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Abstract The average aspect ratio of plagioclase, meas-
ured in thin section, varies systematically through dolerite
sills, with a symmetrical “M”-shaped profile observed in
sills thinner than ~200 m. Thicker sills show the same mar-
ginal reversal at the base, but average aspect ratios appear
to continue increasing towards the top, creating an “S”-
shaped profile. A distorted “M”-shaped profile is visible
in the stratigraphic variation of plagioclase average aspect
ratios in the prehistoric Makaopuhi lava lake, with the cen-
tre of the “M” in the olivine-enriched horizon close to the
base of the lake. Higher overall values of average aspect
ratio are observed in thin sills compared to thicker sills,
demonstrating that the plagioclase in more slowly crystal-
lized bodies is more equant than that in more rapidly crys-
tallized bodies. There is a strong correlation between the
plagioclase average aspect ratio in the central parts of the
sills and the crystallization time calculated using a simple
one-dimensional thermal model assuming conductive cool-
ing. The cause of the marginal reversals in average aspect
ratio is not well understood, but may result from early grain
impingement in the developing crystal mushy layer.
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Introduction

Placing constraints on the time taken for cooling and crys-
tallization of igneous rocks is a necessary first step in deter-
mining the timescales of processes such as mass transport
and compaction, or the rheological properties of partially
crystallized materials. Timescales of crystallization are
commonly calculated using grain size distributions (e.g.
Marsh 1988), but the results of such calculations depend on
accurate knowledge of grain growth rates that are not suf-
ficiently accurately known for the low undercoolings rel-
evant to large igneous bodies (Cashman 1993; Brugger and
Hammer 2010). As will be illustrated by the present contri-
bution, the problems associated with such an approach are
amplified by the lack of sufficient information on growth
rates of particular mineral faces.

Recent work has shown that the median value of the
clinopyroxene—plagioclase—plagioclase dihedral angle in
dolerites can be used as a direct proxy for crystallization
times with no need for well-constrained growth rates (Hol-
ness et al. 2012). In this contribution, the extent to which
plagioclase grain shapes can also be used to constrain crys-
tallization times is explored.

The dependence on cooling rate of the morphology of
minerals growing in silicate liquids has been extensively
investigated, and the effect of increasing undercooling on
the development of progressively less compact shapes such
as swallowtail or hopper grains and dendrites or spherulites
is well known (e.g. Lofgren 1974; Faure et al. 2003). For
the low undercoolings likely to be relevant to hypabyssal
and plutonic rocks, grain shapes are generally compact and
facetted. This study is focused on the variation of shape of
these compact grains. I present data obtained from a set of
dolerite sills of varying thickness, together with a lava lake,
and demonstrate a clear relationship between plagioclase
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grain shape and calculated crystallization times. The empir-
ical correlation is then applied to the Skaergaard Campsite
dykes that were the focus of a previous study of cooling
rates (Holness et al. 2013).

Plagioclase growth mechanisms and rates

Growth is expected to be interface-controlled at low under-
coolings, but diffusion-controlled at high undercoolings
(e.g. Kirkpatrick 1975, 1981). Diffusion-controlled growth
of plagioclase results in a morphological progression from
swallowtails through to spherulitic forms (e.g. Lofgren
1974). The more compact forms present in hypabyssal and
plutonic rocks are likely to have formed under conditions
of interface-controlled growth (Lofgren 1974; Burkhard
2005).

Interface-controlled crystal growth occurs by three
principal mechanisms: continuous growth, screw disloca-
tion or surface nucleation (Kirkpatrick 1975, 1981). The
continuous mechanism involves the attachment of atoms
to any site on the surface and results in atomically rough
surfaces. Both the screw dislocation and surface nuclea-
tion mechanisms involve lateral spreading—growth occurs
by the addition of atoms to the edges of steps on the crys-
tal surface and results in facetted crystals. If this step is a
consequence of the outcropping of a screw dislocation on
the growth surface, then growth can occur continuously
at the step, even at low undercoolings. Surface nucleation
involves the nucleation of an island of the new layer that
then grows laterally: this mechanism generally requires
higher undercoolings than growth via screw dislocations
(Baronnet 1984). Theoretical models of crystal growth
predict that materials with low entropies of fusion grow by
continuous mechanisms, whereas those with large entro-
pies of fusion (such as most silicate minerals) form crystals
with atomically smooth surfaces at which growth occurs
by either screw dislocation or surface nucleation (Jackson
1958; Jackson et al. 1967). Interface-controlled growth of
plagioclase at the small undercoolings relevant to hypabys-
sal and plutonic rocks (less than a few tens of °C Lofgren
(1974)) is primarily by surface nucleation (Kirkpatrick
et al. 1976; Cabane et al. 2005), although the screw dislo-
cation mechanism has been suggested for growth of plagio-
clase from hydrous granodiorite and granitic melts (Fenn
1977; Swanson 1977).

Growth rates of plagioclase are a function of cool-
ing rate (Cashman 1993), time (Burkhard 2002; Oze and
Winter 2005), decompression rate (Brugger and Hammer
2010), melt water content (Fenn 1977; Baronnet 1984) and
temperature (Burkhard 2002). The presence of twins may
also play a role, as twinned crystals are often observed
to be larger than untwinned ones (Becke 1911) or to be
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distinctly flattened parallel to the (010) twin composition
plane (Franke and Ghobarkar 1980). This may be an effect
of the re-entrants where twin planes intersect on the crys-
tal surface (the “re-entrant corner effect”; Stranski 1928)
although this concept predates work pointing to the impor-
tant role of screw dislocations in crystal growth. Kitamura
et al. (1979) suggested an alternative explanation based on
a high concentration of screw dislocations in the twin com-
position plane.

Growth rates are determined either experimentally or by
analysis of natural samples for which crystallization times
can be constrained. Reported values for plagioclase growth
rates are based on different measures of crystal size such as
the long axis (Kirkpatrick et al. 1976; Higgins 1996); short
axis (Ikeda 1977; Pupier et al. 2008); the average of the
long and short axes (Burkhard 2002); the diameter of the
disc with the same area as each grain (Cabane et al. 2005);
or the long and short axes of a best-fit ellipse through each
intersected grain (Higgins and Chandrasekharam 2007,
Brugger and Hammer 2010). Recent work on growth rates
has relied on computer models that convert 2-D informa-
tion into the presumed equivalent 3-D shape (e.g. CSD slice
(Morgan and Jerram 2006) and CSD Corrections (Hig-
gins 2000)) to obtain true, 3-D, crystal size distributions.
These programs are based on the assumption of constant
grain shape, regardless of grain size, and the CSD method
is generally based on the assumption of constant growth
rate throughout the crystallization interval. Determination
of growth rates using different measures of grain size (e.g.
those based on information revealed by the distribution of
crystal sizes versus batch methods based on an average
measure for the entire crystal population) may yield signifi-
cantly different results (Brugger and Hammer 2010).

A consequence of this wide variety of approaches to the
problem is that there is no straightforward way to compare
different studies and no way to mine the published litera-
ture to obtain information about the relative growth rates of
different crystallographic faces of plagioclase.

