situ nucleation
and growth of plagioclase (as demonstrated by the stratigraphic
variation of AR). Further comparison with Shiant suggests that
the magma in the Meall Tuath PCU then underwent a period
of convection. Although the original cargo contained extensive
clusters of olivine, that such clusters contain compact grains
of clinopyroxene only above ∼8 m height (Fig. 7c, d) means that
clusters must have either formed ab initio post-emplacement,
or be the products of enlargement of originally small clusters
from the cargo, with settling hindered by convection. The poorly
defined fining-upwards of clusters above ∼10 m suggests that the
convective strength then progressively waned. Importantly, the
size of the few olivine primocrysts and clusters preserved in the
uppermost exposed reaches of the Meall Tuath PCU are smaller
even than the smallest grain size distributions at the floor, instead
of matching that of the coarsest grains at the floor, as seen in the
Shiant (Holness et al., 2017a). There were no convection currents
sufficiently strong to carry large olivine clusters up to the roof
during the period in which the largest clusters were accumulating
at the floor.

There are no clusters of olivine primocrysts above ∼18 m—
that this was a consequence of convection becoming too weak
to keep mafic particles suspended is demonstrated not only by
the abruptness of the drop in olivine mode (Fig. 7), but also
because clinopyroxene also changes habit to interstitial. Above
this height in the sill, convection had weakened to the point that
newly formed olivine and clinopyroxene grains could not be kept
suspended, so all growth of these phases took place at the magma-
mush interface. The constant olivine mode of <10 vol% is that
which grew from the bulk liquid.

This picture of relatively static magma immediately post-
emplacement, permitting rapid settling, followed by a period of
(weak) convection is supported by a consideration of the relative
rates of solidification and settling in a static magma. If we assume
a density contrast of 700 kg m−3 and a liquid viscosity of 3.9–
8.5 Pa s (following Holness et al., 2017a), the settling velocity
of the average 0.7-mm-diameter grains in the lower 2 m of the
Meall Tuath picrodolerite is 2.5 × 10−5–5 × 10−5 m s−1, requiring
∼10 days to settle 30 m. The simple thermal model of Holness
et al. (2012a), based on conductive cooling into country rock
initially at 0◦C, a crystallisation interval of 1200–1000◦C, and a sill
thickness of 50–70 m, tells us that the sill f loor would have been
completely solidified to a height of 2 m within ∼100 days. Given
the simplicity of the thermal model (justified, we argue, because
we know too little about the actual thermal conditions during sill
emplacement and inflation to create a more sophisticated model),
and the fact that we only need to form a mushy layer sufficient
to support settled olivine grains at this height, rather than attain
complete solidification, the correspondence of these timescales is
reassuring: much of the olivine cargo could have sunk to the floor
during the earliest stages of solidification. However, the presence
of bi-mineralic clusters of >2 mm average diameter almost 20 m
above the sill base indicates an imbalance between timescales
of settling and solidification of three orders of magnitude. This
imbalance was attributed by Gibb & Henderson (1992) to hindered
settling caused by high particle concentrations or the presence of
gas bubbles, but we argue that the evidence provided by clusters
of clinopyroxene points to the action of convective currents that
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kept dense clusters of olivine and pyroxene suspended for the
∼15 years required for the floor solidification front to reach ∼18 m
height.

Importantly, while the microstructures and the stratigraphic
distribution of olivine and pyroxene provide evidence of convec-
tion during the early stages of solidification, despite being more
buoyant than either olivine or pyroxene, plagioclase shape in the
Meall Tuath sill suggests growth predominantly in situ. We suggest
this difference lies in the location of nucleation. Olivine was
brought into the sill as cargo, with abundant tiny grains remaining
in suspension after the initial period of settling, and equant
clinopyroxene grains nucleated heterogeneously on the surfaces
of suspended olivine grains—the apparently olivine-free pyroxene
clusters (e.g. Fig. 7c, d) may have an olivine grain out of the plane
of section, or the pyroxene nucleated on particles of something
else in the bulk magma. In contrast, the stratigraphic variation of
plagioclase AR points to nucleation at the magma-mush interface
aided, at least in the early stages, by a cold floor. This suggests
that the shape-invariant plagioclase observed in many dykes, as
well as in both Shiant and Creagan Iar, requires more vigorous
convection than that in the Meall Tuath sill to ensure plagioclase
grains are entrained from their marginal nucleation sites.

