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ABSTRACT

The formation of crystal clusters by synneusis (magmatic sintering) affects a wide range of magmatic
systems from olivine clusters in komatiite to quartz clusters in high-silica granite. A common feature
of synneusis in any mineral phase is the alignment of neighbouring crystals in certain lower-energy
orientation relationships. However, the underlying mechanisms involved with both the alignment of
crystals in lower-energy orientations and the binding of crystal clusters are not well understood. In
the absence of mechanisms that bind crystals together upon contact, the same hydrodynamic forces that
may bring crystals together can in theory also serve to disaggregate clusters. Here I use cathodolumines-
cence imaging and crystal orientation data from quartz clusters in high-silica granite to show that i) rapid
crystalline neck growth along attachment surfaces and ii) grain rotation are two mechanisms that reduce
the grain boundary energy of crystal clusters while increasing clusters’ shear strength. The continued
crystallization of sintered phases as the magmatic body cools further cements crystal pairs and resists
cluster disaggregation. Together these mechanisms underpin both the formation and preservation of
large crystal clusters in dynamic magmatic environments.

© 2022 China University of Geosciences (Beijing) and Peking University. Production and hosting by

Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

The clustering of crystals in magmatic systems can significantly
influence the mechanical behaviour of those systems (Bergantz
and Ni, 1999; Jerram et al., 2003; McIntire et al., 2019). While there
are multiple ways to form crystal clusters (e.g., epitaxial nucle-
ation, twinning, dendritic growth) one of the primary mechanisms
that operates in magmatic systems is synneusis — the attachment
(or sintering) of previously isolated crystals suspended in a fluid
environment (Vance, 1969). The products of synneusis of silicate
minerals in crystal-poor and magma-rich bodies have been docu-
mented in a range of magmatic compositions that include olivine
clusters in komatiite (e.g., Jerram et al., 2003) and basalt (e.g.,
Wieser et al., 2019), plagioclase clusters in intermediate composi-
tions (e.g., Gogoi and Saikia, 2018; Zhu et al., 2018) and quartz
clusters in high-silica granite (e.g., Beane and Wiebe, 2012; Dyck
and Holness, 2022).

A common observation made on clusters formed by synneusis is
the alignment of neighbouring crystals in certain lower-energy ori-
entation relationships called coincident site lattices (CSL; Vance
and Gilreath, 1967). Within the context of magmatic systems, the
underlying mechanisms involved with both the alignment of and
the binding of sintered crystals in CSL orientation relationships
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are not well understood. In a dynamic fluid environment, where
crystals are able to move independently of each other, the fluid
drag and attendant torque exerted on crystals may be orders of
magnitude larger than the cohesive forces that hold the crystals
together (Oyegbile et al., 2016). As such, in the absence of a mech-
anism to bind crystals together upon contact, the same hydrody-
namic forces that may bring crystals together can in theory also
serve to disaggregate clusters.

In this contribution I use electron backscatter diffraction (EBSD)
and cathodoluminescence (CL) to document both the frequency of
quartz crystal pair orientation relationships and the intra-
crystalline microstructural modification associated with the for-
mation of quartz clusters from the high-silica Bobbenjaankop gran-
ite sill in South Africa. With these data, I explore the roles of i)
rapid crystalline neck growth along synneusis contact planes, and
ii) grain boundary energy-driven crystal rotation as mechanisms
that may help bind quartz crystals together in CSL orientation rela-
tionships. Crystalline neck growth and grain rotation are both well-
documented phenomena associated with the sintering of metal
alloys and ceramics (Braginsky et al., 2005; Chaim, 2012; Dake
et al., 2016; Bouala et al., 2017; Kini and Chokshi, 2020) that have
so far received little attention in the study of mineral systems.
However, both mechanisms appear to be key to the formation
and preservation of large crystal clusters in dynamic magmatic
environments. The approach taken in this study addresses one of
the main challenges faced when studying the record of synneusis
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in magmatic systems, which is that in a fully crystallized plutonic
rock the intermediary crystal necks formed between sintered
grains are not as readily observable as they are in crystal/liquid
(or quenched glass) mixtures.

