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Abstract

Crystal clusters are common in both extrusive and plutonic rocks, but the mechanisms by which they form are not well-constrained.
Following a consideration of the physics of nucleation, we outline the expected microstructural characteristics of clusters formed by
heterogeneous nucleation and those formed by synneusis, together with the ways they might evolve during subsequent grain growth
and textural equilibration. By combining analysis of the microstructures in experimental chromite-basalt charges with a detailed
microstructural analysis of the UG2 chromitite of the Bushveld layered intrusion using EBSD, we argue that the UG2 chromitite formed by
settling and accumulation of single grains and clusters comprising randomly oriented grains produced by the aggregation of previously
isolated chromite crystals. Although there is no evidence of epitaxy, at least some of the lowermost chromite grains of the main UG2
chromitite may have nucleated heterogeneously on the silicate grains forming the floor, with subsequent accumulation and sintering
of individual grains or clusters. The reduced thickness of chromitites on the steep and overhanging parts of the floor is thus due to the
relative difficulty of sticking more grains to the existinglayer in these orientations. The absence of any fining-upwards of grains in either
the main UG2 chromitite or the associated stringer can be accounted for if both layers were formed by the settling and accumulation of
clusters as well as single grains. Comparison with examples of clustered chromite grains in extrusive rocks suggests that aggregation
by synneusis is a widespread magmatic process. The ‘chicken-wire’ texture formed by clustered chromite grains commonly found in
olivine-rich cumulates is argued to also be formed by gravitational settling, with the possible exception of clusters of chromite grains in
relatively thin seams argued to be the result of metasomatism, which may instead have formed by impingement during in situ growth.

INTRODUCTION

The crystal cargo of magma erupted at the surface commonly
contains crystal clusters, defined as groups of grains joined by
areas of grain boundary (e.g. Ferguson et al, 2015), and it is
argued that extensive cluster formation is a major contributor
to the creation of a crystal framework during the early stages of
solidification of plutonic rocks (Jerram et al., 2003). The formation
of clusters is variously ascribed to synneusis (the swimming
together of crystals that formed elsewhere (Vogt, 1921)), or to
heterogeneous nucleation on pre-existing grains (e.g. Jerram et al.,
2003; Hammer et al., 2010). In particular, the clustering of chromite
in layered mafic intrusions has attracted much recent attention,
due to its prominence in natural examples of chromite-bearing
rocks and consequent importance to economic geology.
Chromite (and the closely related magnetite) phenocrysts in
extrusive, glomeroporphyritic, mafic rocks commonly form clus-
ters that appear in thin section as elongate chains (Dick & Bryan,
1978; Bannister et al., 1988; Roeder et al., 2001; Godel et al., 2013)
(Fig. 1a and b). Such chains may also be present as inclusions in
olivine phenocrysts, indicative of clustering prior to overgrowth
by the olivine (cf. Fig. 1 of Jennings et al., 2019). Plutonic chromite-
dominated rocks falling into the Mathez & Kinzler (2017) cate-
gory of stratiform (massive) chromitites are typified by open 3D
networks of chromite grains joined at crystal faces by extensive

areas of grain boundary (Sampson, 1932; Jackson, 1961; Eales &
Reynolds, 1986; Latypov et al., 2022) (Fig. 1c), forming a framework
with orientations bearing no relationship to the igneous layering
(Jackson, 1961). Examples of chains of euhedral chromite grains
also occur in rocks with intermediate chromite modes (Jackson,
1961; Jenkins & Mungall, 2018; Barnes et al., 2021), particularly in
those containing 10-30 vol. % chromite (Jackson, 1961; Campbell,
1978): chromite grains in such rocks form complex 3D structures
that, in thin section, resemble irregular elongate chains moulded
around the olivine grains (Fig. 1d), and termed ‘chicken-wire’ tex-
ture by Barnes (1998). Clusters of chromite (Barnes, 1986; Ballhaus,
1998) and magnetite (Campbell et al., 1978) grains are also a
feature of experimental charges.

There is no agreement on the mechanism of formation of
these chains and clusters of chromite grains, with suggestions
including synneusis (Vogt, 1921; Bastin, 1950), sintering following
gravitational accumulation (Jackson, 1961; Jenkins & Mungall,
2018), and the effects of diffusion-limited growth (Bannister et al.,
1988; Roeder et al., 2001). Recently (e.g. Latypov et al., 2020, 2022;
Barnesetal., 2021), there has been a renewed enthusiasm for chain
and aggregate formation via a mechanism termed ‘heterogeneous
self-nucleation’ (Campbell, 1978, 1987), whereby chromite grains
nucleate on the surfaces of existing chromite grains (Eales &
Reynolds, 1986; Godel et al., 2013; Prichard et al., 2015).
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In this contribution, we review the various mechanisms sug-
gested to account for the formation of chromite chains and net-
works. We use the term cluster to describe a group of touching
crystals, with no genetic connotations. The word aggregate, in
contrast, is a cluster that has formed by the coming together
(aggregation) of crystals that were originally separated. Because
clusters may form by heterogeneous nucleation, we first consider
our current understanding of the physics of nucleation before
expanding the discussion to evaluate possible clustering mech-
anisms. We then set out ways of determining cluster forma-
tion mechanism(s) and the relative timing of cluster formation,
grain growth and/or textural equilibration using microstructural
observations: a complete treatment of this topic necessitates a
detailed examination of experimental charges (from Manoochehri
& Schmidt, 2014). We suggest that this microstructural approach
circumvents much of the ambiguity that comes with purely com-
positional/geochemical arguments used to address the highly
contentious and unresolved question of how chromitite forms. On
the basis of microstructure, we argue that the UG2 chromitite of
the Bushveld intrusion formed by the accumulation of clusters
of grains that underwent extensive textural equilibration before
aggregation by synneusis.

NUCLEATION

The considerable research effort to understand the principles
governing nucleation of solid grains in a liquid is driven by the
fundamental nature of nucleation in the economically important
process of grain refining, by which materials of a desired grain
size and shape are created during controlled solidification (e.g.
Greer, 2016). This is equivalent to the known (but arguably less
well constrained) influence of the nucleation process on the final
microstructure of fully solidified igneous rocks (Lofgren, 1983). For
further information, an authoritative treatment of the physics of
nucleation is given by Kelton & Greer (2010): here we summarise
the main points.

There are three nucleation mechanisms that occur during
solidification, grouped into two categories—primary (either
homogeneous or heterogeneous) and secondary. Homogeneous
nucleation occurs in bulk liquid while heterogeneous nucleation
occurs on an existing substrate. Secondary nucleation depends
on the existence of other grains of the same phase, and therefore
occurs after an episode of primary nucleation. In the following
sections, in the interests of unifying terminology with other
areas of science, we also briefly describe other concepts from
the materials science literature.

Homogeneous nucleation

Classical nucleation theory considers the free energy balance
during the formation of a spherical nucleus, of radius r, of a solid
grain in a liquid. The free energy change due to reaction, AG,, can
be expressed as follows:

4
AG, = —grn’SAGU +4n1yg,

where AG, is the free energy change per unit volume of the
solid, and the interfacial energy is yy. An embryonic nucleus
must exceed a critical radius, r*, in order to become stable and
continue to grow. The size of r* is reduced for progressively larger
undercoolings.

Recent work has resulted in the modification of this classical
theory, following the discovery that many minerals grow from

solution by the formation of amorphous or crystalline nano-
particles which aggregate and coalesce to form larger grains (e.g.
Dinsmore et al., 1998; Kelton & Greer, 2010; Baumgartner et al.,
2013; Widdrat et al., 2017; though see Andreassen (2005) for an
alternative view) via a process of oriented attachment, achieved
by Brownian motion (Banfield et al., 2000; Penn, 2004) or stirring
(Hansen et al., 1976). This aggregation process appears to be
confined to growth from aqueous solutions, although evidence of
coalescence of grains of some 10’s of microns in size has been
observed in basaltic and andesitic melts, following rotation of the
grains into perfect crystallographic alignment (Schiavi et al., 2009).

Heterogeneous nucleation

Heterogeneous nucleation, whereby the thermodynamic barrier
tonucleation is reduced by attachment to a pre-existing substrate,
is affected by the lattice misfit between the nucleating solid and
the substrate (Fan et al., 2021), chemical interactions between the
liquid and the substrate (e.g. Fan et al,, 2021), the atomic level
surface roughness of the substrate (Zeng & Xu, 2015) and the
size of the substrate particle (Greer, 2003; Fan, 2012). The classical
treatment of heterogeneous nucleation involves consideration of
a spherical cap of the nucleating phase on a planar substrate
(Fig. 2a), and the thermodynamic barrier to nucleation is reduced
by a factor, S, given by

(24 cosg) (1 — cosg)?

So 1 )

where ¢, the wetting angle of the nucleating phase, can be used to
assess the potency of the substrate (Fig. 2b and c). If the wetting
angle is zero the only barrier to nucleation arises if the substrate
particle is small compared to the size of the critical nucleus,
requiring a finite undercooling (Kelton & Greer, 2010). Nucleation
with a zero wetting angle is effectively an adsorption process
(e.g. Cantor, 2003) during which any lattice misfit between the
substrate and the nucleating phase is accommodated by dislo-
cation networks within a few atomic layers (Fan, 2012; Fan et
al., 2021). For non-zero wetting angles, the degree of necessary
undercooling is smallest when there is a close match between
the crystal lattices of the substrate and the nucleus, resulting in
epitaxial nucleation and growth (Hammer et al., 2010; Mithen &
Sear, 2014).

The concept of heterogeneous nucleation is extended to
include seeding, whereby microscopic fragments of the phase
in question act as nuclei (Kelton & Greer, 2010). A seeded
grain overgrows an existing particle of the same phase with
crystallographic continuity, whereas a nucleated grain is one
involving heterogeneous nucleation on a substrate of a different
phase. Overgrowth is dependent on seed size, with progressively
smaller seeds becoming viable as undercooling is increased (Greer,
2003, 2016). Multi-point seeding on a large area of substrate
creates an epitaxial region of sub-crystal coalescence that is
recognisable if there are growth zones present (such as internal
growth surfaces visible in calcite cements: Dickson, 1992). Not
all seeds (or particles of other phases) trigger crystal growth (or
nucleation) due to the effects of latent heat release. This is known
as recalescence (Greer, 2003, 2016), whereby growth on the larger
seeds (or particles) reduces undercooling and prevents further
nucleation events.