The morphology of olivine and pyroxene grains in Creagan Iar
also supports convection: we see the same transition from inter-
stitial to compact and equant clinopyroxene grains as in Meall
Tuath, and pyroxene incorporation into olivine clusters indicative
of suspension in a fractionating convecting magma. This signa-
ture of convection persists through our incomplete traverse of
the Creagan Iar PCU. In contrast to both Shiant and Meall Tuath,
however, the crystal mush at the basal contact of the Creagan
Iar PCU was created by the settling not only of olivine (and, later,
clinopyroxene) but also of plagioclase. The uniform values of AR
demonstrate there was little, or no, in situ nucleation and growth
of plagioclase even at the basal contact. This difference must be
due to the relatively high temperature of the floor of the PCU
in this composite sill, as suggested by the higher values of �cpp

compared to those at the base of the Shiant PCU (Fig. 9).
In contrast to the Meall Tuath and Shiant PCUs, there is no

basal fining-upwards sequence in Creagan Iar. Additionally, above
∼87 m stratigraphic height, three abrupt changes are seen: the
olivine mode halves (followed by a slow decrease towards values
expected for the carrier liquid only); the size of individual olivine
grains and clusters (both olivine-only and bi-mineralic) decreases,
with a subsequent further fining upwards; and the values of �cpp

start to increase upwards, as expected for a single component
body (Fig. 9). These observations can be accounted for if convec-
tion was sufficiently vigorous that settling was delayed, resulting
in the coarsening of both individual grains and clusters. The
cargo had mostly settled (together with some plagioclase grown
as suspended grains) by the time the top of the solidification front
had reached ∼87 m, causing the abrupt decrease in olivine mode.
The olivine primocrysts found above this level were formed either
by growth of the very small olivine cargo crystals still remaining in
the bulk magma, or by post-emplacement nucleation and growth
in the bulk magma. Interestingly, the olivine grain size is relatively
small and essentially invariant above ∼87 m, suggesting that
grains were rapidly incorporated into clusters, precluding further
growth as isolated grains. The fining-upwards of clusters is in
contrast to the coarsening-upwards in the Shiant Isles PCU but, in
common with Meall Tuath, we suggest it is recording progressively
waning convective strength.

The change in magnetite habit, from dendritic to interstitial, in
the topmost ∼5 m of our traverse (Fig. 10f) is similar to changes in

habit of olivine and clinopyroxene in the Meall Tuath PCU, further
suggesting that convective vigour in the Creagan Iar sill had
become insufficient to maintain magnetite grains in suspension,
with growth subsequently confined to the solidification front.
However, the magnetite in Meall Tuath is commonly of hopper/-
dendritic habit throughout the sill, so the change in magnetite
habit in the Creagan Iar is perhaps not significant.

CONCLUSIONS
The microstructural variation in the three sills examined here
can only be accounted for if the magma convected for some
time after emplacement. The stratigraphic variation of plagio-
clase grain shape and the size and composition of grain clusters
points to vigorous and long-lived convection during solidification
of the Shiant Isles Main sill PCU, vigorous but perhaps short-
lived convection in the Creagan Iar PCU, and weak and short-lived
convection in the Meall Tuath sill.

The evidence for convection preserved by the mafic phases in
the Meall Tuath sill is in contrast to the variation of plagioclase
shape indicative of in situ growth at the margins. The absence
of the expected stratigraphic shape invariance for this relatively
buoyant mineral is most likely due to a difference in the location
of nucleation of the different phases, with plagioclase perhaps
predominantly nucleating heterogeneously on the floor. If this
preference for in situ heterogeneous nucleation of plagioclase is
general, a stratigraphic shape invariance may indicate convec-
tion sufficiently vigorous to entrain plagioclase grains from the
marginal mush zones.

The magma in all three sills fractionated during solidification,
permitting convection driven by the instability of an upper ther-
mal boundary layer. However, both the Shiant Isles Main sill PCU
and the Creagan Iar PCU were emplaced above an earlier, still
hot, intrusion, as shown by the continuation of columnar jointing
through the contact, the absence of chilled margins, evidence for
efficient settling of much of the cargo and high values of �cpp.
The cooling of both the Creagan Iar and the Shiant PCU was thus
highly asymmetric, and we argue that it was this asymmetry of
heat flow that enabled the relative longevity of vigorous convec-
tion in these two bodies.
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