2. Material and methods

This study focuses on clusters of quartz crystals in a matrix of
interstitial feldspar, biotite, and cassiterite found in samples col-
lected from the Bobbenjaankop high-silica granite sill in South
Africa (24°03'40"S, 28°45'30”E). The Bobbejaankop sill is a ~300-
m-thick tabular, sub-horizontal intrusion of high-silica granite
(>70 wt.% SiO,) that belongs to the ca. 2.05 Ga A-type Lebowa
Granite Suite of the Bushveld Complex (Walraven, 1993; Robb
et al., 2000; Nazari-Dehkordi and Robb, 2022). Recent studies on
the microstructure of quartz clusters and chemistry of zircon col-
lected across the Bobbejaankop sill independently conclude the
intrusion underwent closed-system fractionation and centripetal
crystallization with quartz being the first major phase to crystallize
from the magma (Gardiner et al., 2021; Dyck and Holness, 2022)
during the initial stages of magmatic solidification when low crys-
tal fractions of quartz (<0.1) were suspended in a magma-rich and
crystal-poor environment. As such, the quartz microstructures in
this intrusion provide an opportunity to study the dynamics of
synneusis and mineral growth.

2.1. Cathodoluminescence imaging

In an effort to identify microstructural modifications associated
with quartz synneusis, six samples, collected along a vertical tran-
sect of the Bobbejaankop sill, were prepared for scanning electron
microscope (SEM) cathodoluminescence (CL) imaging. Variation in
the CL response of magmatic quartz can preserve a high-fidelity
record of oscillatory growth zoning. It can also record a variety of
microstructural modifications that manifest as changes to the reg-
ularity of growth zoning (e.g., truncation of internal zoning pat-
terns, changes in the curvature of internal zonation, variation in
the width of annuli). Two thin sections per sample were cut at
orthogonal angles so as to cross-section clusters both parallel to
and perpendicular to their long axes. CL images were generated
on a FEI Quanta 650 SEM at the Department of Earth Sciences,
University of Oxford. CL acquisition of entire thin-sections was per-
formed under high-vacuum with an accelerating voltage of 20 kV, a
working distance of 12.5 mm and 80 ps dwell-time, resulting in a
montage of individual frames with half-field widths of ~2.0 mm
and resolvable pixel widths of ~2.5 pm.

2.2. Crystal orientation mapping

The size and number density of clustered quartz grains
increases towards the centre of the Bobbejaankop sill, with the lar-
gest clusters also containing the largest quartz grains found across
the transect (Dyck and Holness, 2022). Accordingly, two samples
from the centre of the sill with the largest quartz clusters were
selected for crystal orientation mapping. Quartz crystal orientation
data were collected by electron backscatter diffraction (EBSD)
using a NordlysMax detector mounted to the same scanning elec-
tron microscope. EBSD data were acquired under low-vacuum
mode with 50 Pa water vapour to prevent surface charging at the
higher accelerating voltage of 30 kV. A working distance of
15 mm and a step-size of 20 pm were used for all EBSD analyses.
The angular resolution of individual absolute crystal orientation
measurements under these operating conditions is expected to
be 0.1°-0.5° (Ruggles et al., 2016). All processing and plotting of
EBSD data were carried out using the MTEX toolbox in Matlab
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(Bachmann et al., 2010). Mean orientations were calculated for
each grain following the procedure outlined in Dyck and Holness
(2022). Not only does this procedure account for any lattice distor-
tion caused by the transition from hexagonal (high) to trigonal
(low) quartz, it also avoids the minor effect of differential strain
imposed on quartz during cooling (Beane and Wiebe, 2012). Mini-
mum misorientation angles for grain boundaries were set at 10°
and at 2° for subgrain boundaries (Hansen and Warren, 2015).
Quartz-quartz pairs separated by 60° about the c-axis (Dauphine
twin law) were identified and treated as single grains to account
for common growth twinning. Processed orientation maps were
then used to investigate the orientation relationship between all
quartz-quartz pairs.

The six most common CSL orientation relationships observed in
typical magmatic bihexagonal pyramidal quartz pairs, as described
by the angle formed (misorientation) between the c-axes of the
two crystals and the crystal face on which they meet, are: parallel
rhomb, parallel prism, rhomb 90°, prism 90°, rhomb 27° (Esterel
twin law), and s-face 90° (Fig. 1). Crystal orientation data were
used to identify rhomb 90°, prism 90°, Esterel, and s-face 90° CSL
orientation relationships. This was done by defining and plotting
CSL boundaries using the angle and rotation functions in MTEX
(e.g., 90° about [—-111] for rhomb 90°; see Supplementary Mate-
rial). Parallel CSL orientation relationships were recognised by
overlaying CL images and identifying neighbouring grains with
concentric oscillatory zoning that shared a common orientation.
Without 3-D crystal data it was not possible to distinguish parallel
crystals that meet on rhomb versus prism faces. Accordingly, both
parallel orientations are combined in the data reported here.
Combing these data will have no bearing on the conclusions as
there should be no grain boundary energy difference between
two parallel configurations.