Plagioclase morphology

The shape of a facetted mineral grain growing in isolation
is governed by the relative rates of growth of the different
faces. Those faces with the highest rates of growth are the
smallest, with the largest faces having the slowest growth
rates. There is little detailed published information about
how and why the shape of compact (as opposed to dendritic
or spherulitic) plagioclase grains varies as a function of
growth conditions, although Franke and Ghobarkar (1980,
1982) showed that habit for plagioclase grown hydrother-
mally during isothermal experiments is a strong function of
temperature. For plagioclase crystallized from magma, the
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Fig.1 a Photomicrograph (with crossed polars) of an andesite,
with phenocrysts of plagioclase, hornblende and Fe-Ti oxides in a
fine-grained plagioclase-rich matrix. Note the relatively high appar-
ent aspect ratio of the groundmass plagioclase compared to that of
the phenocrysts. Scale bar is 1 mm long. (b) plagioclase-rich crys-
tal clot entrained in lava flow, Iceland (sample LAK12, described in
Passmore et al. (2012) and Neave et al. (2013)). Note the variable
thickness of the compositional zoning of the plagioclase, with the
central zones (labelled 1) of uniform thickness around the grain core,
whereas the outer zones (labelled 2) are distinctly thicker on the ends
of the grains compared to the (010) faces. The plagioclase grew in
two stages, with an earlier slow stage and a later rapid stage associ-
ated with entrainment and eruption. Scale bar is 100 um long

x-axis (i.e. [100]) is the direction of most rapid growth and
the y-axis (or [010]) the direction of slowest growth (Muncill
and Lasaga 1988; Higgins 1996). The available experimen-
tal data demonstrate that increasing undercoolings and cool-
ing rates result in greater differences between the growth
rates of the different faces, resulting in grains bounded by
large (010) faces that are increasingly elongate parallel to
[100] with increased undercoolings (Muncill and Lasaga
1988; Pupier et al. 2008). Franke and Ghobarkar (1980) also
found that (isothermal) growth temperature affects habit,
with more platy grains forming at high temperatures.

The general observation that the phenocrysts in most
plagioclase-phyric extrusive rocks are generally more

equant than plagioclase in the groundmass (Fig. 1a; Hig-
gins 1996) is consistent with a control by cooling rate. This
is also evident in the progressive change in plagioclase
grain shape recorded by compositional zoning of grains
that have had a poly-stage growth history (Fig. 1b). How-
ever, it has also been suggested that stirring of the magma
can result in an increased departure from equant shapes
(Kouchi et al. 1986).

In fully solidified rocks, the distribution of plagioclase
grain shapes will be controlled not only by the relative rates
of growth of the different faces, but also by the effects of
impingement of the growing grains. Impingement of elon-
gate or platy grains results in the cessation of growth in
the primary growth direction, meaning that further growth
must occur on the slower-growing faces (e.g. Schiavi et al.
2009), resulting in a grain population that is increasingly
equant as solidification proceeds. The grain size and vol-
ume fraction of crystals at which impingement becomes
important depend on the initial shape of the grains (e.g.
Philipse 1996; Williams and Philipse 2003) and the nuclea-
tion density, both of which are controlled by cooling rate
via the control by undercooling, though the extent of super-
heat in the original magma is also important (Cashman
1993). A further consideration is that individual plagioclase
grains change shape during growth in liquid-rich systems
(i.e. in the absence of any impingement effects), becom-
ing blockier and more equant as they grow, perhaps as a
consequence of synneusis and agglomeration (Pupier et al.
2008).

Geological examples

I chose a set of previously well-described igneous bodies
(sills and a lava lake) with approximately the same magma
composition (to avoid any effects of significantly different
mineral mode or liquid line of descent), but widely varying
size (and thus crystallization times), to explore the effects
of cooling rate on plagioclase grain shape. The sills exam-
ined in this study include those that were the subject of
earlier work linking dihedral angle variation with cooling
timescales (the Traigh Bhan na Sgurra, Whin, Portal Peak
and Basement Sills, Holness et al. (2012); and the Skaer-
gaard Campsite dykes, Holness et al. (2013)). For each of
the chosen bodies, the country rock was likely to have been
cool since intrusion was generally shallow. Plagioclase is
thought to have grown in situ in most of the bodies studied
here, although the Basement Sill may have been filled with
an initially plagioclase (and orthopyroxene)-phyric magma
(Bedard et al. 2007). However, our Basement Sill samples
contained no very large plagioclase grains so it is likely that
plagioclase grain shape in our sample suite reflects controls
by cooling and crystallization in situ.
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The Traigh Bhan na Sgurra Sill

The Traigh Bhan na Sgurra Sill, on the Isle of Mull (Inner
Hebrides), ranges from 2.5 m to ~8 m thick (Holness and
Humphreys 2003). Flow through the sill was localized
into the wider portions (c.f. Bruce and Huppert 1989),
which are characterized by a wide thermal aureole and
the absence of a well-developed chilled margin. We sam-
pled the sill in two places, one where it is 3.5 m thick and
where flow is inferred to have been continuous for some
time (samples with prefix ROM48—this is Traverse Z of
Holness and Humphreys (2003) at UK grid reference NM
42289 18542, or 56.289098°N 6.1661259°E), and the other
where the sill is 3.1 m thick and where the flow duration
is inferred to have been short, leading to a well-developed
chilled margin and a negligible thermal aureole (samples
with prefix ROM43—this is Traverse X of Holness and
Humphreys (2003) at UK grid reference NM 41348 18248
or 56.285952°N 6.1809986°E).

The sill is a basaltic andesite and shows no significant
stratigraphic variation in major element composition, with
SiO, of 54-55 wt%, MgO of 5.6-6.2 wt% and total Fe
(FeO + Fe,05) of 10-11 wt% (Preston 1996; a single rep-
resentative bulk composition (labelled SOB1) is presented
by Preston et al. 1998). Groundmass plagioclase has a com-
positional range from core to rim of Angg 54 (Preston et al.
1998). Phenocrysts are rare and the silica-rich mesostasis
comprises altered glass containing dendritic crystals of
oxides. Holness and Humphreys (2003) documented weak
flow alignment of plagioclase in four of the Traigh Bhan na
Sgurra samples we examined (ROM43-190, -170, -80 and
-BASE).

The Whin Sill

The Whin Sill crosses northern England from Newcas-
tle to Carlisle. The samples described here are from the
Throckley borehole (UK grid reference NZ 14557 67617,
or 55.002913°N 1.7739581°E) where it is 38.56 m thick.
It comprises tabular plagioclase, with interstitial Ca-rich
pyroxenes and minor Fe—Ti oxides, rare orthopyroxene phe-
nocrysts, and a silicic mesostasis of graphic intergrowths
of quartz and alkali feldspar. Plagioclase core compositions
vary from An,, to Anss, with little systematic variation with
height (Figure 4 of Dunham and Strasser-King (1981)). Bulk
rock major and trace element concentrations of the samples
examined here are presented by Dunham and Strasser-King
(1981) and demonstrate a general compositional uniformity,
with SiO, between 49 and 50 wt%. MgO exhibits a C-shaped
profile, with 6 wt% in the marginal 3—4 m and 5 wt% in the
central portion. Total Fe (FeO + Fe,05) is 13.5 wt% at the
base, decreasing to 12.6 wt% by 5 m stratigraphic height,
with a subsequent increase to 13.4 wt% at the top of the sill.
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The variation of average plagioclase grain size (from
Dunham and Strasser-King (1981) and assumed to be the
average long axis length) is greatest within a few metres
of the margins and is approximately symmetrical across
the sill. In contrast to the other bodies examined as part of
this study, plagioclase grains in the Whin samples tend to
cluster in groups of parallel grains with their (010) faces in
contact, suggestive of synneusis and agglomeration.

The Portal Peak Sill

The Portal Peak Sill in the Queen Alexander Range, Ant-
arctica (83.83°S 165.60°E), is part of the Ferrar Dolerite
Group and is a sub-alkalic low-Ti quartz dolerite. The suite
of samples described here were collected from a 129-m
section through the sill. The main phases are plagioclase,
augite and pigeonite, with a granophyric mesostasis. No
plagioclase compositional data are available. The sill com-
position is essentially uniform with height (Hergt et al.
1989; Faure and Mensing 2010). The principal exception
is the lower chilled margin, which has low concentrations
of Si0,, MgO, Na,O and CaO, while Al,0; and H,O + are
unusually high. In the main body of the sill, the concentra-
tion of SiO, decreases up-section from about 54 to 52 wt%
at about 100 m stratigraphic height. In the upper 30 m, the
Si0, concentration increases towards 54 wt%. The concen-
tration of MgO ranges from about 6 to 7 wt%. The aver-
age plagioclase grain size varies asymmetrically, with the
coarsest region near the top of the sill (Holness et al. 2012).