Secondary nucleation

Secondary nucleation occurs when small fragments of pre-
existing crystals are broken off, creating detached embryos that
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Fig. 1. Photomicrographs, in plane polarised light, of chromite chains and clusters. (a) Olivine (Ol) and chromite (opaque) crystals in the cargo of the
2 m thick Applecross Sill, NW Scotland, surrounded by a fine-grained groundmass. Note the clusters of olivine grains and the elongate chains and
small clusters of chromite. Scale bar is 250 um long. (b) Basalt, from Skye Main Lava Series, Talisker, Skye. Elongate euhedral plagioclase (clear) with
anhedral pyroxene (pale brown) and clusters of euhedral magnetite grains. Scale bar is 500 um long. (c) The UG2 chromitite, showing euhedral
chromite grains with a narrow range of grain sizes enclosed by a single grain of interstitial plagioclase. Note the chains of chromite grains. The
rounded colourless high relief features are the sites of plucked chromite grains, so the chromite mode is higher than apparent from a cursory
inspection. Sample BD14-28-5. Scale bar is 1 mm long. (d) Olivine-chromite cumulate from the Unit 10 peridotite of the Rum Eastern Layered Series,
comprising euhedral and equant olivine grains surrounded by smaller euhedral grains of chromite (with interstitial plagioclase), forming the

‘chicken-wire’ texture of Barnes (1998). Scale bar is 4 mm long.

can then grow: these nuclei may later attach to other crystals.
Secondary nucleation by attrition is thus a form of seeding,
in which the seeds are created within the system, rather than
added to it. Secondary nucleation is commonly inferred for
crystallisation in stirred aqueous solutions, or in solutions in
which the latent heat of crystallisation drives convective flow,
with the resultant fluid mechanical shearing action resulting in
the detachment of submicroscopic particles from the primary
growing crystals (e.g. Melia & Moffit, 1964, Cayey & Estrin, 1967).
A possible experimental example of this effectin a stirred basaltic
system is provided by Kouchi et al. (1986).

Recent work argues for secondary nucleation also occurring in
the absence of stirring and attrition, resulting from the thermody-
namic effect of crystals on embryos in the immediate vicinity. The
critical size to stabilise an embryonic nucleus is reduced by van
der Waals and Born forces close to the pre-existing crystal, effec-
tively promoting homogeneous nucleation (Bosetti et al., 2022).

Self-nucleation

Incomplete melting results in the retention of some crystals,
which can act as seeds if the system is subsequently cooled (e.g.
Lofgren, 1983). This process is commonly called self-nucleation,
although strictly speaking it is seeding. Self-nucleation can also
occur in polymeric liquids, where the melt retains a memory
recorded in the short-range structure of the liquid, whereby
immeasurably small polymer microlites that survive heating of

solutions (effectively anisotropic regions of liquid that retain a
‘memory’ of the solid structure) act as the sites for polymer crystal
growth on cooling (Blundell et al., 1966, Blundell & Keller, 1968;
Kelton & Greer, 2010; with a recent review provided by Sangroniz et
al., 2020). Itis important to note that this phenomenon of the melt
retaining a memory, a special case of homogeneous nucleation, is
specific to semi-crystalline macromolecules (Cavallo et al., 2013).

Sympathetic nucleation

Sympathetic nucleation is of relevance to metamorphic reactions,
occurring only in the solid state. It is defined as the nucleation
of a crystal at the grain boundary between an existing crystal
of the same phase and the surrounding solid matrix phase: it
occurs at the relatively immobile terraces of growth ledges on
partially coherent boundaries between the substrate crystals and
the solid matrix (see the review by Aaronson et al, 1995). The
process of sympathetic nucleation has a controlling effect on the
morphological arrangement of the nucleating phase and hence on
the mechanical properties of metallic materials (Du et al., 2019).

‘HETEROGENEOUS SELF-NUCLEATION’

Grain clusters formed by heterogeneous nucleation will generally
be poly-phase, since the new grains nucleate on a substrate of
another mineral: the exceptions to this are clusters formed in
the solid state by sympathetic nucleation. Clusters that grew
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Fig. 2. The spherical cap model of heterogeneous nucleation (a), with
examples of (b) low and (c) high wetting angle, ¢. (d) Cartoon showing
the solid-solid-melt dihedral angle, 9, at two-grain junctions.

by heterogeneous nucleation may appear monomineralic if the
substrate particle is not visible.

Campbell (1978) suggested a further nucleation process, which
he termed self-nucleation (though it is not related to the self-
nucleation described above), whereby grain clusters form by the
nucleation of grains on a substrate of the same phase, resulting
in purely monomineralic clusters. The concept appears to have
originated following his observation of large (~1 cm) oikocrysts of
orthopyroxene in the Jimberlana intrusion that formed from the
inversion of numerous, randomly oriented, grains of pigeonite: the
inversion began in one pigeonite grain and propagated through an
extensive network of small contiguous pigeonite grains to form a
single, large orthopyroxene grain. Apparently basing his argument
solely on the evidence for an original framework of touching,
randomly oriented, pigeonite grains (equivalent to the 3D net-
work of chromite grains in the ‘chicken-wire textured’ olivine
chromitites: Fig. 1d), he argued that this framework formed by the
heterogeneous nucleation of pigeonite grains on the surfaces of
pre-existing pigeonite grains, citing Melia & Moffit (1964) in sup-
port of this concept (although the latter were actually describing
the phenomenon of secondary nucleation by attrition outlined
above).

Campbell (1978) also cites Brown (1972), who used the terms
self-nucleation and secondary nucleation to describe the growth

of crystals on the surfaces of larger grains of the same phase
from a stirred solution. Brown (1972) argued that this process
is driven by very high supersaturations when there are insuffi-
cient seed crystals to accommodate the consequent crystallisa-
tion. However, this suggested mechanism to increase the rate of
transformation is not reasonable, since crystals nucleating on a
substrate of the same material are most likely to nucleate in a
way that gives perfect lattice matching (known as homoepitaxy,
of great industrial importance in the creation of thin films of
greater purity than the substrate)—in other words, continued
growth of the substrate, rather than a proliferation of different
crystallographic orientations (Lindsay Greer, pers. Comm., 2021).
More likely explanations for Brown's observations are the break-
age of the older crystals due to shearing of the stirred liquid to
provide seeds for secondary nucleation (Melia & Moffitt, 1964),
or heterogeneous nucleation on impurity particles in the liquid
followed by their attachment to the pre-existing grains.
Developing his concept of self-nucleation, Campbell (1987)
misleadingly states that the wetting angle pertinent to the spher-
ical cap model of heterogeneous nucleation is at its lowest when
a crystal nucleates against a substrate of its own composition, i.e.
that it provides a more potent substrate than that of a different
phase. Indeed, the wetting angle is 0° when the lattice of the
nucleus is precisely aligned with that of the substrate but, as
mentioned above, this is the process of homoepitaxy, with the
substrate acting as a seed and there being no barrier to nucle-
ation. The material added to the substrate forms an extension
of the substrate in the same crystallographic orientation rather
than nucleating a new grain. The wetting angle is non-zero if
the nucleus is misaligned with the substrate, i.e. nucleus and
substrate are separated by a high-angle grain boundary, as was
the case for the randomly oriented pigeonite grains inferred by
Campbell (1978) to have existed in the Jimberlana cumulates. The
wetting angle is related to the dihedral angle, 6 (Fig. 2d), by:

2 cos (8/2) = 1-cos ¢.

The dihedral angles in melt-bearing systems of interest are 10—
40° for high-angle grain boundaries (e.g. Holness (2006) and the
references therein). The wetting angles of grains growing on a
substrate of the same substance in the absence of epitaxy would
therefore be in the range 152-178°, with a consequent minimal
reduction in the kinetic barrier compared to homogeneous nucle-
ation (albeit with a much larger barrier compared to continued
growth of the existing substrate). Although the reduction in the
kinetic barrier may be larger if the nucleating grain has some
degree of alignment or has a twin orientation with the substrate,
leading to a low-energy grain boundary (and a high solid-solid-
melt dihedral angle), it will nevertheless always be favourable to
continue growth of the substrate rather than to nucleate and grow
a new grain of the same phase. ‘Self-nucleation’, as conceived by
Campbell (1978, 1987), is therefore not physically plausible.

Published attributions of cluster formation by
‘heterogeneous self-nucleation’

Despite its divergence from the generally accepted understanding
of the physics of nucleation, Campbell's concept has been
embraced by others (e.g. Mathison, 1987), with ‘heterogeneous
self-nucleation’ given as the mechanism for the formation of
the chromite chicken-wire texture (Godel et al., 2013). Prichard et
al. (2015) argue that ‘heterogeneous self-nucleation’ accounts
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for the fine-grained equant chromite grains that surround
a large central chromite dendrite/hopper grain in chromite
nodules. They support this hypothesis with the observation that
there is a similar crystallographic orientation of the external
grains relative to the central hopper grain, consistent with
an epitaxial relationship instead of the random orientations
expected for mechanical accretion. It is worth repeating here
that epitaxial growth on an existing crystal (homoepitaxy) is
simply continued growth of that crystal, rather than nucleation of
another grain. Rather, because the crystallographic orientations
in the rims of the nodules vary by a few degrees (Prichard et al.,
2015), non-crystallographic branching such as that responsible
for spherulites (Goldenfeld, 1987; with a recent review by
Shtukenberg et al., 2011) is a more likely scenario.

Latypov et al. (2022) argue for universal in situ nucleation and
growth of chromite (and plagioclase) on the floor of the Bushveld
intrusion floor by ‘heterogeneous self-nucleation’. They state
that, following Campbell (1987), an epitaxial relationship would
be expected for such a process and acknowledge unpublished
data that demonstrate, instead, that adjacent chromite grains are
randomly oriented. They attempt to reconcile this observation by
suggesting chromite nucleation on the surfaces of pre-existing
chromite grains was a consequence of ‘sudden fluctuations in
the degree of kinetic supercooling at a crystal-liquid interface
caused by the removal of a liquid boundary layer from in situ
growing crystals’. However, an increase in supercooling would
trigger diffusion-limited growth of the existing crystals (resulting
in a dendritic morphology), rather than the thermodynamically
more difficult nucleation of a new grain on the surface.

Other attributions of monomineralic grain clusters to heteroge-
neous nucleation include that of Roeder et al. (2001) who describe
chains of oriented octahedra of chrome spinel in basaltic lavas.
They cite Sekerka (1993) in support of a suggestion that once
chromite grains attain a certain size, the difference in supersatu-
ration of the melt at the corners and the center of a facet becomes
so large as to favor corner growth, resulting in the heterogeneous
nucleation of a new octahedron on the corner of the original grain,
which then stops growing. However, a close reading of Sekerka
(1993) reveals that he is describing the universally accepted loss of
stability of planar facets during diffusion-limited growth and the
consequent evolution of an originally cubic crystal to a hopper
morphology: he is, in fact, addressing evolution of the shape of a
single crystal, not the nucleation of a second.

A related study is that of Bannister et al. (1988), who argue that
the clusters and linear chains of euhedral chromite crystals in
andesites result from diffusion-limited dendritic growth, with the
unstated corollary that the clusters are in fact single crystals with
crystallographic branching. However, the chains do not resemble
chromite or magnetite dendrites, which have an unambiguous
cubic symmetry indicative of their being single crystals (Fig. 3; cf.
Godel et al., 2013): instead, the chains described by Bannister et
al. (1988) are poly-crystalline, comprising individual grains with
no morphological evidence supportive of diffusion-limited growth
(cf. Fig. 1b).