3. Results
3.1. Orientation relationships of crystals in quartz clusters

In most of the previous studies that have looked at orientation
relationships of crystals formed by synneusis, grain boundaries

Quartz CSL orientation relationships

Parallel rhomb Parallel prism Esterel
Rhomb 90° Prism 90° s-face 90°

Fig. 1. Common coincident site lattice (CSL) orientation relationships for bihexag-
onal pyramidal quartz crystals.
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that form CSL orientation relationships are identified by a misori-
entation with a defined rotation axis and angle (e.g., 90° + 10° rota-
tion about the 1101 axis for rhomb 90°; Wieser et al., 2019; Dyck
and Holness, 2022). This approach detects crystal pairs with shared
grain boundaries that are within a defined degree of rotation from
CSL (e.g., £10°), but does not quantify the frequency of pairs occur-
ring at varying rotation angles from CSL. To evaluate how the align-
ment of crystals influences the likelihood of a pair being formed, I
generated multiple orientation maps for each sample that charac-
terized the orientation relationships of all grain boundary seg-
ments with varying degree of rotation from CSL (+10°, 20°, 30°,
and 40°). On each map, the quartz-quartz grain boundaries that
match the orientation relationships for rhomb 90°, prism 90°,
and Esterel, and S-face 90° are coloured accordingly (Supplemen-
tary Material). I then labelled each pair of quartz grains and, with
increasing rotation from the ideal coincident site lattice relation-
ship, recorded the angle (e.g., <10°, 10°-20°, 20°-30°, and 30°-
40°) at which a CSL orientation relationship was first identified
for a pair (Supplementary Material). Because some grain bound-
aries can be classified as more than one CSL when the definition
of CSL is relaxed (i.e., higher rotation angle), I only recorded the
first CSL identified for each grain boundary segment as the rotation
angle was increased.

Fig. 2 shows the distribution of total misorienation angles for all
quartz-quartz pairs studied as well as the simulated distribution of
uncorrelated grains with the same orientations as those measured.
In both samples, there is a high frequency of non-random parallel,
prism 90°, and rhomb 90° orientation relationships, which itself is
a hallmark of clusters that were formed by synneusis (Vance,
1969). Fig. 3 displays the frequency of quartz-quartz pairs as a
function of their angular rotation from the ideal CSL orientation
relationships. The most common orientation relationships found
in the Bobbejaankop quartz clusters are the parallel and 90° rota-
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tion of grains that meet along the prism and rhomb faces. In both
samples it is generally the case that with increasing degree of rota-
tion from the CSL orientation relationships there are fewer quartz
pairs formed. 70% of all pairs in sample ZP131 and 62% of all pairs
in sample BBK1 are recorded to be within 20° of rotation from one
of the prism or rhomb CSLs. However, crystal pairs that form
rhomb 90° and Esterel orientation relationships occur most fre-
quently in both samples at 10°-20° from CSL. For pairs attached
about the s-face 90° CSL there also appears to be a slight increase
in the likelihood of synneusis with increasing rotation from CSL.
However, there are too few quartz pairs that match the orientation
criteria for s-face 90°, only ~6% (n = 7) of quartz pairs in sample
ZP131 and ~13% (n = 25) in sample BBK1 can be defined within
40° of rotation from the s-face 90° CSL, to draw conclusions from
this trend.

3.2. Quartz cathodoluminescence zoning patterns

The majority of quartz grains in all of the samples examined
exhibit oscillatory CL zoning. However, the regularity of the oscil-
latory zoning does appear to vary between samples, with more
regular (concentric and idiomorphic) oscillatory CL patterns
observed in the larger quartz grains in the samples that were
collected nearer to the centre of the sill. These observations are
illustrated in Fig. 4, which shows representative CL images of
quartz grains from the roof, centre and floor of the intrusion.