The Koffiefontein Sill

The sedimentary rocks of the Karoo Supergroup, South
Africa, host a large number of dolerite sills formed dur-
ing the Mesozoic breakup of Gondwanaland, penecon-
temporaneous with the Ferrar Group of Antarctica (a
summary description of this group of sills is provided by
Cawthorn 2012). A borehole drilled in 1998 by Afriore Pty.
Ltd., about 20 km southwest of Gariep Dam in the North-
ern Cape Province, contains a dolerite body 290 m thick.
This body contains two younger intrusions, recognizable
by their chilled margins. The original sill, known as the
Koffiefontein Sill, is 189 m thick (Slement 2010; Cawthorn
2012). The chilled margins on the two subsequent intru-
sions are consistent with their intrusion being sufficiently
later than that of the original to have had no effect on the
crystallization history of the earliest sill.

Geochemical analysis of 36 samples through the Koffie-
fontein Sill (Slement 2010) reveals a smooth, but subtle
M-shaped profile (using the terminology of Latypov and
Egorova 2013). SiO, varies between 50 and 56 wt%. MgO
increases from 8 wt% at the base to 13 wt% at 24 m strati-
graphic height, then decreases smoothly to 4 wt% by 160 m
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stratigraphic height. MgO then increases again to 9 wt%
before a marginal reversal in the topmost few metres. These
variations in bulk rock MgO are associated with variations
in the concentration of olivine phenocrysts. No plagioclase
compositional data are available.

The Basement Sill

The Basement Sill is the stratigraphically lowest mem-
ber of the four Ferrar Dolerite Group sills exposed in the
McMurdo Dry Valleys of Antarctica. In contrast to the three
upper sills, which have doleritic to sub-ophitic microstruc-
tures, the microstructure of the Basement Sill is more simi-
lar to that of cumulate rocks, with a coarse-grained web-
sterite central region under- and overlain by gabbronorite
(Bedard et al. 2007). On the basis of a detailed microstruc-
tural and geochemical study, Bedard et al. (2007) suggested
the sill formed from a slurry of orthopyroxene and plagio-
clase grains with subsequent migration and unmixing of
crystals and liquid.

We examined samples from West Bull Pass (77.50°S
161.83°E). The upper 9 samples of the suite were collected
along a 1.86-km East/West traverse through the sill out-
crop, whereas the lower 6 were collected along a NW/SE
traverse close to the basal outcrop of the sill (A. Charrier,
pers. commun. 2011). Previous discussions of microstruc-
tural variation in this sample set were based on the assump-
tion that the sill is 266 m thick in this locality (Holness
et al. 2012). However, the sample set described by Bedard
et al. (2007) was collected along essentially the same East/
West traverse as the upper 9 samples studied here (loca-
tions given in their Supplementary Appendix Al.1) and,
using altitude information and the dip of the sill, Bedard
et al. (2007) report a thickness of 362 m. We accordingly
adjusted the stratigraphic heights of our samples to give an
overall sill thickness of 362 m.

Groundmass plagioclase varies in composition from
Angs to Angg (Figure 16 of Bedard et al. 2007). In those
samples containing abundant large phenocrysts of orthopy-
roxene, the plagioclase is generally finer-grained than in
the Portal Peak and Whin Sills. Much of the variation of
average plagioclase grain size occurs at the margins, and
the coarsest grain size occurs near the top of the sill (Hol-
ness et al. 2012). The marginal chill zones have a granular
microstructure.

The Makaopuhi prehistoric lava lake

Makaopuhi crater occurs on the east rift zone of Kilauea
volcano, Hawaii, and comprises two partially overlapping
collapse pits. The larger and older east pit crater is filled
with olivine tholeiite basalt to form a roughly elliptical pre-
historic lava lake that was originally ~1,000 m across the

widest diameter. The subsequent collapse of the west pit
sliced about 170 m from the widest diameter, displaying a
complete transect through the lake where it is 68.6 m deep.
The younger west crater was subsequently filled to a depth
of 100 m by an eruption in 1965, partially obscuring the
section through the prehistoric lake.

Moore and Evans (1967) provide bulk compositions,
together with descriptions of the mineralogy and microstruc-
ture (including average long and short axes of plagioclase
grains observed in thin section) of a suite of samples col-
lected through the entire exposed thickness of the prehistoric
lava lake before it was partially obscured by the later erup-
tion. Further, mineral compositional data are provided by
Evans and Moore (1968). We used the samples collected and
described by Moore and Evans (1967) for the present study.

Bulk rock SiO, contents are in the range 46-53 wt%, with
MgO of 6.6-19.4 wt% (Table 1 of Moore and Evans (1967)).
Stratigraphic variation of bulk rock composition is primar-
ily the result of settling of olivine phenocrysts: the originally
erupted lava contained ~7 vol% olivine phenocrysts which
sank to form an olivine-rich zone 23 m above the floor of
the lake and an olivine-depleted zone between 30.5 and 39 m
from the floor (Moore and Evans 1967).

The main minerals present are olivine, augite, pigeonite,
feldspar, ilmenite, magnetite and apatite. The groundmass
plagioclase is strongly zoned throughout, with maximum
anorthite compositions ranging from An,q, in the centre of
the lake, to Angg, near the floor (Evans and Moore 1968).
Brown glass and cristobalite are common near the upper
middle of the lake, and large poikilitic orthopyroxenes
occur near its base.

The Skaergaard Campsite dykes: a test case

The Tertiary Skaergaard intrusion of East Greenland coast
comprises approximately 280 km® of basaltic magma
intruded at the shallow crustal unconformity between Pre-
cambrian gneisses and overlying Tertiary flood basalts into
a fault-bounded magma chamber (Nielsen 2004) formed at
the extending continental margin. The magma crystallized
as a closed system (Wager and Deer 1939). The Skaergaard
intrusion is cut by two generations of steeply dipping Ter-
tiary dykes that form part of the coastal dyke swarm of East
Greenland (Brooks and Nielsen 1978; Nielsen 1978), the
earlier of which comprises predominantly north—south trend-
ing basaltic and doleritic dykes (Nielsen 1978). Just north of
Homestead Bay, close to the Skaergaard Peninsula (an area
which has become informally known as the “campsite”) are
two well-exposed dykes from this generation (at 68.167°N
31.720°W). One is a 6-m wide composite dyke known as
the Campsite Dyke (Jakobsen et al. 2010, following Irvine
et al. 1998), and the other (the plagioclase-phyric Dyke) is
6.5 m wide and contains numerous cm-scale phenocrysts of
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plagioclase. Core compositions of plagioclase in the plagi-
oclase-phyric Dyke and in the central part of the Campsite
Dyke are in the range An,, 44, Jakobsen et al. (2010). The
two dykes have similar bulk compositions, with SiO, of 46—
48 wt% and MgO of 6.3-7.6 wt% (full bulk compositional
data are provided by Jakobsen et al. 2010).

These dykes are of particular importance as the Camp-
site Dyke contains abundant cumulate xenoliths that have
been linked to the underlying parts of the Skaergaard intru-
sion (Jakobsen et al. 2010; Holness et al. 2013). Thus, the
timing of dyke emplacement is of paramount importance
for establishing these xenoliths as indicators of the contem-
poraneous chemical and microstructural state of the under-
lying plumbing system.