MECHANISMS OF MONOMINERALIC
CLUSTER FORMATION

The formation of monomineralic crystal clusters in the sub-
solidus, of relevance to metamorphic petrology, can result from
the growth to impingement of grains, which were nucleated in
close proximity. The other way of forming monomineralic clusters
in the solid state is by sympathetic nucleation, though this should
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Fig. 3. Photomicrographs of magnetite dendrites. (a and b)
Olivine-phyric basalt from Talasea, New Britain. Euhedral laths of
plagioclase (Pl) and irregular grains of clinopyroxene (Cpx) are setin a
glassy groundmass, together with dendritic grains of magnetite
(examples are arrowed). Sample 296B of Lowder & Carmichael (1970),
accessioned as 106 338 to the Harker Collection of the Sedgwick
Museum, University of Cambridge. Scale bars are 100 um long.

(c) Komatiite flow, Munro Township, Ontario. Serpentinised olivine
dendrite branches (Ol) are separated by an intergrowth of clinopyroxene
(colourless) and chromite (black) dendrites. Note the clear cubic
symmetry of the chromite dendrites. The similar orientation of groups
of apparently isolated branches suggests they are connected in 3D and
form part of an extensive single grain. Scale bar is 100 um. Described by
Pyke et al. (1973) and accessioned as 116 029/2 to the Harker Collection
of the Sedgwick Museum, University of Cambridge.

not be invoked unless it can be demonstrated that the clustering
is not a consequence of independent nucleation at separate sites
followed by impingement (Aaronson et al., 1995).

Strictly, heterogeneous nucleation on a substrate particle sus-
pended in fluid will result in poly-mineralic clusters, since the
substrate must be of a different phase. True monomineralic clus-
ters can form by the aggregation of grains that were originally
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separated. This can occur either by the growth to impingement
of immobile grains nucleated in close proximity (either homo-
geneously, or heterogeneously on microscopic seed particles),
perhaps in a compositional boundary layer in the liquid around
existing mineral grains (e.g. Finnigan et al., 2008) and/or near the
magma chamber floor.

Monomineralic grain clusters can also form by the bringing
together of grains nucleated far from each other (synneusis),
either by the action of the fluid itself, or during gravitational
settling as they fall (or float) (e.g. Hobbs, 1964; Schwindinger &
Anderson, 1989; Schwindinger, 1999) or accumulate on the floor
(or roof) of the magma body (e.g. McIntire et al., 2019). Particles can
be brought into contact in convecting systems, with the greatest
amount of shear, and hence the greatest likelihood of particulate
collision and aggregation, in the convective boundary layers (Rice
& von Gruenewaldt, 1995), though McIntire et al. (2019) point out
that extensional elements to the flow may also reduce clustering.

Once the grains are in contact they sinter together, driven
by the reduction in interfacial energy due to the replacement
by grain boundaries of the solid-liquid interfaces surrounding
isolated grains (Exner & Arzt, 1990). The driving force for sintering
is greatest for systems with a low grain boundary energy and
a high energy of the solid-liquid interfaces: such a system will
have a high solid-liquid dihedral angle. For mobile grains brought
into contact by synneusis, sintering is enhanced if the crystals
are dendritic or irregular in shape, as the resultant interlocking
increases the time during which the particles remain in contact
(Connolly et al., 2012).

Aggregation of mobile nano-particles can result in the forma-
tion of chains (Penn & Banfield, 1999), commonly with crystal-
lographic continuity, resulting either from rotation due to Brow-
nian motion or to shearing of the surrounding fluid. Chains of
magnetite crystals in magnetotactic bacteria are also in the same
crystallographic orientation, either a result of a biological control
or due to physical alignment effects caused by intra-chain mag-
netic interactions (Kornig et al., 2014). However, these preferred
alignment mechanisms are only important for crystals of the
order 40-100 nm across: otherwise, shear-induced alignment is
possible for highly non-equant, larger, grains in a flowing magma.

MICROSTRUCTURAL FEATURES OF
DIFFERENT CLUSTER FORMATION
MECHANISMS

The microstructures of clusters formed by
heterogeneous nucleation

Heterogeneous nucleation on a small substrate particle results
in a microstructure characterised by strongly clustered, elongate
grains radiating away from the nucleation site (e.g. Spillar &
Dolejs, 2015). These resemble spherulites, for which the individual
components form by small-angle, non-crystallographic branching
(Goldenfeld, 1987; Shtukenberg et al., 2011). Macroscopic sub-
strate particles are decorated by the later-nucleating grain(s),
with multiple episodes of epitaxial heterogeneous nucleation on
the same substrate grain (heteroepitaxy; e.g. Fig. 4) resulting in
the formation of groups of non-touching crystals with the same
crystallographic orientation (Garcia-Ruiz, 1985).

While non-epitaxial heterogeneous nucleation is a general
process, requiring only the presence of pre-existing particles
or fluid-vapour interfaces, if particular pairs of minerals in
bi-mineralic clusters formed by heterogeneous nucleation are
commonly observed, this is generally because there is an epitaxial
relationship between the two phases. Examples include Fe-Ti

Fig. 4. Photomicrograph in plane polarised light of a porphyritic andesite
from Mount Wangore, Talasea Peninsula, New Britain (sample 341 of
Lowder & Carmichael (1970), accessioned as 106 347 to the Harker
Collection of the Sedgwick Museum, University of Cambridge). Note the
phenocrysts of plagioclase (Pl) and clinopyroxene (Cpx), and the vesicles
(v). The clinopyroxene grains are decorated with numerous grains of
magnetite (black), most likely nucleated heterogeneously on the
pyroxene substrate. Image is 3 mm across.

oxides nucleating on a clinopyroxene substrate (Hammer et
al., 2010) (shown in Fig. 4), clinopyroxene nucleating on spinel
(Shi et al, 2018; Li et al., 2021), spinel nucleating on garnet
(Malaspina et al., 2015), amphibole overgrowths on clinopyroxene
as a result of hydration reactions (McNamara et al,, 2012) and
replacement reactions between carbonates (Pearce et al., 2013).
Epitaxial relationships between olivine and Al-rich spinel have
been studied in the context of the olivine-spinel structural
transition (e.g. Lacam et al., 1980): Raterron et al. (1998) find that
{111}sp//(001)¢1, and in those planes [001]y//<011>gp. Campione
et al. (2020) find that magnetite nucleates epitaxially on olivine,
with {111}g//(100)s1, and in that plane <110>mg//<011>4.

Microstructural characteristics of clusters formed
by aggregation

Evidence for aggregation as the primary mechanism for clus-
ter formation, either by growth to impingement of immobile
grains nucleated in close proximity, or by the bringing together of
originally widely separated grains, is provided by compositional
zonation: monomineralic clusters formed of zoned grains with
different core compositions (Ferguson et al., 2015), or of grains with
differing compositional zonation (Philpotts & Dickson, 2000; Dyck
& Holness, 2022), must have formed by aggregation. On the basis
of the discussion set out above, truly monomineralic clusters (i.e.
with no substrate for heterogeneous nucleation) must also have
formed by aggregation.

The geometry of clusters formed by aggregation of mobile
pre-formed macroscopic crystals is well-studied, particularly in
the context of gel formation (e.g. Walstra et al., 1991). Spherical
particles often form chains during aggregation (e.g. Hastings et
al., 1956), particularly in sheared viscoelastic fluids (Michele et al.,
1977; Won & Kim, 2004), while clustering in general is enhanced by
stirring of the liquid (Braun et al., 1979). The random aggregation
in a static system of equal-sized spherical particles, which form a
strong bond immediately after coming into contact with no sub-
sequent growth, results in a 3D structure with fractal properties
(i.e.is length scale-invariant: Vincze et al., 1998). Such aggregates
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(e.g. Meakin, 1988) strongly resemble the chromite aggregates
described by Godel et al. (2013).

O'Driscoll et al. (2010) describe chromite seams a few mm
thick in the Rum Layered Suite, found both within peridotite
units (Fig. 5a), and at contacts between troctolites and peridotites
(Fig. 5b), and argue that they formed in situ by reaction between
existing cumulates and incoming magma: that many of the
chromite grains are sintered together to form clusters means
the resultant open framework must be a consequence of
growth to impingement of immobile grains nucleated in close
proximity. Olivine primocrysts in the adjacent peridotite may
have interstitial continuations into the chromitite (Fig. Sc and d).
The chromite grains are commonly separated from the olivine
by a thin veneer of plagioclase (O'Driscoll et al., 2010; 2014;
Kaufmann et al., 2020) (Fig. 5¢, d, e). This relationship is suggestive
of nucleation within a compositional boundary layer in the liquid
surrounding the chromite, consistent with the reactive flow
model suggested by Hepworth et al. (2020), although plagioclase
films are also found separating chromite and olivine in peridotites
with widely disseminated chromite grains. Similar plagioclase
veneers separate chromite from overlying pyroxene in stringers
thought to have formed by reaction between a sill-like intrusion of
picritic magma and pre-existing cumulates (Scoon & Costin, 2018)
(Fig. 5f), again resulting in cluster formation as nearby immobile
grains grow to impingement.

Grain morphology may be indicative of the aggregation mecha-
nism. Aggregation by growth to impingement of relatively immo-
bile grains, particularly in a liquid-poor environment, may result
in anhedral grains, joined by irregular grain boundaries that do
not have any relationship to expected growth faces (Holness et
al., 2019). An example of this is provided by Marsh et al. (2021),
who argue that a thin chromite seam, comprising highly anhedral
grains, formed by metasomatism within a pre-existing mush
in the Stillwater intrusion. Similarly, irregular-shaped grains are
prominent in the lower chromite seam of the Merensky Reef
from the Bushveld intrusion (Fig. 6a), argued to have formed
as a consequence of metasomatism in a melt-bearing system
(reviewed by Mathez & Kinzler, 2017). However, post-aggregation
microstructural evolution may also be important (Hulbert & Von
Gruenewaldt, 1985; Hunt et al., 2021) and obscure primary grain
morphologies: this issue is discussed below.

Conversely, clusters formed by the bringing together of mobile
crystals will commonly contain grain boundaries formed by the
juxtaposition of existing planar facets (e.g. Schwindinger & Ander-
son, 1989; Schwindinger, 1999; Roeder et al., 2001). The driving
force for sintering will be greatest if there is a crystallographic
relationship across the newly formed grain boundary (i.e. a low-
energy grain boundary). On the other hand, there will be no
strongly favoured orientation relationship when fully rounded
crystals first make contact, but if they remain in contact the
grains may rotate into a low energy orientation (cf. Schiavi et
al., 2009). Aggregation following sedimentation of grains sorted
in a dynamic fluid is likely to result in clusters with a narrow
range of grain sizes (e.g. Jackson, 1961), perhaps with a preferred
orientation of non-equant grains.

INFERRING THE TIMING OF CLUSTER
FORMATION

Timing of cluster formation relative to grain
growth

Because growth during solidification can only continue on crystal-
melt interfaces, grain shape within clusters becomes increasingly
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nonequant if growth of individual grains continues after aggre-
gation (Fig. 7). Post-aggregation grain growth in olivine clusters
suspended in convecting magma in the Shiant Isles Main sill
(Holness et al., 2017) resulted in plate-like grains, with a thickness
equivalent to the pre-aggregation diameter of initially equant
grains (e.g. Fig. 7a and b). Thus, for clusters formed of equant
particles, there cannot have been significant post-aggregation
grain growth. As a corollary, clusters formed of equant grains of
a very similar size, in which those in the centre are the same size
as those in contact with liquid, also cannot have undergone grain
growth following cluster formation.