When focusing in on the larger quartz grains that form the
multigrain quartz clusters in the centre of the intrusion for which
there is also crystal orientation data (samples ZP131 & BBK1), it is
common that one or both grains that share a CSL grain boundary
exhibits a change in the regularity of oscillatory CL pattern
(Fig. 5). This change in pattern regularity appears to always involve
rounding of the annulus that forms one side of the CSL grain
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Fig. 2. Distribution of total misorientation angle for all measured grain boundary segments showing prominent peaks around angles predicted for attachment along parallel,
prism 90°, and rhomb 90° orientation relationships. Note: parallel pairs identified in cathodoluminescence maps.
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Fig. 3. (a) Number of crystal pairs in sample BBK1 observed at varying rotations from CSL. (b) Number of crystal pairs in sample ZP131 observed at varying rotations from CSL.
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Fig. 4. (a) Schematic cross-section of the Bobbejaankop sill showing the stratigraphic position of samples studied, modified after Dyck and Holness (2022).
Cathodoluminescence (CL) images of oscillatory zoned quartz from the (b) roof, (c) centre and (d) floor of the sill.

boundary (i.e., the outermost annulus during at the time of syn-
neusis). The rounded boundary is identifiable by both a change
in the curvature of the internal CL facets/zoning as well as the trun-
cation of the previously formed (idiomorphic) oscillatory zonation
found inward of the boundary. When comparing the variations in
the CL patterns (e.g., the thickness and CL intensity) of the oscilla-
tory annuli of sintered quartz pairs, there is a marked difference in
the symmetry of zoning found inwards versus outwards of the
rounded boundaries. Outwards of the rounded boundaries, both
grains of a pair exhibit symmetrical CL zoning patterns (e.g.,
Fig. 5¢). While there may be differences in the thickness of concen-
tric annuli between grains, the sequence of CL intensities observed
outwards of the rounded boundaries remains the same. This is,
however, not the case when looking inwards of the rounding
boundaries where there is generally no common sequence of CL
zonation between the two grains of a sintered pair (e.g., Fig. 5e).
The observed CL patterns implies that two grains of a pair grew
separately at the time that their cores formed, stuck together at a
time corresponding to when the rounded boundary formed, and
thereafter grew together.

There are no discernible differences in either the occurrence or
appearance of the rounding of CL zoning as a function of the speci-
fic orientation relationship of the sintered pair (e.g., whether the
pair forms a parallel versus 90° or Esterel relationship); examples
of rounding are found in crystal pairs that form parallel rhomb,
parallel prism, rhomb 90°, prism 90° Esterel relationships
(Fig. 5¢c-f). The rounding of internal CL zoning described here is dis-
tinguished from other perturbations to the regularity of CL zona-
tion that are commonly observed near the rim of quartz grains,
which are typically irregular (e.g., wavy or lobate; Fig. 5f) and are
present in samples from all stratigraphic levels of the intrusion.

It is worth noting that as the rounding generally occurs towards
the centre of the grain pairs, and the thin-sectioning of the com-
plex cluster shapes does not cut through the cores of all grains,
there are some grain pairs that do not exhibit rounding of the CL
pattern. These pairs instead show broadly symmetrical CL patterns
across their common grain boundary. Accordingly, the lack of
rounding associated with some sintered pairs may be an artefact
of sample preparation.

4. Discussion

The observable phenomena associated with grain sintering in
solidifying systems can be divided into three main stages: i) forma-
tion and growth of a crystalline neck at the contact between the
two grains, ii) rigid-particle motion (translation and rotation) of
one or both sintered crystals, and iii) grain growth (Dake et al.,
2016; Bouala et al,, 2017; Kini and Chokshi, 2020). The driving
force behind the microstructural modifications in both stages 1
and 2 is the reduction of the grain boundary energy (interface
energy) of the aggregated crystals, whereas grain growth (stage
3)is driven by reduction in Gibbs free energy of the solidifying sys-
tem. When two suspended crystals come into contact the total area
of free surfaces is lowered by the formation of a single crystal/crys-
tal boundary. Although the absolute change in grain boundary
energy during this process depends on many factors (e.g., liquid/-
solid phase compositions, crystal orientation, impurity chemicals
along the interface) it is generally on the order of one-third that
of the free surface of equal area (Exner and Arzt, 1990). Accord-
ingly, it is energetically favourable to both develop and then widen
the crystalline neck that forms upon contact. Indeed, rapid neck
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Fig. 5. Quartz (Qtz) microstructures in sample ZP131, collected from the centre of the sill. (a) Thin-section scan showing clustered quartz and feldspar (Fsp) under crossed-
polars. (b) Quartz orientation map. (c-f) Cathodoluminescence (CL) images showing growth zoning (dashed white lines), rounding of oscillatory zoning (dashed yellow lines)
and symmetrical zonation in rim overgrowths for quartz pairs formed at varying degree of rotation from the parallel, prism 90° and Esterel coincident site lattice orientation
relationships. Blue arrows point to examples of the lobate CL patterns commonly observed near the rim of quartz grains. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