The relative age of the two dykes cannot be determined
from field relations as no cross-cutting relationships are
exposed (Irvine et al. 1998). Furthermore, both dykes have
chilled margins and there is no field evidence that can be
used to date dyke injection relative to the cooling history of
the host. However, Holness et al. (2013) argued, using dihe-
dral angle data, that the Campsite Dyke formed when the
Skaergaard intrusion was still hot (920-970 °C), whereas
the host intrusion had cooled substantially more, below
670 °C, at the time the plagioclase-phyric Dyke intruded.
Accordingly, one might expect the plagioclase grain shape
in the more slowly cooled Campsite Dyke to be different
to that in the more rapidly cooled plagioclase-phyric Dyke.
Four samples were examined, two collected from the cen-
tral part of each dyke, to test this hypothesis.

Analytical methods

Measures of grain size in thin section are subject to the dif-
ficulties inherent in estimating true crystal sizes from 2-D
sections. These difficulties arise because randomly oriented
2-D sections through a grain population create intersections
with an apparent size rather than true size. There is a statisti-
cally greater likelihood of intersecting the larger grains, and
identifying the true 3-D shape of the grains is not straight-
forward. Numerical modelling of randomly cut sections
through a unimodal population of rectilinear parallelepipeds
(i.e. a population of equal-sized grains of the same shape)
demonstrates that the mode of the populations of width/
length ratios is the same as the ratio of the short (S) to the
intermediate (/) axis lengths (S/I, Higgins 1994). While
natural grain populations are unlikely to have either uniform
size or shape, and plagioclase grains are not entirely orthog-
onal, their shape is probably close enough to use the mode
of the width/length distribution to estimate a general value
of S/I for the population as a whole. It is much less straight-
forward to constrain the ratio I/L. It can be estimated from
the skew [defined as (mean — mode)/standard deviation] of
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the distribution of short/long ratios in thin section (Higgins
1994). Morgan and Jerram (2006) developed a method of
constraining both S/I and I/L by fitting the observed distribu-
tion to model distributions. Higgins and Chandrasekharam
(2007) relied on direct observation of plagioclase grains on
broken surfaces to ascertain //L.

The long and short axes of up to 500 plagioclase grains
were drawn by eye on digital photographs of thin sections
under crossed polars (Fig. 2). The magnification was chosen
such that all grains could be distinguished in the image, and
care was taken to distinguish between individual grains in
clusters (e.g. in the Whin sill samples). Up to five individual
photographs were used for each sample, and all discernible
grains were measured in each photograph. Those grains
truncated by the edge of the photograph were omitted. The
ratio of long and short axis was calculated for each grain
using the software package Imagel] to calculate the best-fit
ellipse for each grain. The algorithm used by ImageJ to cal-
culate the best-fit ellipse for a pair of orthogonal lines results
in an aspect ratio higher than the true one by an exponent of
1.5. The need to account for this uniform scaling is offset by
the simplicity and speed of the method, and the large num-
ber of samples that were required for the present study.

The numbers of individual grains measured in each
sample are insufficient to place tight constraints on the
mode of the aspect ratio of the population of 2-D grain
shapes. The median and average aspect ratios of the
grain shape population in each sample are closely related
[median = (0.979 x average) — 0.13, R? = 0.972] to the
lower values of the medians attributable to the skewed pop-
ulation. For clarity, the discussion in this contribution will
focus on the average values of apparent (2-D) aspect ratios.

The 20 confidence interval on the average aspect ratio
was constrained using bootstrap sampling: a method suita-
ble for populations of measurements for which the shape of
the underlying distribution is unknown. One hundred popu-
lations each of 100 measurements were created by random
sampling of the original population of measurements to
obtain the upper and lower confidence intervals about the
mean of the original sampled population.

The average grain size was determined from the same
photographs, by drawing lines marking the long axis of
each plagioclase grain and using the perimeter function of
Imagel. Grain sizes determined using this method for the
Basement, Portal Peak and the ROM48 traverse across the
Traigh Bhan na Sgurra Sill have previously been reported
by Holness et al. (2012). The populations of short axes
were determined for four representative samples (see later
discussion).

Constraining the population of true 3-D grain shapes
would require time-consuming procedures, such as serial
sectioning or 3-D scanning, and so the present study relies
on the average apparent (2-D) aspect ratio, which may
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Fig. 2 a Photomicrograph
(with crossed polars) of sample
87-110 from the Portal Peak
Sill. b Lines showing the long
and short axes of each grain.
Scale bar is 1 mm long

not reflect the true 3-D average aspect ratio of the grains
in each sample. However, because plagioclase is gener-
ally randomly oriented in our samples (with the exception
of four samples with a weak fabric from Traigh Bhan na
Sgurra, Holness and Humphreys 2003), as long as enough
grains are measured to give a representative population, the
average apparent aspect ratio is a reproducible (and rap-
idly acquired) parameter that is representative of the sam-
ple although its relationship to the true 3-D grain shape or
range of grain shapes being unknown.

Crystallization times

Thermal modelling of each intrusion was based on the 1-D
heat transfer model of Holness et al. (2012), assuming purely
conductive heat transfer, using the following equation:

(1+L)8T_ 92T
Vo = 9%

where L is a latent heat function, 7 is temperature and «
is the thermal diffusivity. The initial condition is a boxcar
function, of width w and amplitude T, representing the
width and initial temperature of the intrusion. The far-field
temperature is set at zero, with ¥ = 10°°m? s~ !, and L;is
calculated from MELTS using a typical basaltic composi-
tion (Ghiorso 1997).

We calculated the time in years, t, taken to cool from
an assumed intrusion temperature of 1,200-1,000 °C as a

ey

function of distance from the centre of each sill. Following
Cashman (1993), we assumed that this gives the time taken
to crystallize basaltic magma. For diffusive cooling, the
overall crystallization time scales with the square of the sill
width, and the functional form of t across each sill can be
calculated numerically. A good approximation is given by:

w2< <27rx>)
t=01—/(14cos| — |, 2)
K w

where x is the position within the sill, measured from the
centre, such that x/w = £ 0.5 on the contacts.

This equation could not be used to model the asymmet-
ric cooling history of the lava lake. Instead, crystallization
times for samples from the prehistoric Makaopuhi lava lake
were obtained from Figure 7 of Moore and Evans (1967)
in which they show calculated cooling times for specific
depths in the lake. Difficulties in extrapolating from their
chosen depths meant that cooling times could not be deter-
mined for the top and base of the lake.

Results
Grain shape in individual samples
The characteristics of the populations of long and short

axes were explored using four samples that span the range
of plagioclase morphologies. ROM48-24 (a sample from

@ Springer
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Fig. 3 Frequency plots 60
(normalized to 100 to permit |engthS AC-13
comparison) for the long and
short axes of plagioclase grains 50 1 MP151
measured in thin sections of MP70
four representative samples. The ROM48-24 ———
average apparent aspect ratios 401
increase in the order AC-13, >
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the margins of the thinnest sill examined) contains the most
elongate plagioclase in thin section, whereas AC-13 (the
sample from the centre of the thickest sill examined) con-
tains the most equant plagioclase. Two additional samples
were chosen from the Makaopuhi lava lake with micro-
structures (and crystallization times) intermediate to these
two extremes: MP151 contains the most equant plagioclase
in the lake, whereas MP70 has the least equant plagioclase.
The frequency distributions of the short and long axes are
shown in Fig. 3. The spread in each sample increases as the
plagioclase becomes more equant (Fig. 3).