Because the addition of a second grain (either by heterogeneous
nucleation, by impingement or by synneusis) prevents further
growth of the substrate on that part of its surface, substrate
grains are likely to have a different shape than those that joined
the cluster later (Fig. 7c). If post-clustering growth occurs, equant
grains of the substrate mineral will only be present if new grains
attach to all its surfaces: if any growth faces remain in contact
with liquid, then they will continue to grow, leading to a non-
equant shape. Monomineralic clusters comprising grains with the
same shape therefore cannot have undergone appreciable grain
growth after cluster formation. Similarly, if a newly added grain
covers only part of the substrate grain surface, the substrate
may continue to grow around it, resulting in partial enclosure of
the younger grain (e.g. the partial enclosure of heterogeneously
nucleated oxide grains on clinopyroxene illustrated by Hammer
et al. (2010)).

If clusters comprise grains of a narrow size range and a similar
shape the most obvious explanation is that they formed by aggre-
gation of a population of similar sized grains with no subsequent
grain growth. However, this is not the only possible explanation:
Aaronson et al. (1995) find that clusters of sympathetically nucle-
ated grains in an edge-to-edge configuration are commonly of
a very similar size. This is most likely due to the minimisation
of transformation strain energy, which means that grains stop
growing once they reach a particular size: further reaction can
only occur by nucleation of new grains. However, because there
is no strain energy associated with crystal growth from a liquid,
this mechanism is particular to reaction in the solid-state and
cannot operate during solidification: grains in contact with liquid
continue to grow, regardless of whether or not they are part of a
progressively aggregating cluster.

Timing of cluster formation relative to textural
equilibration

Textural equilibration is driven by a decrease in internal energy
associated with interfaces and grain boundaries. It occurs via a
series of steps, the importance of which depends on the relative
proportions of solid and liquid, and the spatial arrangement of
the different phases. Textural equilibration is likely to be an
important modifier of primary microstructures of accumulated
chromite grains, since the concentration of Cr in the intersti-
tial liquid is likely to be so low as to preclude significant post-
accumulation (adcumulus) grain growth, permitting the domi-
nance of microstructural evolution driven by the minimisation of
interfacial energies.

Textural equilibration of a super-solidus system containing
abundant isolated grains leads to the preferential loss of the
smallest by Ostwald ripening (e.g. Waters & Boudreau, 1996).
The shape of any particular grain lies somewhere on a contin-
uum between the minimum energy shape predicted by the Wulff
theorem and a shape determined by growth (Sekerka, 2005) or
dissolution. Its position on this continuum depends on its size
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Fig. 5. Photomicrographs of chromite seams. (a) Chromite seam from within the Unit 10 peridotite of the Rum Eastern Layered Intrusion. Crossed
polarised light. Scale bar is 1 mm long. (b) Chromite seam separating an underlying anorthosite from an overlying olivine-rich cumulate, forming the
contact between Units 7 and 8 of the Rum Eastern Layered Intrusion. Chromite is a primocryst phase in both the anorthosite and peridotite. Plane
polarised light. Scale bar is 1 mm long. (c and d) Close-up images of the chromite seam shown in (b), under crossed polars (c) and under plane
polarised light (d). Note how the olivine primcrysts of the overlying peridotite have interstitial extensions downwards into the chromite seam,
although the chromite grains are separated from the olivine by thin films of plagioclase. Scale bar in both images is 0.5 mm long. (e) Chromite stringer
found in the Unit 10 peridotite of the Rum Eastern Layered Series. The euhedral chromite grains occur within the interstices between larger olivine (Ol)
primocrysts (‘chicken-wire’ texture), with those grains proximal to the olivines commonly found in embayments and/or separated by a thin film of
plagioclase. Examples are arrowed. Scale bar is 1 mm long. (f) Chromite stringer found below UG?2 in the vicinity of the Driekop Pipe (it is found at the
contact between an underlying anorthosite and the feldspathic pyroxenite, which is the footwall for UG2: the relevant stratigraphy, but not the
stringer, is shown in Fig. 3 of Scoon and Mitchell (2009)). Stratigraphic up is towards the top left corner of the image. Note the thin veneer of plagioclase
separating the orthopyroxene (Opx) from the chromite. Scale bar is 0.5 mm long.

and the rate of ripening: olivine grains in systems undergoing
active ripening are rounded if smaller than the critical radius (due
to active dissolution) but facetted (due to growth) if larger than
the critical radius (Holness, 2018). However, if the rate of ripening
is sufficiently slow to be comparable to that of the attainment
of the minimum energy shape, all grains, regardless of size, will
approach the Wulff shape (Shatov et al., 1998).

Once grains come into contact with each other, the rate of
ripening increases because grain coalescence becomes possible.
This occurs by the migration of the intervening grain boundary

towards its centre of curvature that, for a pair of grains of differing
size for which the equilibrium solid-solid-melt dihedral angle
has been established, will lie in the smaller of the two grains
(e.g. German et al., 2009). Coalescence leads to transient anhedral
and highly irregular grain shapes (the simplest of which, formed
by coalescence of two grains, is a figure of eight morphology),
or anhedral grains with a large internal void (Hulbert & Von
Gruenewaldt, 1985; Hunt et al., 2021; Fig. 6a). The shape of grains
formed by coalescence will evolve towards the minimum energy
shape given sufficient time. Even without coalescence, the shape
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Fig. 6. Scans of thin sections of chromite seams. (a) The Merensky Reef chromite seam from the Bushveld intrusion, found between an underlying
anorthosite and an overlying pegmatoidal feldspathic orthopyroxenite. Note how the grains in the lower part of the chromite seam are highly irregular
and anhedral, commonly with large inclusions of other minerals (generally plagioclase). Scale bar is 5 mm long. (b) A chromite seam found within the
Unit 10 peridotite of the Rum Eastern Layered Intrusion, between an underlying peridotite containing scattered chromite grains locally forming
‘chicken-wire’ texture, and an overlying chromite-poor finer-grained peridotite. Note how the chromite grains drape over the top of the underlying
large grains of olivine, consistent with settling onto a pre-existing accumulation of olivine grains. Scale bar is 5 mm long.

of grains will alter as they come into contact with others, driven
by the establishment of the equilibrium solid-solid-melt dihedral
angle at the newly formed grain boundary (German et al., 2009).
Liquid-filled pores within the clusters will, for most melts of
geological interest, form an interconnected series of channels on
three-grain boundaries corresponding to the minimum energy
porosity, which is a function of the equilibrium dihedral angle
(Park & Yoon, 1985). For systems in which the solid-melt dihedral
angle is >60°, the minimum energy state is reached only when no
liquid remains: Tkeda et al. (2002) suggest that textural equilibra-
tion in such systems will drive aggregation. Polycrystalline regions
with no porosity will attain a granular microstructure.
Microstructural evolution continues in the subsolidus, but
more slowly and with a different end-point. Subsolidus textural
equilibration begins by the migration of grain boundaries in the
immediate vicinity of three-grain boundaries to establish the
equilibrium dihedral angle. Subsolidus textural evolution is most
rapid for junctions between three grains of the same phase, as
it requires mass transport across grain boundaries rather than
mass transport along grain boundaries. For two-phase junctions
involving only silicate minerals, equilibrium dihedral angles are
generally in the region of 120°, but silicate-silicate-spinel dihedral
angles in ultrabasic granulites are ~75° (Vernon, 1970). There
are no published data for equilibrium chromite-chromite-silicate
dihedral angles. The establishment of the equilibrium solid-state
dihedral angle is then followed by the attainment of constant
mean grain boundary curvature and a granular microstructure.
The overall grain size will then coarsen by the process known
as normal grain growth (driven by grain boundary curvature) in
monomineralic regions and by Ostwald ripening of isolated grains
of a second phase via grain boundary diffusion (e.g. Carlson, 1999).
Published evidence for textural equilibration of chromite grains
is provided by the common observation that grains enclosed by

olivine phenocrysts are more euhedral than those outside (e.g.
Jackson, 1961), indicative of super-solidus textural equilibration
of isolated chromite grains. The detailed microstructural and
chemical examination of a range of chromitites by Hunt et al.
(2021) reveals significant late-stage (post-cumulus) microstruc-
tural evolution driven by both super- and subsolidus textural
equilibration.

SAMPLE SELECTION

Experimental determination of texturally
equilibrated microstructures

We undertook a detailed examination of backscatter elec-
tron (BSE) photomicrographs of the experimental charges of
Manoochehri & Schmidt (2014) to determine the equilibrium
chromite-chromite-melt dihedral angle and the likely shape of
texturally equilibrated isolated chromite grains, required for
assessment of the extent of textural equilibration in natural
chromitites. The experiments of Manoochehri & Schmidt (2014)
involved the heating in pressure vessels of capsules containing
sieved powders of Bushveld chromitites and a powder of synthetic
glass with a composition of that of the Bushveld B1 magma. We
focused on experiments SM-st-32, SM-C-16, SM-C-25 and SM-
C-26 (Manoochehri & Schmidt, 2014) for which sufficient high-
resolution images were available: further experimental details
are provided in Table 2.

The Bushveld Complex, South Africa

The Rustenburg Layered Series of the Bushveld Complex of South
Africa (Fig. 8) is the largest known mafic layered intrusion in the
world, and formed by successive episodes of magma injection
(2.056-2.055 Ga; Zeh et al., 2015). It is divided from bottom to
top into: the Marginal Zone, dominated by fine-grained norites;
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(@)

Fig. 7. Cartoons showing the change in shape of clustered grains
depending on the timing of aggregation and grain growth. (a) A cluster
formed of grains that grew independently before aggregation, at the
moment of cluster formation. (b) The morphology of individual grains
changes due to post-aggregation grain growth. (c) The progressive
change in grain shape in a cluster to which grains are added
incrementally during active growth (with the numbers indicating the
order of addition to the cluster). Note how previously equant grains
become non-equant, with central surrounded grains remaining at, or
close to, their pre-aggregation size while those still on contact with the
surrounding liquid are able to grow.

the Lower Zone (LZ), composed of pyroxenites and harzburgites;
the Critical Zone (CZ), which includes chromitites, harzburgites,
pyroxenites, norites and anorthosites; the Main Zone (MZ), com-
posed of norites, gabbronorites and minor anorthosites; and the
Upper Zone (UZ), which is composed of gabbronorites and diorites,
with up to 21 layers of massive magnetitite (SACS, 1980).

The Critical Zone contains many chromitite layers within a
stratigraphic interval of 800-1000 m, with considerable lateral
variation of the number of layers (Hatton & von Gruenewaldt,
1987). The thinnest of these layers are known as stringers or lead-
ers. The chromitites are grouped, based on their stratigraphic posi-
tion, into the Lower Group, Middle Group and Upper Group (com-
prising UG1, UG2 and, in the eastern exposures of the Bushveld,
UG3 and UG3a) (Latypov et al, 2017a and references therein).
The origin of the Bushveld chromitites is still poorly understood,
with none of the existing models satisfying all observations and
physical constraints: a detailed overview is provided by Scoon &
Teigler (1994) with more recent reviews of the literature provided
by Mondal & Mathez (2007), Cawthorn (2011), Naldrett et al. (2012),
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Fig. 8. Simplified geological map of the Rustenburg Layered Series of the
Bushveld Complex (after Kinnaird (2005) with additional details from
Vorster (2003)). The location of the Khuseleka mine is shown.