growth has been observed in electron microscopy sintering exper-
iments with both ThO, and Au microspheres (Nakaso et al., 2002;
Bouala et al., 2017). Such microstructural modifications are accom-
panied by similarly rapid changes in crystal size and shape,
enabled by the diffusion of components along the crystal surface.
A common feature of models that describe crystalline neck growth
is a surface motion driven by surface curvature, which is a difficult
and challenging mathematical problem (Cahn et al., 1996). The
governing equations are nonlinear time-dependent partial differ-
ential equations that are parabolic in nature such that the rate at
which the neck radius grows is initially very rapid and decreases
exponentially (Zhang and Gladwell, 1998). Based on the frequency
of sintered quartz clusters found in high-silica granite I infer that
the grain shape modification processes associated with neck
growth operates on shorter timescales than those that relate to
the movement of suspended crystals.

In a fully crystallized plutonic rock, where the porosity
approaches zero, the crystal necks formed between sintered grains
are not as readily observable as they are in crystal/liquid (or
quenched glass) mixtures. However, as outlined below, the CL
response and crystal orientations of the quartz clusters studied
here preserve a record of microstructural modification and growth
that is consistent with the three phenomenological stages of mate-
rial sintering.

4.1. Stage 1: Binding of crystals by rapid neck growth

The idiomorphic, concentric, and oscillatory nature of the CL
zonation observed in majority of the quartz core domains docu-
mented here is consistent with growth as isolated crystals sus-
pended in melt (Alexandrov, 2001; Holness, 2018). That the
observed rounding of quartz CL zonation consistently involves
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the annulus that forms one side of the CSL grain boundary is a good
indication that the ‘rounding event’ is associated with the initial
pairing of the crystals. These rounding events are interpreted here
as the preserved record of sintered neck formation and the atten-
dant microstructural modifications that affect one or both of the
sintered grains. The crystal rounding is a result of the preferential
growth of the sintered neck width at the expense of the higher
energy quartz-melt crystal surfaces. As with sintered alloys and
ceramics (e.g. Nakaso et al., 2002; Kini and Chokshi, 2020), the
growth of sintered necks may bind quartz crystals together and
significantly increases the shear strength of the clustered grains.

In addition to the modification associated with synneusis, the
observed rounding of quartz CL zoning may reflect a decrease in
the rate of quartz growth following synneusis; a consequence of
reducing the crystal/melt surface area. If quartz growth is tem-
porarily slowed or paused, the crystals may transform towards
their near-spherical quartz-melt equilibrium shape (Laporte,
1994). It is, however, unlikely that a decreased quartz growth rate
alone would result in the observed rounding features because the
rates of crystal-melt microstructural modification, while poorly
constrained, are thought to be orders of magnitude slower than
the relatively rapid grain shape modification associated with sin-
tered neck growth (Ryan et al., 2020).

4.2. Stage 2: Rotation of crystals towards lower energy orientation
relationships

Two mechanisms may have contributed to the high frequency
of quartz-quartz pairs observed at <20° misorientation from CSL
(Fig. 3). The first is that the success of quartz-quartz attachment
may itself be a function of the degree of misorientation from CSL,
with lower misorientations resulting in a higher probability of syn-
neusis. There is a known dependence of grain boundary energy on
the crystallographic misorientation of crystal pairs such that the
grain boundary energy increases with increasing misorientation
from CSL (e.g., Grupp et al., 2011). This dependency was aptly
demonstrated by the rotating crystallite experiments of Chan and
Balluffi (1985, 1986), where gold nanoparticles welded to a gold
substrate rotated towards CSL upon heating, driven by a reduction
in grain boundary energy. In a magmatic environment where sus-
pended quartz crystals can move independently of each other, it
may be that out of the many possible randomly oriented quartz-
quartz collisions only the few that are near CSL result in synneusis.
It may also be the case that the same hydrodynamic forces that
bring crystals together also cause random grain rotations (with
axes normal to quartz—quartz grain boundaries), which upon rota-
tion to the lower-energy CSL orientation relationships are frozen in
place.

