Contributions to Mineralogy and Petrology (2022) 177:64
https://doi.org/10.1007/500410-022-01922-9

ORIGINAL PAPER q

Check for
updates

Variation of plagioclase shape with size in intermediate magmas:
a window into incipient plagioclase crystallisation

Martin F. Mangler'® - Madeleine C. S. Humphreys' - Fabian B. Wadsworth' - Alexander A. Iveson' -

Michael D. Higgins?

Received: 21 December 2021 / Accepted: 16 May 2022 / Published online: 22 June 2022
© The Author(s) 2022

Abstract

Volcanic rocks commonly display complex textures acquired both in the magma reservoir and during ascent to the surface.
While variations in mineral compositions, sizes and number densities are routinely analysed to reconstruct pre-eruptive
magmatic histories, crystal shapes are often assumed to be constant, despite experimental evidence for the sensitivity of
crystal habit to magmatic conditions. Here, we develop a new program (ShapeCalc) to calculate 3D shapes from 2D crystal
intersection data and apply it to study variations of crystal shape with size for plagioclase microlites (/ < 100 um) in interme-
diate volcanic rocks. The smallest crystals tend to exhibit prismatic 3D shapes, whereas larger crystals (/> 5-10 um) show
progressively more tabular habits. Crystal growth modelling and experimental constraints indicate that this trend reflects
shape evolution during plagioclase growth, with initial growth as prismatic rods and subsequent preferential overgrowth of
the intermediate dimension to form tabular shapes. Because overgrowth of very small crystals can strongly affect the exter-
nal morphology, plagioclase microlite shapes are dependent on the available growth volume per crystal, which decreases
during decompression-driven crystallisation as crystal number density increases. Our proposed growth model suggests that
the range of crystal shapes developed in a magma is controlled by the temporal evolution of undercooling and total crystal
numbers, i.e., distinct cooling/decompression paths. For example, in cases of slow to moderate magma ascent rates and
quasi-continuous nucleation, early-formed crystals grow larger and develop tabular shapes, whereas late-stage nucleation
produces smaller, prismatic crystals. In contrast, rapid magma ascent may suppress nucleation entirely or, if stalled at shallow
depth, may produce a single nucleation burst associated with tabular crystal shapes. Such variation in crystal shapes have
diagnostic value and are also an important factor to consider when constructing CSDs and models involving magma rheology.
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Introduction rates are controlled by diffusion (large AT 280 °C) or inter-

face kinetics (relatively smaller AT), and in the latter case

Crystal shape has long been known to reflect magmatic
conditions during their growth (cf. reviews by Kostov and
Kostov 1999; Higgins 2006). For example, magma under-
cooling AT (i.e., supersaturation of the magma in response to
cooling or decompression) dictates whether crystal growth
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it may also impose a specific growth mechanism (i.e., con-
tinuous growth, surface nucleation or screw dislocation)
(Kirkpatrick 1975; Dowty 1980; Muncill and Lasaga 1987,
1988; Cabane et al. 2005). Undercooling-driven variations
in rate-controlling processes and growth mechanisms gen-
erate changes in crystal shapes, with diffusion-controlled
growth producing hopper, skeletal and dendritic morpholo-
gies, while interface-controlled growth forms euhedral crys-
tals (Lofgren 1974; Kirkpatrick et al. 1979; Muncill and
Lasaga 1987). Over decades of cooling (e.g., Lofgren et al.
1974; Walker et al. 1976; Nabelek et al. 1978; Muncill and
Lasaga 1988; Watanabe and Kitamura 1992; Duchéne et al.
2008; Pupier et al. 2008; Iezzi et al. 2011; Giuliani et al.
2020) and decompression experiments (e.g., Geschwind
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and Rutherford 1995; Hammer and Rutherford 2002; Couch
et al. 2003; Martel and Schmidt 2003; Brugger and Hammer
2010; Martel 2012; Mollard et al. 2012; Shea and Hammer
2013; Riker et al. 2015; Befus and Andrews 2018) in basaltic
and silicic systems, a general view has emerged that low
magma undercoolings produce equant crystal shapes, and
that increasing undercooling leads to more tabular shapes.
In addition, Higgins and Chandrasekharam (2007) suggested
that crystal shape can be modified by shearing or stirring.
On the other hand, it is also well known that many
erupted magmas show crystals ranging from sub-pm to cm
in size, a feature which is commonly exploited in crystal size
distribution (CSD) analysis to infer magma ascent pathways,
crystallisation kinetics, or crystal residence times (Marsh
1988; Cashman and Marsh 1988; Cashman 2020). Multiple
crystal populations in a magma suggest multiple nuclea-
tion and growth events under changing magmatic condi-
tions (e.g., magma undercooling). For example, microlite
populations may form by decompression during ascent to
the surface or by cooling during lava emplacement. It is
therefore reasonable to assume that each crystal population