Maier et al. (2013), Latypov et al. (2017a) and Scoon & Costin
(2018). In this contribution, we focus on the UG2 chromitite, which
has been the subject of numerous previous studies due to its
importance as one of the world’s largest platinum-group metal
repositories. We undertake a detailed microstructural examina-
tion to constrain the mechanism of chromite cluster and chain
formation. Our conclusions are then used to critically evaluate
some of the previously suggested processes resulting in chromite
crystallisation and accumulation.

The UG2 chromitite is laterally continuous, even on steep and
overhanging pothole walls (Latypov et al., 2017a), but is thickest
where the basal contact is horizontal. It variably comprises mas-
sive, coarse-grained layers dominated by chromite, and poikilitic
material, in which fine-grained chromite is enclosed by large
grains of other minerals. The coarse grain size and granular
microstructure of the chromite-rich massive regions (Hiemstra,
1985; Mathez & Mey, 2005; Veksler et al., 2018) are argued to be a
consequence of normal grain growth in the subsolidus (Veksler
et al,, 2018; Hunt et al., 2021). In 2D sections through poikilitic
material, the chromite forms closely spaced chain-like aggregates
within the oikocrysts (Hiemstra, 1985; Eales & Reynolds, 1986);
Fig. 1c).

We examined samples from a vertical drill-core through the
UG2 chromitite at Khuseleka mine near Rustenburg (Fig. 8). Here,
the chromitite comprises an 80 cm layer separated from a 6 cm
thick stringer by 23 cm of overlying chromite-free orthopyroxenite
(Fig. 9). The rock overlying the chromite stringer is a chromite-
bearing norite. For a more detailed description, see Veksler et al.
(2018) (limited chemical data from a sample of the lower contact
of UG2 at Khuseleka are also presented by Veksler et al. (2015)).
Wieser et al. (2019) examined the crystallographic orientations of
chromite grains in the Khuseleka mine traverse of UG2, and found
no systematic relative orientation of chromite grains with their
immediate neighbours, leading them to suggest that the chromite
framework formed by the random juxtaposition of individual,
previously isolated, grains. We examined 10 samples from the sec-
tion of stratigraphy containing the footwall, the main UG2 layer
plus chromitite stringer and the hanging wall. The stratigraphic
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Fig. 9. Photomicrographs of the Khuseleka samples and their relative stratigraphic position (distances in metres). Sample names are positioned at
their stratigraphic location (we examined two closely spaced samples at the stratigraphic heights shown by BD14-28-4 and BD14-28-5). (a) The lower,
undulatory, contact between the olivine norite footwall and overlying main chromitite layer (sample BD14-28-2, plane polarised light). Olivine (Ol) is
associated with coarse-grained orthopyroxene (Opx). (b) and (c) are two chromitite samples (BD14-28-4 and BD14-28-5, respectively) from the main
chromitite layer (crossed polars). Chromite grains (Chr) are usually enclosed by plagioclase oikocrysts (Pl) with some interstitial orthopyroxene.
Phlogopite (bright birefringence laths) is an accessory phase. (d) The planar and well-defined upper contact of the main chromitite with the overlying
orthopyroxenite (sample BD14-28-8, plane polarised light). The orthopyroxene primocrysts are rounded, and separated by interstitial plagioclase. (e)
The lower contact of the chromite stringer (sample BD14-28-10, crossed polars). Orthopyroxene primocrysts in the underlying pyroxenite have
extensive interstitial overgrowths upwards into the stringer. The orange dotted line outlines a single crystal of orthopyroxene, which is compact and
chromite-free in the orthopyroxenite but interstitial in the stringer. (f) The upper contact between the chromite stringer and hanging wall norite
(sample BD14-28-11, crossed polars). The grains of orthopyroxene are distinctly tabular, in contrast to the more euhedral shape of those in the parting
below the stringer: chromite grains are commonly found on the upper surface of the orthopyroxene tablets (an example of this is shown by the blue

line).

position of the samples is shown in Fig. 9 and the mineral modes
are provided in Table 1.

ANALYTICAL METHODS

Individual chromite grains do not appear to be compositionally
zoned, meaning that useful information on cluster formation
cannot be extracted from zoning patterns. On this basis, we
concentrate here solely on the morphology of grains and grain
boundaries, together with grain orientation information.

Dihedral angle measurement

The opacity of chromite means that true 3D dihedral angles
cannot be measured using transmitted light microscopy. Instead,
we measured the apparent chromite-chromite-plagioclase dihe-
dral angles and chromite-chromite-basaltic liquid dihedral angles
in 2D using high resolution reflected light images of polished

surfaces. The median of a population of ~25 measurements of
2D apparent angles is within a few degrees of the true median
of the (assumed single-valued) 3D population (Riegger & Van
Vlack, 1960). For materials of geological interest, there is always
a spread of true 3D dihedral angles, due both to the anisotropy
of interfacial energy (Vernon, 1968, 1970; Holness, 2006) and to
incomplete textural equilibration (Elliott et al., 1997; Holness et
al., 2005). It is not straightforward to extract information about
the range of 3D angles from 2D measurements (e.g. Jurewicz &
Jurewicz, 1986), although the extent of the spread can be assessed
by comparing the measured 2D population with that expected for
randomly oriented 2D sections through a sample with a single
value of true 3D angle (e.g. Elliott et al., 1997).

We used reflected light images of polished samples of the
UG2 chromitite, and high-resolution BSE images of the experi-
mental charges studied by Manoochehri & Schmidt (2014). The
angle between the tangents meeting at pore corners in these 2D
slices was measured using the angle function of ImageJ, with
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Table 1: Details of the samples examined as part of this study, with modes of the main minerals (minor phases such as biotite are
ignored). Sample numbers BD14-28-4 and BD14-28-5 comprise several closely spaced samples. Abbreviations are as follows: Chr,
chromite; Pl, plagioclase, Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene

Sample Rock type Mineral mode (vol. %)
Chr Pl 0)} Opx Cpx
BD14-28-1 Olivine norite 2 35 43 20 —
BD14-28-2 Olivine norite 6 31 10 53 —
Main chromitite 60 35 — 5 —
BD14-28-4 Main chromitite 51 49 — — —
BD14-28-5 Main chromitite 62 38 — — —
BD14-28-8 Main chromitite 73 24 — 3 —
Orthopyroxenite parting — 9 — 91 —
BD14-28-10 Orthopyroxenite parting — 29 — 71 —
Stringer 71 24 — 5 —
BD14-28-11 Stringer 63 15 — 22 —
Hanging wall norite 9 37 — 54 <1
BD14-28-11 (1I) Hanging wall norite 8 16 — 65 11

Table 2: Dihedral angle data obtained from the experimental charges of Manoochehri & Schmidt (2014) and from samples of the UG2
chromitite. The data for the experimental charges refer to the chromite-chromite-basaltic liquid dihedral angle, whereas those for
UG2 are the chromite-chromite-plagioclase dihedral angle. The number of measurements for each charge is given by n. The
uncertainties on the median were calculated using the method of Stickels & Huicke (1964). The bracketed number (e.g. for sample
BD14-28-4(1)) denotes one of several sections made from the same section of the core. This was the case for BD14-28-4 and BD14-28-5

Run number Temperature (°C) Hours held at T Hours held at T n (€] Second phase
(static) (centrifuge)
SM-st-32 1300 144 — 103 31+£3° Basaltic liquid
SM-C-16 1300 24 10 138 21+1° Basaltic liquid
SM-C-25 1350 24 10 112 18.5+£3° Basaltic liquid
SM-C-26 1500 24 10 184 26 £2° Basaltic liquid
BD14-28-4(1) 157 89+2° Plagioclase
BD14-28-5(3) 164 91.5+3° Plagioclase
BD14-28-8 159 87 +3° Plagioclase

an accuracy on individual measurements of ~1°. Between 103
and 184 individual measurements were made for each of four
experimental charges, and between 157 and 164 individual mea-
surements were made on each of three samples of UG2 chromitite,
chosen because they contained sufficient plagioclase to permit
the measurement of relatively large populations. The median
values are reported in Table 2, with uncertainties calculated using
the method of Stickels & Hiicke (1964).

Electron backscatter diffraction analysis (EBSD)

In this contribution, we build on the work of Wieser et al. (2019),
who examined sample BD14-28-5 from the centre of the main
chromitite. We chose four additional samples from the UG2
chromitite for EBSD examination. Samples were prepared using
the EBSD preparation routine described by Prior et al. (1999). All of
the EBSD analyses were performed using an FEI sFEG XL30 SEM
in the Department of Physics, University of Cambridge. Collection
of electron backscatter diffraction patterns was undertaken
using the AZtecHKL2.2 acquisition software. EBSD maps and
pole figures were constructed using the MTex MatLab toolbox
(Hielscher & Schaeben, 2008). For further details of the acquisition
parameters, see Supplementary Material. All data files are
available in the Supplementary Material, in the common transfer
file format.

Pole figures are constructed using a lower hemisphere, equal-
area, projection. The fabric strength and type were determined
by calculating the J-index, pole figure J-indices (pf]) and the m-
index and BA-index of the orientation distribution function (ODF)
using the MTex MatLab toolbox. We calculated the J- and m-
indices using the de la Vallée Pousin kernel, and a half-width
of 10°, which corresponds to a series expansion of 28. The J-
index has a value of one for a random distribution and a value
of infinity for a single crystal (Wenk et al., 1998). While the J-
index can be used to assess overall fabric strength, pole figure
J-indices (pf]) describe the characteristics of an individual pole
figure. The m-index increases with fabric strength from 0 (random
grain orientation) to 1 (single crystal) (Skemer et al., 2005).

The density distribution of misorientation axes over the full
angle range is not uniform for all crystallographic directions,
even for uniformly distributed crystal orientations. This is due
to the non-uniform misorientation angle distribution (i.e. the
maximum misorientation angle). Normalisation was performed
by computing the spherical functions for each misorientation
axis distribution, and dividing the measured distribution by this
uniform-derived function, with subsequent normalisation to a
mean density of 1. This correction is essential in high symmetry
minerals, such as chromite. For more details, see Wieser et al.
(2019). The grain size of the chromite crystals was obtained from
EBSD maps.
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Fig. 10. (a) and (b) are BSE image of experimental charges from
Manoochehri & Schmidt (2014). Chromite grains are pale grey and are
surrounded by basaltic glass (dark grey). (a) Experimental charge
SM-st-32 (see Table 2 for details of experimental conditions). The grains
are predominantly facetted, and two-grain junctions are commonly
formed by the meeting of two planar faces (examples are arrowed).
Scale bar is 20 um long. (b) Experimental charge SM-C-25 (see Table 2 for
details of experimental conditions). The chromite grains are more
rounded than in (a) and the two-grain junctions are formed by the
meeting of smoothly rounded surfaces (examples are arrowed), which
are likely to be closer to textural equilibrium. Scale bar is 20 um long.
Images courtesy of Shahrzad Manoochehri. (c) Reflected light image of
sample BD14-28-5 from the UG2 chromitite. The chromite grains are
pale grey, with black regions formed by the plucking of chromite grains
during polishing. The grey matrix is poikilitic plagioclase. Note both the
generally more rounded shape of the chromite grains compared to those
in the experimental charge, and the change in curvature of many of the
chromite-plagioclase grain boundaries in the immediate vicinity of
three-grain junctions (examples are arrowed) denoting subsolidus
modification of the dihedral angle. Scale bar is 0.5 mm long.