If it is assumed that each sample contains plagioclase of
uniform grain shape, the results of Higgins (1994) can be
used to place constraints on this shape. The frequency of
intersected long axes for each of the four samples is uni-
modal, with a well-defined peak (Fig. 3). The frequency
of the width/length ratio (i.e. the inverse of the aspect ratio
used here, to permit direct comparison with the results
of Higgins (1994)) has a single sharp peak for ROM48-
24 and MP70, although the spread of width/length ratios
for MP151 and AC-13 is rather broad (Fig. 4). Assuming
that the mode of the population of apparent aspect ratios

@ Springer

grain size, mm

provides the ratio of the short (S) axis and the I axis and
using Higgins (1994) method of constraining the ratio of
the intermediate to long axis, plagioclase forms tablets
with true 3-D aspect ratio in AC-13 of 1:2:4, in MP151
of 1:3:7, in MP70 of 1:4:12, and in ROM48-24 of 1:5:13.
Although this approach may not be valid for natural sam-
ples, which are likely to contain a range of grain shapes,
it might suggest that the plagioclase shape in the slowest
cooled sample (AC-13) is a thick tablet, whereas samples
that crystallized over shorter timescales contain thinner and
more bladed plagioclase grains. This trend differs from that
suggested by Higgins (1996) that rapidly grown grains are
tablets, whereas slower-growing grains tend towards elon-
gate square prisms.

Variation of averaged grain shapes

The average aspect ratio shows significant spatial varia-
tion through all the bodies investigated here, although
there is a broad pattern of generally higher average aspect
ratio in the thinner sills compared to the thicker (Table 1).
In sills <200 m thick, the average aspect ratio varies in
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Fig. 4 Frequency (normalized 30
to 100 to permit comparison) of AC-13 ——
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a symmetrical manner, with low marginal values rising
to a maximum and then falling again smoothly towards
the centre of the sill (to give an “M” shape; Fig. 5). There
is no apparent effect of the weak flow alignment of pla-
gioclase in the Traigh Bhan na Sgurra Sill. The distance
from the margin of the maximum values is between
0.004 and 0.2 of the normalized distance across the sill
and so ranges from a few tens of cm from the margins
of the Traigh Bhan na Sgurra Sill to ~4 m from the mar-
gins of the Whin Sill. The average aspect ratio across the
two thickest sills in this study varies asymmetrically, with
a pronounced marginal reduction within the basal 10-
12 m, but continued increase to higher values at the roof
(Fig. 6). Note, however, that the sample spacing in the
upper parts of both the Basement and Koffiefontein sills
may not be sufficient to detect a deflection in the observed
trend.

The average aspect ratio through the Makaopuhi lava
lake is strongly asymmetric, with well-defined marginal
reductions and a minimum value significantly offset to the
lower part of the lake (Fig. 7). The overall M-shape vari-
ation in aspect ratio is complicated by the four lowermost
samples in which the aspect ratio increases towards the lake
floor. The stratigraphic height of the minimum values cor-
responds to that of the olivine-enriched horizon, which is
likely to be the horizon that remained liquid for longest.
Aspect ratios calculated using the average lengths of the
long and short axes reported by Moore and Evans (1967)
result in a similar pattern, though with more scatter and
generally higher values of average aspect ratio.

There is no correlation between average aspect ratio and
the average long axis length when the sills and lava lake
are considered as a whole (Fig. 8). There is a weak nega-
tive correlation for some of the sills when considered indi-
vidually, indicating that average long axis length does not
closely track average aspect ratio across each sill.

width/length

When all the sills and the lava lake are considered
together, the average long axis length and calculated crys-
tallization times are positively correlated (Fig. 9), with the
notable exception of the Basement Sill, in which long axes
are much shorter than might be expected from the slow
crystallization time (as previously pointed out by Holness
et al. (2012)).

In contrast, there is a very strong negative correlation
between the average aspect ratios and calculated crystal-
lization times (Fig. 10) with the exception of those mar-
ginal samples with reduced aspect ratios—these have lower
aspect ratios than would be expected for their short crystal-
lization times. Neglecting these marginal samples provides
a best-fit correlation of:

log(crystallization time) = —1.79 (average aspect ratio)
+634 R*=094

The aspect ratios in the four samples from the Skaer-
gaard dykes are shown in Fig. 10 and also in Table 2
(together with grain size information from Holness et al.
(2013)).

Discussion
The control of cooling rate on plagioclase grain shape

Higgins (1996) and Higgins and Chandrasekharam (2007)
suggested, following the experimental results of Kouchi
et al. (1986), that crystals become more acicular with
increasing strength of stirring and advection of magma past
the growing crystal. If this were the predominant control
on plagioclase shape, convection would necessarily have
been more vigorous in the thinner sills as these contain
the higher aspect ratio grains. Analogously, the strength of
stirring and convection would also necessarily have been
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Table 1 The number of grains measured in each sample is given by age of the apparent aspect ratios of n grains as measured in thin sec-
n, height gives the distance from the base of the sill (or lava lake) tion, with lower and upper giving the lower and upper 2o confidence
in metres, long gives the average of the long axes of each grain as intervals on the average value. The cooling time is given in years and
measured in thin section, in millimetres. The aspect ratio is the aver- was calculated according to details given in the text

Sample Height n Long Aspect ratio Lower Upper Cooling time

Traigh Bhan na Sgurra sill, traverse ROM438, thickness 3.5 m

ROM48-6 0.06 190 0.13 4.54 4.37 4.77 0.00022
ROM48-24 0.24 195 0.16 4.80 4.59 5.00 0.0035
ROM48-32 0.32 232 0.18 4.54 4.30 4.80 0.0062
ROM48-75 0.75 181 0.21 4.33 4.04 4.56 0.030
ROM48-106 1.06 195 0.21 4.40 4.24 4.67 0.052
ROM48-169 1.69 263 0.25 4.09 3.80 4.31 0.077
ROM48-219 2.19 166 0.22 4.21 3.98 4.44 0.066
ROM48-318 3.18 185 0.21 4.63 4.34 4.86 0.0062
ROM48-350A 345 255 0.18 4.31 4.11 4.53 1.56 x 107*
ROM48-350B 3.50 193 0.17 4.25 4.00 4.44 -
Traigh Bhan na Sgurra sill, traverse ROM43, thickness 3.1 m
ROM43-BASE 0 129 0.03 3.94 3.77 4.08 -
ROM43-35 2.75 247 0.10 3.98 3.80 4.14 0.0073
ROM43-60 2.50 205 0.11 4.60 4.40 4.76 0.020
ROM43-80 2.30 249 0.11 4.34 4.24 4.63 0.032
ROM43-110 2.00 225 0.11 4.07 3.90 0.26 0.049
ROM43-170 1.40 405 0.18 4.07 3.87 4.27 0.059
ROM43-190 1.20 217 0.17 3.99 3.74 4.20 0.054
ROM43-233 0.77 215 0.14 4.08 3.85 4.24 0.030
ROM43-272 0.38 210 0.15 4.82 4.57 5.03 0.0086
ROMA43-303 0.07 124 0.04 4.26 4.02 4.47 0.00031
ROM43-310 3.10 135 0.03 3.85 3.65 3.95 -
Whin Sill, thickness 38.56 m
E37084 0.98 203 0.20 3.19 3.03 3.31 0.06
E37083 242 172 - 343 3.20 3.63 0.36
E37082 291 184 0.26 3.66 3.42 3.82 0.52
E37081 3.31 152 - 3.60 3.46 3.73 0.67
E37080 4.63 189 0.29 3.65 3.47 3.83 1.28
E37079 5.47 148 0.28 3.57 3.37 3.78 1.75
E37077 6.54 182 0.29 3.48 3.32 3.6 243
E37074 8.62 195 - 3.17 3.00 33 3.93
E37062 16.09 205 0.31 3.00 2.78 3.12 8.80
E37053 24.68 195 0.36 3.07 291 32 7.72
E37052 28.08 212 0.31 3.12 2.89 3.24 5.36
E37047 30.82 177 0.32 3.30 3.13 3.44 3.28
E37046 31.69 208 - 3.52 332 3.7 2.66
E37044 33.59 206 0.31 3.46 3.26 3.61 1.47
E37043 33.74 255 - 3.38 3.25 3.54 1.39
E37042 34.48 195 0.30 342 3.28 3.56 1.01
Portal Peak sill, thickness 129 m
87-87 0 185 0.11 3.16 2.95 3.35 0.001
87-88 0.5 246 0.20 4.14 3.86 441 0.02
87-89 2 203 0.27 4.14 3.86 4.43 0.32
87-90 5 175 0.31 3.05 2.88 3.30 1.56
87-92 11 166 0.34 3.01 2.82 3.19 7.72
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Table 1 continued