Fig. 1 Backscattered electron
images of samples analysed

in this study. (a—e) Mt. St.
Helens. (a) SH52-2 (Dec
1980), (b) MSH90-9 (1982),
(c) SH131A-2 (Aug 1982), (d)
SH157 (Jun 1984), (e) SH226
(Oct 1986). (f) Santiaguito,
SG-09-04 (2000). Note the dif-
ferences in numbers, sizes and
shapes of plagioclase crystals
(the low contrast mineral phase)
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will develop distinct crystal morphologies reflecting these
changing magmatic conditions. Indeed, large variations in
3D crystal shapes have been reported within both experi-
mental runs (Duchéne et al. 2008) and natural samples
(Cashman and McConnell 2005; Mock and Jerram 2005),
and contrasting 2D shapes for microlites of different sizes
are visually discernible in many intermediate magmas (e.g.,
Hammer et al. 1999; Preece et al. 2016; Bain et al. 2019;
Wallace et al. 2020; Fig. 1). Nonetheless, CSDs are generally
constructed with the assumption that all crystal sizes have
the same shape.

The scope of this paper is twofold. Firstly, we present a
new stereological conversion program to estimate 3D crys-
tal shapes from 2D width-length data: ShapeCalc covers
a larger number and range of potential crystal shapes than
existing software, and it offers robust constraints on the
uncertainties associated with 3D shape estimates. Secondly,
we study variations in 3D crystal shape with size for plagio-
clase microlites (/< 100 um) in natural magmas of interme-
diate composition. We quantify how crystal shape changes
with size and use the results to constrain how plagioclase
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growth under changing magmatic conditions shapes crystal
morphologies.

Samples, data acquisition and nomenclature
Samples and data acquisition

Textural data for crystal size and shape analysis was
acquired for five dome rocks spanning the 1980-86
Mt. St. Helens eruption and two lava samples from the
1986-89 and 2000 eruptions of Santiaguito (Table 1,
Fig. 1). All samples have previously been described in
detail (Cooper et al. 2008; Streck et al. 2008; Scott et al.
2012; 2013). In addition, we re-analysed published tex-
tural data for microlites in dome rocks and pumice from
Galeras (Bain et al. 2019; 2021). Plagioclase microlites
in all samples are faceted and euhedral with no signifi-
cant evidence for disequilibrium (e.g., skeletal) growth.

For Mt. St. Helens and Santiaguito lavas, we used one
thin section per sample to acquire back-scattered electron
(BSE) maps of the crystalline groundmass on a Hitachi
SU-70 field emission scanning electron microscope at
Durham University (UK), using 15 kV accelerating volt-
age, 15 mm working distance, 60 ps dwell time, and
500-1000 x magnification. Crystal sizes captured typically
range from 1 to 100 um length, with minimal and maximal
crystal lengths constrained by the image resolution and map
size, respectively. Three to 14 stitched BSE maps < 1 mm?
were acquired per sample to ensure a sufficient number of
plagioclase crystals for shape analysis across all crystal
lengths (7, & 600-2500).

For each map, widths (w) and lengths (/) of all plagio-
clase crystal intersections not touching the edges were meas-
ured using line measurements in image processing program
ImageJ (Schneider et al. 2012). This method is different
from the common approach of obtaining w and / from an
ellipse with the same area, orientation and centroid as the
crystal intersection (e.g., Higgins 2000). The best-fit ellipse
approximation is time-efficient as it can be semi-automated
using image processing software (e.g., Lormand et al. 2018).
However, it requires full outlines to be specified for each
crystal, which can be challenging for intergrown crystals and
may introduce random errors if crystal outlines have to be
estimated. We tested the consistency of the two methods by
measuring and processing ~ 600 crystals using both crystal
outlines and direct line measurements (Online Resource 4).
Resulting shape data are in good agreement, suggesting that
the best-fit ellipse approach does indeed yield robust crystal
w-[ data that are directly comparable to data derived from
direct line measurements. Direct measurements of / and w
were used in this study nonetheless as they are judged to

be conceptually more robust in the presence of contiguous
crystals.