The second and preferred way of interpreting the crystal orien-
tation data presented here is that upon meeting along common
crystal faces (i.e. rhomb-rhomb), quartz crystals rotate towards
the lower-energy CSL orientation relationships. When a grain
rotates, the energy along its surfaces will change and, when this
rotation reduces the net misorientation with neighbouring crys-
tals, interfacial energy is reduced (Wheeler et al., 2001). Accord-
ingly, the torque required for rotation is driven by a reduction in
grain boundary energy, and the magnitude of torque decreases as
a grain pair approaches CSL. Molecular dynamic simulations
demonstrate that individual grains in solid-state polycrystalline
aggregates will undergo rotation towards local minima in grain
boundary energy versus misorientation plots (Braginsky et al.,
2005; Upmanyu et al., 2006). Although grain rotation does not
require crystal suspension, rotation is more difficult to accomplish
in a solid matrix and generally involves the mobility of grain
boundaries that accompanies grain growth and shrinkage
(Upmanyu et al., 2006; Trautt and Mishin, 2012, 2014). Whereas,
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the efficiency of grain rotation is greater when crystals are sus-
pended in a liquid phase. This phenomenon is not restricted to
nanoscale; Dake et al. (2016) report direct observations of grain
rotations driven by grain boundary misorientation energetics on
partially molten Al-Cu alloys (crystal fraction of 0.7) with grain
diameters in excess of 200 pwm. Similarly, experiments by Grupp
et al. (2011) using tightly packed monocrystalline Cu spheres
(80-100 pm diameter) resulted in the rotation of individual crys-
tals by up to 8° from pre-sintering orientations. Further, Ohfuji
et al. (2005) document the preferential alignment of pyrite crystal-
lites in framboid clusters and interpret grain rotation as being the
cause of the non-random disorientation distributions.

Grain boundary energy for silicates and alloys increases non-
linearly from near zero at low misorientations (<0.1°) to ~1 J/m?
at misorientations of ~10°-15°, above which the grain boundary
energy takes on an approximately constant value (Duyster and
Stockhert, 2001; Dake et al., 2016). The precipitous drop-off in
grain boundary energy below misorientations of ~15° may explain
why (i) the majority of the quartz-quartz crystal pairs studied here
were found to be within 0-20° of rotation from one of the prism or
rhomb CSL orientation relationships, and (ii) for non-parallel CSL
orientation relationships, fewer crystal pairs were observed at
rotations of 0-10° from CSL than at rotations of 10°-20°. It may
be that the torque required to rotate crystals towards CSL was
insufficient at lower misorientation angles (e.g., <10°) and grain
rotation stalled before reaching these orientations.

The formation of a crystal/crystal contact is a prerequisite for
boundary energy-driven grain rotation. Therefore, grains may
rotate at the same time that they are growing sintered necks.
Accordingly, it may be that the rounding events preserved in
the CL zoning reflects a combination of both the microstructural
modifications associated with neck growth and with grain
rotation.

4.3. Stage 3: Continued crystal growth

Following the attachment and alignment of quartz pairs along
their shared grain boundaries there is a record of continued quartz
growth. This growth resulted in identical CL patterns formed out-
wards of the synneusis boundary, reflecting a shared growth his-
tory after the crystals were joined (e.g., Fig. 5c). It is worth
noting that clusters with multiple cores but a common overgrowth
(visible as CL bands) can represent sections through twins or epi-
taxial overgrowths (Dowty, 1980). However, as demonstrated in
Dyck and Holness (2022), both of those interpretations can be
ruled out with complementary orientation data showing the
clusters are made up of multiple independent grains.

5. Conclusions

Crystalline neck growth and post-attachment rotation of sin-
tered crystals are two mechanisms that, while well-documented
in alloy and ceramic studies, have largely been overlooked in geo-
logical studies. Together, these two mechanisms reduce the grain
boundary energy of crystal clusters while increasing the cluster’s
shear strength. The continued crystallization of sintered phases
(i.e. crystal growth outwards of the synneusis contact) will further
act to cement the crystal pairs and resist disaggregation. Quartz is
just one of many magmatic phases that forms clusters. However,
the high-fidelity record of CL zoning in quartz provides particularly
valuable insights into the growth and microstructural histories of
sintered crystal, insights that should also apply to olivine, plagio-
clase and other phases that form magmatic clusters. Independent
records of these processes may be revealed in the distribution of
phosphorus in olivine (owing to its relatively slow diffusion), CL
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zoning in plagioclase, and the crystal pair orientation relationships
of crystal clusters.
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