Sample Height n Long Aspect ratio Lower Upper Cooling time
87-95 20 201 0.30 2.73 2.56 2.87 23.64
87-98 29 198 0.30 2.61 243 2.72 45.05
87-101 38 211 0.33 2.62 2.49 2.73 67.92
87-105 50 167 0.37 2.48 2.38 2.61 93.26
87-110 65 222 0.31 2.66 2.52 2.79 105.43
87-113 74 231 0.32 2.62 2.48 2.74 99.63
87-117 86 174 0.32 2.51 2.30 2.70 78.54
87-119 98 177 0.36 222 2.08 2.35 48.88
87-121 110 122 0.39 2.19 2.05 2.30 20.50
87-122 116 136 0.40 2.71 2.53 2.86 9.84
87-123 122 197 0.44 3.47 3.20 3.68 3.04
87-124 126.5 226 0.31 433 4.04 4.63 0.32
87-125 128 234 0.21 4.18 3.93 4.40 0.06
87-126 129 95 0.04 3.37 3.11 3.47 0.001

Koffiefontein sill, thickness 189 m
1,127.3 1.7 188 0.25 3.21 2.95 3.46 0.18
1,125 4 161 0.27 292 2.71 3.08 1.00
1,078 5 288 0.22 3.24 3.06 3.44 1.56
1,073 10 271 0.29 3.30 3.14 3.45 6.20
1,070.3 12.7 188 0.39 3.26 3.06 3.48 9.94
1,065 18 252 0.26 3.06 2.86 3.18 19.67
1,060 23 234 0.33 2.86 2.62 3.09 31.51
1,042 41 153 0.33 2.61 2.45 2.76 89.84
944.6 84.4 116 0.43 2.43 2.3 2.57 220.07
912 117 115 0.46 2.37 2.24 2.48 196.17
871 158 100 0.40 2.26 2.10 2.38 54.97
860 170 115 0.46 2.71 2.50 2.86 21.84
853.5 176 203 0.43 3.17 2.87 3.40 10.41
842.6 187 145 0.37 3.37 3.10 3.65 0.25

Basement sill, thickness 362 m
AC-58 0 210 0.05 2.32 2.26 2.37 0.001
AC-57 6.3 198 0.07 2.66 2.55 2.74 2.48
AC-56 124 166 0.10 2.86 2.73 2.97 9.58
AC-55 19.9 203 0.07 2.68 2.56 2.77 24.52
AC-51 26.0 316 0.11 2.66 2.54 2,711 41.57
AC-50 324 186 0.10 2.50 2.38 2.62 63.95
AC-49 38.5 185 0.11 2.42 227 2.49 89.32
AC-44 69.7 138 0.16 2.25 21 2.36 268.57
AC-38 107.0 165 0.16 2.14 2 2.47 532.55
AC-19 144.4 201 0.19 2.14 2.04 2.25 749.50
AC-13 181.7 193 0.22 2.06 1.94 2.17 830.48
AC-11 190.0 169 0.20 2.01 1.92 2.1 825.45
AC-9 241.8 191 0.21 2.13 2.06 222 619.96
AC-8 283.3 117 0.28 2.30 2.16 2.41 330.80
AC-7 324.8 170 0.26 2.49 2.35 2.6 83.59
AC-1 361.3 257 - 3.28 3.12 3.44 0.03
A-38 362.0 194 0.10 3.24 3.08 3.39 0.02
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Table 1 continued

Sample Height n Long Aspect ratio Lower Upper Cooling time
Prehistoric Makaopuhi lava lake, depth 68.6 m
MP-53 67.7 199 0.11 3.56 3.33 3.71 -
MP-57 66.5 121 0.18 3.52 3.38 3.67 -
MP-70 62.5 255 0.13 3.84 3.64 4.01 -
MP-72 61.9 380 - 3.70 3.53 3.88 -
MP-87 57.3 480 - 3.39 3.24 3.56 1.80
MP-91 56.1 348 0.26 3.23 3.05 3.36 3.39
MP-103 52.4 356 0.30 3.00 2.87 3.13 5.89
MP-121 47.0 228 0.29 3.00 2.85 3.11 12.49
MP-151 37.8 389 0.30 2.77 2.58 293 22.38
MP-166 332 403 0.29 2.68 2.55 2.84 26.20
MP-191 25.6 283 0.22 2.54 231 2.68 32.03
MP-205 214 136 0.24 243 2.32 2.54 32.52
MP-218 17.4 155 0.24 2.65 2.54 275 29.15
MP-229 14.0 304 - 2.80 2.69 2.90 23.08
MP-240 10.7 233 0.16 2.87 2.7 3 14.54
MP-247 8.6 131 0.21 3.20 3.07 3.32 9.51
MP-256 5.8 305 - 2.94 2.82 3.01 5.21
MP-265 3.1 158 0.16 2.56 242 2.71 -
MP-270 1.5 204 - 2.68 2.56 2.81 -
MP-273 0.6 212 - 2.67 2.56 2.8 -
MP-275 0.0 216 0.07 2.82 2.66 297 -
Traigh Bhan na Sgurra Whin Portal Peak
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Fig. 5 Average apparent aspect ratio in three different sills, plotted surrounding the symbols at the base and top of each sill denote low
as a function of height above the base. The Traigh Bhan na Sgurra aspect ratio marginal samples
Sill was sampled across two separate traverses. The pale grey circles
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Fig. 6 Average apparent aspect ratio across two sills, plotted as a
function of height above the base. The pale grey circles surrounding
the symbols at the base of each sill denote low aspect ratio marginal
samples. The topmost samples in each sill are also marked, as these
have lower than expected aspect ratio for their crystallization times
(see Fig. 10)
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Fig.7 Average apparent aspect ratio through the prehistoric Maka-
opuhi lava lake. The grey band shows the position of the layer rich
in olivine phenocrysts, presumed to be the horizon with the slowest
cooling rate (Moore and Evans 1967). The pale grey circles surround-
ing the symbols at the base and top of the lake denote low aspect ratio
marginal samples

greatest near sill margins. Neither of these situations is
likely. Instead, the results presented here demonstrate that
change in grain shape must be a consequence of a variation
in the effect of cooling rate on the relative rates of growth
of the different crystal faces.

Changes in cooling rate act unequally on the differ-
ent growth faces of plagioclase (as shown in Fig. 1b). The
(010) face is apparently not as sensitive to cooling rate
as is the (100) face, with an intermediate response of the
(001) face. One possible reason for this might be the pres-
ence of multiple lamellar twins parallel to (010), providing
fast-growing interfaces where the twin planes emerge per-
pendicular to (010) (Dowty 1980; Franke and Ghobarkar
1980; Baronnet 1984). However, examination of twinned
swallowtail grains shows that rapid growth occurs in the
central part of the twins, rather than where the twin planes
intersect the crystal faces, leaving a void at the twin bound-
ary itself (Fig. 11), suggesting that such an effect may only
play a role at relatively low growth rates. The difference in
response of interface-controlled growth is therefore most
likely to be a consequence of differences in the atomic
structure or surface chemistry of plagioclase in the different
growth directions (Baronnet 1984).