RESULTS
Evidence of textural equilibration in
experimental charges

Chromite grains in both the static and centrifuged charges of
Manoochehri & Schmidt (2014) are octahedral, dominated by
large areas of planar facets (assumed to be {111}), although the
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Fig. 11. Distributions of chromite-chromite-basalt apparent dihedral
angles in the experimental charges and in the UG2 chromitite. Pale
green, SM-C-16; pale brown, SM-C-25; dark brown, SM-C-26; red,
SM-st-32. Blues, BD14-28-8, BD14-28-4 and BD14-28-5. (a) Frequency
plots for observed 2D dihedral angles. (b) Cumulative frequency plots.
The three chromitite datasets were amalgamated to create a single large
population. The grey lines show the calculated cumulative frequency
curves expected for populations of 2D measurements in systems with a
single value of true 3D angle, each labelled with the value of the angle.

smaller grains are more rounded. Clustered grains commonly
touch on planar faces (Fig. 10a and b). In the static experiment,
many chromite-chromite-liquid junctions involve the meeting of
planar chromite-melt interfaces (Fig. 10a), whereas in the cen-
trifuged experiments, the chromite-melt interfaces curve into the
two-grain junction (Fig. 10b), indicative of a greater approach to
textural equilibrium. The planar chromite-melt interfaces result
in a higher median angle in the static experimental charge SM-st-
32 (31° +3°) compared to that measured in the three centrifuged
charges (18.5°+3° to 26°+2°: Table 2; Fig. 11), with a weakly
defined increase in dihedral angle with increasing temperature
(Table 2). The populations of dihedral angles observed in the
centrifuged experiments have a greater spread than would be
expected for a single-valued true 3D angle (Fig. 11b), suggesting
significant anisotropy of interfacial energies.

Microstructure of the UG2 chromitite
UG2 footwall

The UG2 footwall is commonly a coarse-grained norite with
variable amounts of olivine (e.g. Maier & Bowen, 1996; Voordouw
& Beukes, 2009) but may be anorthosite (van der Merwe &
Cawthorn, 2005; Cawthorn, 2011). In the Khuseleka mine, it has
been described as harzburgite (Veksler et al.,, 2018), but would
more conventionally be called an olivine norite. Our samples of
the footwall comprise primocrysts of subhedral olivine (up to
600 um across), subhedral orthopyroxene (up to 1 cm across)
and a few modal % of chromite (Fig. 9a; Table 1; NB: the very
different relative proportions of olivine and orthopyroxene in the
two samples we examined are a consequence of small sample
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size relative to the grain size of these phases). The interstitial
remainder of our footwall samples comprise plagioclase and
trace amounts of phlogopite, amphibole and clinopyroxene. This
variable mineralogy and locally transgressive field relationships
are consistent with substantial erosion of floor cumulates prior
to the deposition of the UG2 chromitite (Campbell, 1986; Eales et
al., 1988; Cawthorn & Barry, 1992; Lomberg et al., 1999).

In the Khuseleka samples, orthopyroxene primocrysts com-
monly form optically continuous rims around adjacent olivine
grains. Both olivine and orthopyroxene grains enclose euhedral
grains of chromite (~200 um in diameter) that may form clusters
of 3-4 grains (as viewed in thin section). Chromite grains and
clusters are also present on the edges of both primocryst phases,
predominantly on their upper margins. There is no consistent
crystallographic relationship between olivine primocrysts and
their adjacent (and enclosed) chromite crystals, with only a few
chromite grains showing a general proximity of one low index face
to a low index plane of the olivine (further details are provided in
the Supplementary Material).

UG2 chromitite

The UG2 chromitite comprises ~55 modal % chromite, with
poikilitic interstitial silicates (predominantly plagioclase, up to
1 cm across, with subsidiary orthopyroxene, particularly at the
base; Fig. 9b and c). Fine-grained accessory phlogopite is present.
The UG2 chromitite has a sharply defined base that locally wraps
round individual silicate primocrysts in the footwall: these grains
are orthopyroxene in our sample (Fig. 9a). The top of the UG2
chromitite is equally sharply defined, but planar (Fig. 9d).

Chromite grains are almost invariably equant and rounded,
with only small regions of planar facets (Fig. 9b and c). Some
grains have a figure-of-eight shape, indicative of grain coales-
cence by grain boundary migration. Chromite grains in the rel-
atively chromite-poor regions of the UG2 chromitite (i.e. within
the oikocrysts) are arranged to form irregular chains visible in
thin section (Figs 1c and 9b, c), though tomography studies (e.g.
Godel et al., 2013) suggest the 3D geometry might be an irregular
open framework. The average chromite grain diameter within the
oikocrysts (corrected for 3D) is ~0.1 mm, with larger grains (up
to 0.25 mm across) forming aggregates with little or no intersti-
tial silicate material (Fig. 9b and c). Although we do not find the
increased mode of chromite in the centre of the main chromitite
layer described by Voordouw et al. (2009), we agree with them that
the top and base are finer-grained than the centre.

At the basal contact, the orthopyroxene primocrysts of the
footwall have extensive interstitial extensions upwards into the
chromitite (cf. Fig. 9e). The EBSD data indicate there is no ori-
entation relationship between orthopyroxene and the adjacen-
t/enclosed chromite (we analysed 372 chromite grains associated
with 2 orthopyroxene grains) (Fig. 12), regardless of whether the
chromite grains are in contact with the interstitial extension of
the underlying orthopyroxene or are adjacent to either of the two
orthopyroxene primocrysts.

There is a marked change in curvature of the chromite-
plagioclase grain boundaries from concave to convex at many
chromite-chromite-plagioclase three-grain junctions (Fig. 10c),
indicative of an evolution from low dihedral angles expected for
melt-present textural equilibrium to the high dihedral angles
expected for subsolidus equilibrium. The chromite-chromite-
plagioclase dihedral angle populations in the three samples
analysed (Table 2) are indistinguishable on a frequency plot
(Fig. 11a), with median values of ~90°. Amalgamation of the three
measured populations creates a cumulative frequency curve

close to that expected for a population of true 3-D angles of ~90°
(Fig. 11b), consistent with limited grain boundary anisotropy (e.g.
Vernon, 1970).

Chromite crystals show no evidence of a crystallographic pre-
ferred orientation (see Supplementary Material). We evaluated
the frequency at which pairs of adjacent grains are oriented with
their {111} faces in contact (Fig. 13) and, in agreement with Wieser
et al. (2019), we found only a weak clustering of misorientations
around the <111> twin axes. The distribution of misorienta-
tion axes (normalised using a theoretical random distribution
of misorientation axes, following Wieser et al. (2019)) shows a
consistent, but small, peak of mutual {111} contacts throughout
the main chromitite layer (bottom, 9%,; centre, 11%,; top, 10% of
the total length of the grain boundaries), consistent with only
a small number of grain pairs touching on their {111} faces.
Sample BD14-28-10 has a peak at higher symmetry axes, but
the peak is lower (1.35) than in any other sample (Fig. 13¢c). The
relative size of grains (as viewed in our 2D cross-section through
the 3D microstructure) forming pairs with this relationship is
predominantly 1:1 (Fig. 13b).

UG2 stringer

The ~6 cm thick chromitite stringer contains up to 70 modal %
of chromite (Table 1), with a grain size from 30 um to 500 pm:
the coarser grains are in the middle of the stringer where the
chromite mode is highest. Similar to the main chromitite layer,
chromite grains are almost invariably equant and rounded, with
only small areas of facets (Fig. 9e and f). The contact between the
orthopyroxenite parting and the overlying stringer is sharp, and
follows the outline of the underlying pyroxene grains (Fig. 9e).
As with the base of the main UG2 chromitite, orthopyroxene
primocrysts have upwards interstitial extensions into the base of
the stringer (Fig. 9e) and there are no plagioclase films separating
chromite from orthopyroxene. The contact between the stringer
and the overlying chromite-bearing norite hanging wall is weakly
undulatory. The proportion of adjacent chromite grains with {111}
faces in contact is <4%, lower than in the main UG2 chromitite.

Hanging wall norite

The hanging wall of the UG2 chromitite in the Khuseleka mine
is a chromite-bearing norite with ~60 modal % orthopyroxene
and interstitial plagioclase and clinopyroxene oikocrysts (Fig. 14,
Table 1). Orthopyroxene habit varies from equant to elongate,
with the more elongate grains (as viewed in thin section) pref-
erentially oriented to form a layer-parallel fabric (Fig. 14a). The
orthopyroxene [010] axes show a strong pole maximum, while
[001] and [100] form girdles with a weak point-maximum parallel
to the foliation (Fig. 14c), consistent with a lineation formed by
elongate grains. The misorientation axes are weakly distributed
as a girdle, with two weak point-maxima correlating with [100]
and [010] axes (Fig. 14c). If only the more elongate orthopyroxene
crystals (those with an apparent aspect ratio > 1.8) are considered,
the pole figures and the lineation become much better defined
(Fig. 14d), with the misorientation axes corresponding to the [010]
axes.

Equant and subhedral chromite comprises ~8 modal % of
the hanging wall norite. These chromite grains form accumula-
tions along the top surface of orthopyroxene primocrysts (Fig. 9f),
as well as elongate clusters with the same orientation as the
lineation, enclosed by interstitial plagioclase and not obviously
spatially associated with orthopyroxene primocrysts (as viewed
in 3D).

c20z ey zz uo Jasn elbuy 1sed o Ausisalun Aq 9021689/v2 10869/ | /y9/e10nie/ABojonad/woo dno olwapeoe//:sdiy Woll papeojuMoc]



Chr grains: 320

Journal of Petrology, 2023, Vol. 64, No. 1 | 15

Fig. 12. (a) Phase (plagioclase and chromite) and grain orientation (orthopyroxene) map of sample BD14-28-2, showing relationship between two
footwall orthopyroxene grains (coloured according to their inverse pole figure orientation: orange and green) and the immediately overlying chromite
grains of the main UG2 chromitite. The regions containing the chromite grains for which crystallographic orientations were measured (and shown in
(b)) are coloured either green or orange according to the particular pyroxene substrate grain they are compared with. The remainder of the interstitial
plagioclase within the main chromitite is shown as blue. (b) Pole figure data of the two orthopyroxene grains superimposed on the contoured pole
figure data of the associated chromite grains (either enclosed and/or adjacent, as shown in (a)).