Binning strategy

Width-length datasets for each sample were subdivided
by crystal length into fractions of /=0-5 pm, 5-10 pm,
10-30 pm, and 30-100 pm to test for variations in 3D shape
with crystal size. The chosen bin limits are somewhat arbi-
trary but ensure sufficient crystal intersection data for robust
3D shape modelling in each bin (n,,;,, & 100-200, depending
on crystal shape; Online Resource 4), and their consistent
use facilitates direct comparisons between samples.

2D to 3D shape conversion: ShapeCalc

Crystal intersections are 2D representations of 3D objects,
and 2D intersection sizes and shapes (approximated by w
and /) are not a straightforward measure of 3D short, inter-
mediate, and long crystal dimensions (S:1:L; e.g., Higgins
1994; 2000). Constraining true 3D shapes requires a robust
statistic of 2D w-I measurements as well as knowledge of
the size(s) and orientation of crystals (preferred vs. random).
Higgins (1994) showed that for a population of randomly
oriented, anisotropic 3D objects of same size and shape, the
most likely intersection length / is close to the 3D interme-
diate dimension /, and the most likely intersection width w
approximates the 3D short dimension S. Hence, the mode
of a 2D w/l distribution yields the 3D S:I ratio of the true
shape (Higgins 1994; 2000). Estimates of the long dimen-
sion L are more difficult to obtain and less robust, as sec-
tions along the elongate axis are rare. Higgins (1994; 2000)
proposed an estimation of /L based on the skewness of the
w/l distribution.

Higgins’ equations relating 2D w/l to 3D S:1:L are based
on numerical models in which a rectangular block with a
defined S:I:L is randomly sectioned 50,000 times to produce
a representative w// distribution for the known 3D shape
(Higgins 1994). A version of this numerical model using
20,000 random sections is included in the crystal size dis-
tribution program CSDCorrections (Higgins 2000). In CSD-
Corrections, the user is required to input estimates for S:1:L,
which are used to generate a model w// distribution. The pri-
mary purpose of the model distributions is to perform tailing
corrections during the calculation of CSDs, but CSDcorrec-
tions also provides a visual comparison of model and sample
w/l distributions to check the adequacy of the input S:1:L.

A similar numerical modelling approach is used by the
standalone program CSDslice (Morgan and Jerram 2006).
Here, the w/l model distributions are based on 10,000 ran-
dom intersections, which are obtained by rotating a model
crystal into random orientations and cutting it perpendicular
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to the z-axis of a reference coordinate system. CSDslice
automatically compares sample w/l distributions with its
database of 703 model w// distributions for 3D shapes from
1:1:1 to 1:10:10 and identifies the five best S:1:L estimates
based on a goodness of fit test centred on the mode of the
distribution. Best S:1:L estimates from CSDslice are com-
monly used as input for CSDCorrections (e.g., Salisbury
et al. 2008; Brugger and Hammer 2010; Bain et al. 2019;
Lormand et al. 2020).

The respective model w/l distributions used by CSD-
Corrections and CSDslice are consistent for shapes with
S/ << 1, where the modes of the w/l distributions reflect
S/I (Fig. 2a, b). However, significant differences in model
w/l distributions are observed for shapes with S/I= 1 (i.e.,
equant and prismatic shapes; Fig. 2¢). In particular, while
CSDCorrections w/l distributions show a mode of w/l=1
reflecting S=I, CSDslice data lack a clear mode. This indi-
cates that there may be an error in the algorithm used by
CSDslice that is most evident for prismatic shapes. The
lack of a clear mode renders CSDslice model w/l distribu-
tions non-unique. For example, CSDslice model w/! distri-
butions for multiple different shapes can be combined to
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Fig.2 (a—c) Comparison of model 2D w// distributions used by CSD-
slice (Morgan and Jerram 2006; dotted lines) and CSDcorrections
(Higgins 2000; solid lines). Each distribution is obtained by 10,000
(CSDslice) or 20,000 (CSDCorrections) random sections of a model
crystal shape. (a) 1:2:4, (b) 1:10:10, (¢) 1:1:10. Note the large dis-
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closely reproduce its 1:1:10 model distribution (R, .