Plagioclase grain shape as a speedometer in dolerite
intrusions

Notably, the correlation between grain shape and crystal-
lization time enables us to constrain the duration of the
crystallization interval to within an order of magnitude
without depending on knowledge of growth rates, thus
providing a robust measure of timescales. It is interesting
that the abundance of orthopyroxene phenocrysts in parts
of the Basement Sill does not affect the average aspect
ratio, even though the grain size of the plagioclase in the
orthopyroxene-rich horizons is relatively small compared
to thinner (and presumably more rapidly cooled) bodies
(Fig. 9). Aspect ratio is thus apparently independent of the
actual range of grain sizes when compared between differ-
ent intrusions.

The two thickest sills appear to have a rather different
spatial variation of average aspect ratio to the thinner sills.
The change from symmetrical to asymmetrical behaviour
occurs between 130 and 189 m thickness and may relate to
differences in fluid dynamical behaviour or filling history.
As sills become thicker, they are more likely to be a result
of multiple magma injections (e.g. Zieg and Marsh 2012),
with a consequently longer cooling history (Cawthorn
2012). Thicker sills are also more likely to undergo vigor-
ous and sustained convection, resulting in more effective
heat loss through the roof (Huppert and Turner 1991). Both
the Koffiefontein and the Basement sills are thought to
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Fig. 9 Calculated crystallization time (in years) plotted as a function
of the average long axis length for all six bodies investigated

represent a single injection of magma (Slement 2010; Caw-
thorn 2012; Bedard et al. 2007). Although the Basement sill
probably formed from a magma heavily laden with crystals
(Bedard et al. 2007), convection would have been possible
once much of the crystal load had settled (e.g. Koyaguchi
et al. 1990), which is likely to have occurred during the
first few days after injection (Bedard et al. 2007). Given
the likelihood of a change in fluid dynamical behaviour
with increasing sill thickness, it is perhaps surprising that
the very simple thermal model used here results in such a
good correlation between crystallization time and average
aspect ratio over two orders of magnitude of sill thickness
(Fig. 10).

While the crude measure of average aspect ratio and
the simplistic thermal model used here may be the prime
causes of the scatter in the data, reasons for the scatter other
than variable fluid dynamical behaviour and filling history
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Fig. 10 Calculated crystallization time (in years) as a function of the
average apparent aspect ratio. The data points enclosed by grey cir-
cles are the low aspect ratio samples from the marginal regions of the
sills (see Figs. 5, 6). No marginal samples from the Makaopuhi lava
lake are shown as their crystallization times could not be obtained
from Moore and Evans (1967). The two boxes labelled Campsite and
plagioclase-phyric show the average apparent aspect ratios and the 2o
confidence intervals in the two dykes from the Skaergaard Campsite
area

may relate to minor compositional differences between the
different essentially basaltic bodies. The melt H,O content,
for example, might affect grain shape via its effect on the
extent of polymerization in the melt and consequently the
rate of diffusion to the growth grain (Wagstaff and Richards
1966; Muncill and Lasaga 1988).

There is little in the literature with which to compare
the new data and results. Plagioclase megacrysts in the
Deccan Traps have (true 3-D) aspect ratios in the range
4-7 (Higgins and Chandrasekharam 2007), but it is not
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Table 2 The average aspect ratio of plagioclase from the Skaer-
gaard Campsite area. The number of grains measured in each sam-
ple is given by n, and long gives the average length (in mm) of the
long axes as measured in thin section (from Holness et al. 2013).
The upper and lower 20 confidence intervals on the average apparent
aspect ratio are given

Sample n Long Aspect ratio Lower Upper
Campsite Dyke
SK11-11-10 182 041 3.03 2.82 3.24
SK11-11-12 223 0.30 3.10 2.89 3.29
Plagioclase-phyric Dyke
SK11-48A 210  0.15 4.04 3.85 4.25
SK11-50A 501 0.24 4.10 3.86 4.32

Fig. 11 Photomicrographs under a plane-polarized light and b
crossed polars of a vesicular pillow basalt from Stapafell, Iceland
(Harker Collection number 115623). The photographs are 4.5 mm
across. Note the swallowtail plagioclase grains, each of which com-
prises 2-3 twins. The ends of the twin planes appear to prohibit
growth, leaving an internal void in the rapidly growing crystals

clear that there is a direct comparison between the aver-
age aspect ratios observed in sills and lava lakes and those
of phenocrysts in lava flows. Phenocrysts may have grown
as isolated free-floating grains, whereas in the sills exam-
ined here, the final aspect ratios have been affected by

impingement. Note, however, that if the phenocryst popula-
tion is formed of fragments of a disaggregated low-porosity
crystal mushy layer, the shape population would be directly
comparable to that presented here. Comparison of the Dec-
can Traps phenocrysts with the data in Fig. 10 suggests
a crystallization time between 1 and 200 years. Higgins
and Chandrasekharam (2007) estimate growth times of
500-1,500 years for the same population, but this estimate
is based on the assumption of a (constant) growth rate of
107" mm s~!. They found no correlation between aspect
ratio and the crystallization time calculated using the CSD
method.

The Skaergaard Campsite dykes as a case study

The crystallization times for the sills and lava lake were
calculated assuming an initial country rock temperature
of 0 °C, a plausible assumption given their geological set-
ting and the strong correlation between calculated crystal-
lization times and plagioclase grain shape (Fig. 10). This
strong correlation can be used to detect shallow basaltic
intrusions that have cooled more slowly than expected
for their thickness and were therefore intruded into coun-
try rock that was significantly hotter than 0 °C. A similar
approach, based on the variation of clinopyroxene—plagi-
oclase—plagioclase dihedral angles with cooling rate, was
used by Holness et al. (2013) to place temporal constraints
on the injection of the Skaergaard Campsite dykes into a
recently solidified intrusion.

The best-fit line relating crystallization time to the aver-
age aspect ratios (Fig. 10) and the data presented in Table 2
suggest a crystallization time of 6-8 years for the central
parts of the Campsite Dyke (with lower and upper limits
of 3 and 19 years, respectively), and 0.1 years for the cen-
tral parts of the plagioclase-phyric Dyke (with lower and
upper limits of 0.05 and 0.27 years, respectively). Using
the model of Holness et al. (2013), who calculated the
time taken to crystallize as a function of the country rock
temperature (assuming a crystallization interval of 1,200-
1,000 °C and the same latent heat and thermal diffusivity
as used for the thermal model for the sills), these values
of crystallization time are consistent with a country rock
temperature of 800-930 °C at the time of intrusion of the
Campsite Dyke, and with a country rock temperature at
essentially that of the stable geotherm (<50 °C) at the time
of intrusion of the plagioclase-phyric Dyke (Fig. 12).

For the Campsite Dyke, the calculated country rock
temperatures based on average plagioclase aspect ratio are
similar to that based on the median clinopyroxene—plagio-
clase—plagioclase dihedral angle (Holness et al. 2013), con-
firming its status as one of the very earliest dykes that cut
the Skaergaard intrusion, whereas the plagioclase-phyric
Dyke was formed significantly later. The results presented
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Fig. 12 Calculated crystallization times (in years) for the centre
of dykes of various thickness as a function of the country rock far-
field temperature. The median clinopyroxene—plagioclase—plagio-
clase dihedral angle in the Campsite Dyke has been used to suggest
that the Skaergaard intrusion (at the current level of exposure) was
at 920-970 °C at the time of dyke intrusion (Holness et al. 2013),

here show that the aspect ratio method is more informative
than the dihedral angle method for the plagioclase-phyric
Dyke because it can be used to detect crystallization times
shorter than 1 year, in contrast to the dihedral angle method
which is only useful if crystallization times are sufficiently
long (>10 years) to produce median dihedral angles signifi-
cantly greater than 78° (Holness et al. 2012).