DISCUSSION

The mechanism of cluster formation in UG2
Chromite grains forming the irregular chains visible in oikocrysts
(Figs 1c and 9b, c) have no dominant low-symmetry misorienta-
tion axis between adjacent crystals, and are joined predominantly
by high-angle grain boundaries (Fig. 13; in agreement with the
results of Vukmanovic et al., 2013). Chromite grains are almost all
equant, regardless of their immediate surroundings (a few excep-
tions have a figure-of-eight shape indicative of grain coalescence).
The sizes of the few pairs of crystals joined on their {111} faces
are very similar (Fig. 13). Comparison of these observations with
the microstructural indicators of cluster formation mechanisms
outlined above, points to the chromite chains and 3D framework
in the UG2 chromitite layer having formed by the aggregation of
previously isolated, equant, grains, with only very limited post-
aggregation growth.

Evidence for chromite accumulation by settling

Settling of chromite has been discounted by Latypov et al. (2015,
20173, 2017b, 2022) in favour of ‘heterogeneous self-nucleation’,

on the basis that chromitites are continuous on steeply dipping
and even overhanging parts of the chamber floor. As discussed
earlier, this nucleation process is physically implausible, but het-
erogeneous nucleation of the earliest chromite grains on a silicate
substrate should be considered. The well-developed grain bound-
aries between chromite grains and their silicate substrates at the
base of UG2 is certainly consistent with heterogeneous nucle-
ation (i.e. there is no separation of chromite grains and potential
substrates suggestive of nucleation in a compositional boundary
layer, such as that shown for Rum chromites in Fig. 5), although
any nucleation on either olivine or orthopyroxene substrates was
not epitaxial (Fig. 12). The remainder of the main UG2 chromitite
layer must have formed by the accumulation of grains nucleated
and grown elsewhere.

The observation that chromitite layers are significantly thinner
on vertical and overturned parts of the irregular floor compared
to the thickness of the same layer on nearby shallow or horizon-
tal surfaces (Latypov et al,, 2017a) invites comparison with the
Shiant Isles Main Sill, which contains abundant olivine clusters
formed by synneusis during convection. Although most clusters
settled on the floor of the sill, there are similar clusters at the
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Fig. 13. (a) EBSD band contrast map with an overlay of the [111]
chromite twins for two samples from the main UG2 chromitite. Blue and
red are arbitrary colours chosen to indicate pairs of twin crystals. Light
green indicates boundaries with a misorientation axis [111] of 61°. (b)
The grain size ratio (using the equivalent circular diameter (um) as
observed in the 2D cross-section through the 3D microstructure) for
touching grains related by the {111} twin law for five chromitite samples
(see (c) for details of which five samples). The majority of aggregates has
similar sizes apparent in 2D sections. (c) Normalised misorientation axis
for chromite plotted for five chromitite samples, showing moderate to
near-uniform clustering about <111>. For more details see Wieser et al.
(2019).

roof, mirroring the coarsening-upwards at the floor indicative of
growth and cluster formation in the convecting magma (Holness
etal., 2017).Itis clear that convective currents in the ~130 m thick
Shiant magma body were able to bring the relatively dense clus-
ters up to the roof where some got trapped at the (presumably)
rough magma-mush interface. Accumulation of dense particles
on overhangs is thus possible if entrained by flowing magma,
although there is likely to be a lower limit on the lengthscales
of overhangs where such flow can act to bring cohesive particles
to stick to them. Additionally, deposition of layers from crystal-
rich currents occurred on surfaces dipping as steeply as 80° in the
Skaergaard Layered Series (Vukmanovic et al.,, 2018)—crystals in
a magma are highly cohesive and grains readily sinter and form
grain boundaries when brought into contact. Such sintering can
be enhanced if the particles are irregular, leading to entanglement
(e.g. Connolly et al., 2012): this is likely to be the case for elongate
and irregular grain clusters, if not individual equant chromite
crystals.

Since we cannot discriminate between heterogeneous nucle-
ation and settling of the lowermost chromite grains of the main
chromitite, we suggest that at least some of the grains in the
lowermost part of the main layer may have nucleated hetero-
geneously (but non-epitaxially) on the underlying silicate grains
comprising the footwall, followed by the subsequent accretion
of individual grains or grain clusters to these basal grains in
a dynamic magmatic environment. The reduced thickness of
chromitites on the steep and overhanging parts of the floor is
due to the relative difficulty of sticking more grains to the existing
layer in these orientations.

In contrast to the difficulty in arguing against heterogeneous
nucleation of the basal grains of the main chromite, the spatial
arrangement of chromite grains in the hanging wall, where they
form elongate (in 2D, assumed to be planar in 3D) aggregates on
top of horizontal orthopyroxene tablets (Fig. 91), is clearly indica-
tive of settling. The mineral modes in the hanging wall are con-
sistent with ~40 vol. % porosity (Table 1). In such a porous mush,
heterogeneous nucleation would result in chromite nucleating
at similar densities on both top and bottom of orthopyroxene
grains since both top and bottom of these grains are (010) faces,
with a consequent equal potency for nucleation: the concentra-
tion of chromite on the top of the primocrysts thus supports
gravitational settling. Those elongate chromite clusters that are
enclosed by interstitial plagioclase have the same orientation
as the orthopyroxene-defined fabric (Fig. 9f), suggesting that the
chromite may already have formed clusters before settling. This is
consistent with the well-developed lineation in the hanging wall
indicative of orthopyroxene primocryst rearrangement by mag-
matic currents, suggesting that cluster formation was modified
and enhanced by magma flow (e.g. Hastings et al., 1956; Michele
etal, 1977; Braunetal., 1979; Walstra et al., 1991; Won & Kim, 2004).

The absence of any fining-upwards in either the main chromi-
tite or the stringer can be accounted for if both layers were formed
by the settling and accumulation of predominantly clustered
grains, rather than by the accumulation of only isolated grains (as
suggested for some of the Stillwater chromite clusters by Jackson
(1961), page 15). We suggest that the clusters found in extrusive
rocks (e.g. Fig. 1a and b) may be examples of such clusters that
were entrained and erupted rather than accumulated at the base
of the source magma body. The evidence from grain shape of min-
imal post-aggregation grain growth is consistent with a short time
between aggregation and arrival on the chamber floor: the limited
porosity in the crystal mush, and the unlikelihood of significant
convection within the mush (e.g. Tait & Jaupart, 1992), coupled
with the very low Cr content of the interstitial liquid, would
preclude subsequent overgrowth of the accumulated grains.

The extent of super-solidus textural equilibration
in UG2
Textural equilibration in the experimental charges

Manoochehri & Schmidt (2014) suggested that centrifugation
speeds up dissolution-reprecipitation, permitting compaction
together with enhanced Ostwald ripening. Given the greater
spread of dihedral angles observed in 2D sections in SM-st-32
compared to the other three experiments (Fig. 11), we amplify the
remarks of Manoochehri & Schmidt (2014) by suggesting that the
enhanced coarsening consequent to centrifugation also resulted
in a closer approach to equilibrium solid-solid-melt dihedral
angles compared to the static charge, despite the much greater
time for which the static charge was held at high temperature.
The minimisation of interfacial energies and compaction clearly
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Fig. 14. Inverse pole figure orientation map of orthopyroxene (a) and plagioclase (b) from the chromite-bearing hanging wall norite (sample
BD14-28-11). The area shown is dominated by a single optically continuous grain of interstitial plagioclase. (c) Pole figure and misorientation axis data
of all orthopyroxene primocrysts above the stringer. (d) Pole figure data for the subset of orthopyroxene primocrysts with apparent aspect ratio > 1.8.

Abbreviations as for Figure 11.

happen simultaneously, consistent with a mechanism for both
that involves dissolution-reprecipitation.

The greater spread of 2D chromite-chromite-melt dihedral
angles compared to that expected for a single-valued true 3D
angle (Fig. 11b) suggests significant anisotropy of interfacial ener-
gles. That the population of chromite-chromite-plagioclase dihe-
dral angles in the UG2 samples is much closer to that expected
for a single-valued 3D dihedral angle (Fig. 11b) means that the
anisotropy in the melt-present case is mainly of the chromite-
melt interface rather than the chromite-chromite grain bound-
aries.

The weakly defined increase in dihedral angle with increasing
temperature (Table 2) is associated with the melt becoming less
Si-rich together with a reduction in the difference in Al content
between liquid and chromite, and an increase in the difference in
Cr content between liquid and chromite (Manoochehri & Schmidt,
2014), suggestive of some reduction of the energy of the chromite-
melt interface due to adsorption of chemical species from the lig-
uid. Furthermore, the median chromite-chromite-melt dihedral
angle is not significantly higher than those observed for silicate

minerals in melt (Holness, 2006), contrary to the expectation that
the energy of the melt-oxide interface is likely to be higher than
that of the interface between melt and a silicate mineral (cf.
Gualda & Ghiorso, 2007). Again, this could be a result of com-
paratively high adsorption of chemical species at the oxide-melt
interface. However, little can be deduced from this, as Ballhaus
(1998) found that the energy of the chromite-melt interface was
larger for SiO,-rich melts compared to Fe-rich melts which, if we
assume the energy of the chromite grain boundary remains the
same, would imply that the dihedral angle should decrease as the
melt becomes less Si-rich. Clearly, more work is needed to clarify
the extent and nature of chemical adsorption on the surfaces of
chromite grains, although it should be pointed out that it is very
unlikely to be sufficient to create a surface with a composition
(and structure) so different from that of chromite itself to enable
heterogeneous nucleation of another chromite grain. A further
point is that the similarity of solid-solid-melt dihedral angles for
silicates and chromite mentioned above suggests that there is
likely to be little difference in the driving force for sintering, so
oxide grains will not aggregate more readily than silicate grains.
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The presence of the most clearly defined facets on the larger
grains suggests these are growing at the expense of the smaller
(generally more rounded) ones (e.g. Holness, 2018): i.e. the facetted
shape is predominantly a growth shape rather than a minimum
energy shape (cf. Shatov et al., 1998). This is consistent with the
observation that chromite grains undergoing interface-controlled
growth in a basaltic magma are generally octahedral, with well-
defined sharp vertices (e.g. Roeder et al., 2001). The corollary of
this is that Ostwald ripening in the experimental charges was
occurring at a rate faster than that of the attainment of the
minimum energy shape.

Textural equilibration in UG2

The significantly more rounded shape of the chromite grains
in UG2 compared to those in the experimental charges (Fig. 10)
raises a number of important points. Firstly, the chromite-
chromite-plagioclase dihedral angle population is very close to
that expected for a single-valued population of true 3-D angles
(Fig. 11b), consistent with subsolidus textural equilibration.
However, the overall shape of the grains demonstrates that
subsolidus textural equilibration occurred only on lengthscales
much shorter than that of the grain size, since there is a well-
defined change in curvature of the grain boundaries from concave
to convex at many chromite-chromite-plagioclase three-grain
junctions (Fig. 10c). Instead, if we ignore the change in curvature
close to the grain junctions, the overall shape of the chromite
grains is that expected for low dihedral angles, consistent with
the ~20-30° measured in the chromite-basalt system (Table 2)
and consistent with a close approach to super-solidus textural
equilibrium following aggregation.