The marginal reduction

A significant feature of all the bodies examined here is the
reduction of average aspect ratio at the margins. The reduc-
tion in average aspect ratio occurs symmetrically in sills
thinner than 130 m, but (at least within the limitations of
the sample spacing) appears to be well developed only at
the base of the two thicker sills.

The marginal reduction cannot be related to the absolute
cooling rate since it occurs at a distance from the margin
that is approximately proportional to the total sill thick-
ness. It therefore cannot correlate with any particular value
of cooling rate since the distance from the margin at which
the reduction begins correlates with a greater cooling rate
in the thinner sills compared to the thicker. The maxi-
mum value of the average aspect ratio also varies between
the sills, with higher values associated with thinner sills.
These observations suggest that the marginal reduction is a
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whereas the aspect ratio method suggests a lower temperature range
of 800-930 °C. The high aspect ratios in the plagioclase-phyric Dyke
are consistent with the Skaergaard intrusion having cooled to ambient
temperatures at the time of dyke intrusion. The dihedral angle method
was unable to resolve this, being consistent only with temperatures
<670 °C (Holness et al. 2013)

consequence of some kind of cross-over event, with two or
more competing controls on plagioclase grain shape. Pos-
sible contributing factors are the initial grain shape and the
timing of impingement in the developing crystal mush.
Critically, the average aspect ratio in the sills is that
in fully solidified rocks. These crystals may have ini-
tially grown as essentially isolated grains, but with further
growth, they impinged on other grains. Impingement of
platy grains means that the grains can no longer continue
to grow longer, but instead, must increase their thickness
(Schiavi et al. 2009). While there has been extensive work
done on the packings of rod-like particles (e.g. Philipse
1996), little is known about the packings of tabular parti-
cles, although comparison with rod-like particles suggests
that impingement will occur at lower volume fractions in
aggregates of less equant grains. Nucleation density may
also play a role in determining the volume fraction at
impingement. The higher the nucleation density, and the
more elongated and platy the grains, the earlier in the crys-
tallization history will impingement play a role. This means
that although grains might initially grow with very elongate
or platy shapes, early impingement will result in a much
lower average aspect ratio since the later growth of plagio-
clase must result in thickening of existing grains rather than
development of even greater (apparent) length. A further
factor may be the duration of the nucleation event; if, for
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any given rock composition, all crystals nucleated simul-
taneously, the effects of impingement on the final popula-
tion of grain shapes (and hence the average shape) would
differ from those in an otherwise identical rock in which
the crystals nucleated over a period of time. Because earlier
nucleating, and hence earlier impinging, platy crystals will
be thicker than later nucleating, and hence later impinging,
crystals, a rock formed by a single burst of nucleation will
have a lower average aspect ratio than a rock with the same
plagioclase mode and nucleation density but an extended
period of nucleation.

The correlation of average aspect ratio with cooling rate
in the bulk of the sills demonstrates that short crystalliza-
tion times lead to platy crystals with high aspect ratio. The
corollary of this is that the initial, pre-impingement aspect
ratio of the plagioclase grains in the sill margins was high,
leading to early impingement compared to the sill centre.
The volume fraction on impingement was therefore low
in the sill margins, leading to a significant reduction in
the final aspect ratio of the fully solidified dolerite. If pre-
impingement grain shape were the only factor controlling
the final average aspect ratio, then one might expect aver-
age aspect ratio to decrease towards the sill centre.

Nucleation rates are a function of the degree of under-
cooling and are therefore likely to be controlled by absolute
cooling rate. The number of nuclei (or nucleation density)
at the margins of sills will be much higher than in the cen-
tral parts. If nucleation density were the only factor affect-
ing final aspect ratio, then one would expect the volume
fraction at impingement to be lower at the margins than
in the centre, leading to an increasing average aspect ratio
towards the centre of each sill. The effect of high nuclea-
tion density on final grain shape will be increased by the
likelihood that the aspect ratio in the earliest stages of
growth may be significantly higher than that in later stages
of solidification (Pupier et al. 2008).

The “M”-shaped profile of average aspect ratio across
the thinner sills may thus be a consequence of the bal-
ance between the effects of initial aspect ratio, nuclea-
tion density and duration of nucleation, with nucleation
kinetics playing a greater role at the sill margins and ini-
tial aspect ratio becoming more important in the sill cen-
tres. The inwards increasing average aspect ratio at the sill
margins may thus reflect a reduction in the nucleation den-
sity, and a more extended period of nucleation, in the pro-
gressively slower cooled sill interior superimposed on the
general cooling rate-controlled trend of decreasing aspect
ratio. However, the nucleation density in the sills shows
no consistent pattern that can be related to the M-shaped
profiles: the Basement Sill is generally more fine-grained
(using long axis lengths as a measure of grain size), with
a therefore higher nucleation density compared to sills of
very similar composition but much shorter solidification

times (Fig. 9). The absence of a consistent pattern between
the sills may be a consequence of differences in the number
of available nuclei in the incoming magma. The marginal
reduction in aspect ratio is therefore most likely a conse-
quence of a complex series of interlinked processes and is
by no means well understood.

A further consideration is that most of the marginal
samples described here are unlikely to represent the origi-
nal chilled material formed as the sill filled with magma.
This is because magma flow during sill inflation is likely to
result in melt-back of the early formed chill zones (Bruce
and Huppert 1989). The chill zones preserved in many of
the sills are therefore likely to have formed later, when the
flow of magma had waned sufficiently to permit significant
heat loss through the sill walls. The only sample traverse
for which this is unlikely to have happened, for which the
chill zone is therefore most likely to be that formed on the
first arrival of magma, is the ROM43 traverse through the
Traigh Bhan na Sgurra sill. This sample traverse is likely,
therefore, to record the primary microstructures formed on
magma injection, with a well-developed and symmetrical
marginal reduction in aspect ratio.

Conclusions

The samples studied here were collected from a range of
bodies of essentially basaltic bulk composition. While it
would perhaps strengthen the results by comparing plagi-
oclase grain shapes from a single body of widely varying
thickness, thus removing any compositional variation, the
data collected here appear to support the idea that plagio-
clase grain shape is relatively insensitive to small variations
of magma composition but is highly sensitive to cooling
rates.

The method of using plagioclase aspect ratio, as meas-
ured in thin section, constrains the crystallization time to
within an order of magnitude. This can be done without
knowing either the crystal growth rate or the 3-D crystal
shape, both of which are needed for good constraints to be
placed on growth times using the CSD method. A further
advantage of the aspect ratio method is that it can be used
to constrain crystallization times shorter than 1 year. A dis-
advantage of using aspect ratios is that spatial information
is needed to determine whether or not the sample comes
from the marginal regions of the body.

The application of the aspect ratio method to constrain
timescales of crystallization in much larger gabbro bodies
such as layered intrusions may not be straightforward. pla-
gioclase grains in large intrusions are likely to be sourced
from a wide range of locations in the chamber, each with its
own distinctive growth conditions (e.g. Tepley and David-
son 2003). Other processes such as compaction-driven
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recrystallization may affect plagioclase grain shape (Meurer
and Boudreau 1998). Floor and roof cumulates may also
have strong grain fabrics, and this must be taken into account
when measuring aspect ratios. It might be fruitful to examine
those parts of layered intrusions in which compaction and
crystal transport and rearrangement are unlikely to have been
important, such as their walls in which plagioclase is likely
to have grown in situ and to be randomly oriented.
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