We can also use the EBSD data to make inferences about the
pre-aggregation shape of the UG2 grains. If the chromite grains
had a shape similar to those in the static experimental charges
with significant areas of facets, we might expect to see many
grain contacts involving the juxtaposition of crystal growth faces
(mainly {111} but also {100} and {110}). Such contacts are com-
mon in the experimental charges (Fig. 10a and b) and in magmas
(Roeder et al., 2001; Dyck & Holness, 2022), but less so in the UG2
chromitite (Fig. 9). The crystal framework in the UG2 chromitite
was therefore likely to have formed by the random juxtaposition
of comparatively rounded grains, with little or no rotation into
energetically favourable orientations.

While rounding of isolated grains can be a result of dissolution
driven by Ostwald ripening, this is confined to grains smaller than
the critical radius: that even the largest of the UG2 grains are
rounded (Fig. 10c), points to extensive textural equilibration and
the attainment of the minimum energy shape. No calculations or
experiments have been done to determine the Wulff shape for
chromite, but the calculated Wulff shape for LiMn,0, (lithium
manganese spinel) is a cubo-octahedron, bounded by {111} and
{100}, with the {111} faces dominating (Karim et al., 2013). This
shape, however, is calculated for crystals in vacuo. Interactions
between the solid and liquid (such as adsorption of chemical
species from the liquid) will reduce the energies of some facets
relative to others, thus increasing their contribution to the equilib-
rium shape in natural systems (Kretz, 1966; Huanget al., 2017). The
Waulff shape is also a function of temperature, generally becoming
more rounded at higher temperatures.

We suggest that the relatively rounded shape of the UG2
chromite grains described here points to the equilibrium (lowest
energy) shape of chromite in mafic liquids not involving the large
areas of planar facets associated with active grain growth (and
observed in the experimental charges). Furthermore, textural

equilibration occurred at a sufficiently fast rate compared to
grain growth that the grains were rounded rather than facetted
(e.g. Sekerka, 2005), in contrast to the grains found in rapidly
cooled magmas (e.g. Fig. 1a and b), with the required relatively
small departure from chemical equilibrium achieved perhaps by
slow cooling in the intrusion or of the magma batch carrying the
chromite grains. Thus, clusters and chains of chromite grains in
UG2 were formed by the aggregation of grains which had closely
approached the minimum energy shape, as expected for slowly
cooled systems. Ostwald ripening was still important, however
(Veksler et al., 2018), but occurred at a rate sufficiently slow
that the minimum energy shape could be maintained (or closely
approached). The well-defined reduction in overall grain size at
both margins of the UG2 main chromitite layer and of the much
thinner stringer (cf. Waters & Boudreau, 1996; Hunt et al., 2021)
demonstrates that this ripening occurred post-accumulation. In
the absence of any overall gradient in grain size through the layer,
grains in the centre can grow at the expense of the grains which
surround them on all sides, whereas the rate at which a grain on
the margin of a layer can grow will necessarily be lower because it
can only grow at the expense of half as many grains. This means
that marginal grains will have a greater chance of being consumed
during post-accumulation Ostwald ripening.

In common with many plutonic rocks (Holness et al., 2012), sub-
solidus textural modification of the poly-mineralic regions of the
UG2 chromitite occurred only on lengthscales smaller than the
grain size, with the establishment of the equilibrium chromite-
chromite-plagioclase dihedral angle. Veksler et al. (2018) argue
that the larger chromite grain size and the granular microstruc-
ture in silicate-absent regions indicate the progress of normal
grain growth. This stage of microstructural evolution is likely to
have been confined to the subsolidus, since the low chromite-
melt dihedral angle would mean that three-grain junctions would
contain melt, and these granular regions of the chromitite are
silicate-free.

PERSPECTIVES AND IMPLICATIONS FOR
OTHER EXAMPLES OF CHROMITE CHAINS

The evidence outlined above thatled us to the conclusion that the
microstructure of the UG2 chromitite is due to the accumulation
of relatively rounded grains, both single and clustered, can be
compared to the microstructures of other examples of chromite
chains and clusters.

The clusters seen in extrusive rocks are invariably formed
of euhedral grains (Fig. 1a and b), indicative of limited textural
equilibration and hence that they were actively growing imme-
diately before eruption. Their equant shape indicates minimal
post-clustering grain growth, pointing to synneusis and aggre-
gate formation shortly before eruption, with aggregation possibly
enhanced by shearing in the upwards-moving magma. Clusters
also comprise grains with a limited range of sizes. Roeder et al.
(2001) explained this narrow size range as a consequence of the
development of a compositional boundary layer once the grains
had reached a certain size, which stopped any further growth
and triggered nucleation of new grains at their corners. How-
ever, this explanation is based on a misunderstanding of Sekerka
(1993). Instead, cluster formation is likely to have involved the
aggregation of mobile grains which had either been size-sorted
in flowing magma or were part of a population of grains which
grew following a narrow window of nucleation.

Following Mathez & Kinzler (2017), chromitites and chromite-
rich rocks can be divided into two categories: stratiform (massive)
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chromitites and relatively thin seams. Stratiform deposits, of
which UG2 is one, are generally thought to represent primary,
igneous accumulations of chromite crystals. Key evidence of an
origin by settling must be the draping of chromite grains over
large grains in the underlying cumulates (e.g. Fig. 6b; and also
Figs 20 and 21 of Jackson (1961)). Jackson (1961) ascribed the
‘chicken-wire’ texture in the Stillwater olivine chromitites to set-
tling, arguing that the strongly euhedral shape of the chromite
in these rocks could not have resulted from in situ growth in an
olivine-dominated crystal mush. He points out that the overall
grain size is strictly bimodal, with the ratios of average grain
size of chromite to olivine ranging from 0.07-0.38, meaning that
the chromite grains are generally small enough to have passed
between tightly packed olivine crystals and therefore to have
been sifted down in the mush. However, the olivine and chromite
grains are not hydraulically equivalent in the Stillwater olivine
chromitites, meaning that the bimodality of grain size cannot
be a consequence of sorting, but is more likely to reflect nucle-
ation and growth kinetics of grains originating near where they
finally accumulated (ibid.). Jenkins & Mungall (2018) also argue
for mechanical sorting of accumulating settled crystals of olivine
and chromite, with chromite infilling the voids between the larger
olivine grains. Both these studies therefore envisage this rock type
as an example of a bimodal sediment in which the large grains
form a framework with the smaller grains filling the resultant
void space (cf. Clarke, 1979): such accumulations are known as
pebble-packed or clast-supported. We suggest this explanation is
more likely to account for the framework of small pigeonite grains
inferred to have existed in the Jimberlana cumulates (Campbell,
1978), with no need to invoke ‘heterogeneous self-nucleation’.

In contrast, Godel et al. (2013) argue, following their assumption
of the olivine chromitite being an accumulation of essentially
monomineralic clusters of olivine and chromite, that the chicken-
wire texture in olivine-rich rocks cannot have formed by set-
tling since this would necessitate the fortuitous juxtaposition of
these two cluster populations to result in the creation of nested
frameworks of olivine and chromite with a low residual porosity.
However, this difficulty does not arise if the olivine and chromite
settled as individual grains (or clusters comprising few grains),
followed by the sintering of adjacent grains (of both phases) to
form a connected framework, as originally suggested by Jackson
(1961) and consistent with the euhedral chromite morphology,
as well as the observed range of chicken-wire texture formed of
either densely or loosely packed chromites in the spaces between
the olivine primocrysts.

Chromite seams as defined by Mathez & Kinzler (2017) are
argued to be formed by metasomatism and in situ crystallisation,
and hence any clusters and chains are likely to be a consequence
of growth to impingement of relatively immobile grains, leading
to microstructural characteristics such as those shown in Fig. 5
and 6 (e.g. separation of chromite from the adjacent primocrysts
by thin films of plagioclase). However, peridotites throughout the
Rum intrusion (e.g. the Unit 8 peridotite in the few cm immedi-
ately overlying the Unit 7-8 boundary chromite seam of the Rum
Eastern Layered Intrusion) are characterised by ‘chicken-wire’
texture (the ‘chain texture’ of O'Driscoll et al., 2010). In peridotite
associated with other seams, such as that found at the Unit 11-
12 boundary, chromite grains cluster underneath elongate, layer-
parallel olivine dendrites (ibid.). While it is likely that some of the
chain-like clusters visible in thin sections of the seams themselves
formed by the growth to impingement of closely spaced, relatively
immobile, grains growing in response to melt-rock reaction (cf.
Hepworth et al., 2020), the ‘chicken-wire’ texture in the lowermost
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Unit 8 peridotite is reminiscent of that seen in the Stillwater
intrusion, and is therefore perhaps more likely a result of settling.

CONCLUSIONS

While it is possible that at least some of the basal chromite grains
of the main UG2 chromitite nucleated heterogeneously on the
olivine/orthopyroxene grains of the irregular chamber floor, the
great majority of the chromite grains nucleated elsewhere, either
homogeneously in the magma or, more plausibly, heterogeneously
on very small grains of other phases (e.g. <0.1 mm as suggested by
Lofgren (1983)). These then grew as isolated grains at sufficiently
slow rates to permit them to closely approach the minimum
energy, relatively non-facetted, shape before forming clusters by
synneusis as they were brought into contact. Although post-
aggregation grain growth was very limited (consistent with the
likely low Cr concentration in the interstitial liquid), the shape
of individual grains in the clusters underwent some modification
following the formation of grain boundaries, as the equilibrium
chromite-chromite-melt dihedral angle was established. These
clusters, likely together with some single grains, accumulated on
the chamber floor to form an extensive, porous, 3D framework,
with some post-accumulation Ostwald ripening (Veksler et al.,
2018; Hunt et al., 2021). Super-solidus textural equilibration was
likely enhanced by post-accumulation compaction by pressure-
solution (cf. Manoochehri et al., 2015). The accumulation rate on
steeply dipping or overhanging parts of the irregular floor was
relatively low, with clusters being brought into contact and form-
ing grain boundaries with existing chromite grains by magmatic
currents, rather than gravity alone. The stringer lying above the
main UG2 chromitite is likely to have formed in a similar manner.

Comparison of our observations of the UG2 chromitite with
the commonly developed chicken-wire texture supports the sug-
gestion of Jackson (1961) that the latter is characteristic of a
sediment formed by the accumulation of a strongly bimodal grain
population. The implications of cluster formation before accumu-
lation on the magma chamber floor is likely to heavily impact
on our understanding of the development of platinum-group
element mineralisation, as sulfide- and platinum-group minerals
are commonly found adhering onto and between chromite grains
(cf. Finnigan et al., 2008).

We have outlined ways in which the microstructure of chromite
clusters formed by growth to impingement during metasomatic
reaction in a crystal mush or at the magma-mush interface may
differ from that in stratiform chromite-bearing rocks. Further
work on clusters in this type of chromitite, including an EBSD
study to investigate the extent of chromite coalescence in such
rocks (e.g. Hulbert & Von Gruenewaldt, 1985; Hunt et al., 2021), is
needed to test our hypothesis. Additional dedicated experimental
work would also be helpful, to constrain the equilibrium shape of
isolated grains and how it may vary with liquid composition and
physical parameters.
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