>0.8) (Fig. 2d). This suggests that the model distributions
underpinning CSDslice tend to return a shape with S ~1
(i.e., 1:1:L) for sample w/Il distributions without a clear
modal peak. Natural w/l distributions derived from igne-
ous rocks often lack such clear modes due to the presence
of multiple crystal populations as well as some variability
in shape within a single population (e.g., Duchéne et al.
2008). We therefore speculate that many natural samples
are likely to produce a 1:1:L outcome using CSDslice,
irrespective of their true crystal shapes. Indeed, published
plagioclase microlite shape estimates derived by CSDslice
are dominated by shapes with S~I (e.g., S:I=1:1.1-1:1.5
in Preece et al. 2013, 2016; Bain et al. 2019; and Wallace
et al. 2020). Furthermore, a core limitation of CSDslice
is that its model database is limited to 3D shapes from
1:1:1 to 1:10:10, and natural crystal shapes with higher
S:I or S:L can therefore not be reproduced. In our experi-
ence, this can generate artefacts suggesting a prevalence
of 1:10:10 shapes, particularly for experimental samples,
where shapes with S:L & 1:20 have been reported (Muncill
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crepancies for 1:1:10 model shapes. (d) Mixing of three CSDslice
model populations shows good agreement with its 1:1:10 model dis-
tribution (RéSDSlice >(0.8), illustrating how may yield erroneous 3D
shape estimates if multiple crystal populations with varying shapes

are present in a sample
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and Lasaga 1988; Hammer and Rutherford 2002). Finally,
in light of the significant differences in model w// distri-
butions between CSDslice and CSDCorrections (Fig. 2),
we suggest that it would be more internally consistent to
use the same w/l model distributions for both 3D shape
estimates and tailing corrections of CSDs.

With these considerations in mind, we created ShapeCalc,
a program implemented in Microsoft® Excel that automati-
cally compares a sample w/l distribution with 2618 model
w/l distributions generated using CSDCorrections, covering
an expanded range of shapes from 1:1:1 to 1:20:20 (Online
Resources 1 and 2). The best match between sample and
model distributions is found by maximising the cumulative
measure of the goodness of fit (termed R, 2, Online Resource
2). Here, we only report models with RL.2 >0.975, as lower
values indicate unsatisfactory model fits (Figure S2), though
the model will still generate outputs at lower RC2 that the
individual user can evaluate. Uncertainties on the best shape
estimate are given as 1SD (standard deviation) of the 300
best model fits, which may reflect natural shape variability
in monodisperse crystal populations as well as statistical
limitations on S// and I/L. An example output produced by
ShapeCalc is shown in Fig. 3, and the program and its full
documentation are provided in Online Resources 1 and 2.

Data presentation and shape nomenclature

We present 3D shape data using Zingg diagrams (after Zingg
1935), which plot the 3D intermediate to long axis ratio
I/L against the 3D short to intermediate axis S/I (Fig. 4a).
Throughout this work, we refer to 3D shapes with SxI~L
(e.g., 1:1:1) as equant; shapes with SxI<L (e.g., 1:1:10)
as prismatic or rods; shapes with S <I~L (e.g., 1:10:10) as
tabular; and shapes with S<I<L (e.g., 1:10:100) as bladed.
Shapes with low S/ are most likely to show elongate 2D
intersections, whereas shapes with high S/7 tend to exhibit
square intersections (Fig. 4a). We note that the term acicu-
lar technically refers to 3D needle shapes (i.e., Sl <<L),
and the term should not be used to describe elongate 2D
intersections, as these are related to tabular or bladed 3D
crystal shapes.

Results

For binned datasets, ShapeCalc results for Mt. St. Helens,
Santiaguito and Galeras show a consistent decrease
in S/I with increasing crystal size (Table 1, Fig. 4): the

Best 3D shape estimate Zingg Diagram

S 1 L Rc2 s/1 1SD (S/1) /L 1SD (I/L)
1.00 3.50 5.20 0.998 0.29 0.04 0.67 0.25
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Fig.3 Screen shot of ShapeCalc showing a good sample-model fit (RC2 =0.998)
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smallest crystals (/=0-5 pm) approach prismatic shapes
(S/1=0.7-1), whereas the largest fractions analysed
(I=30-100 pm) are tabular with S//=0.1-0.4. Typical
uncertainties are +0.03-0.10 for $/7 and +0.14-0.28 for
I/L. All samples show the same trend, however absolute S/1
values for different fractions vary, both between volcanic
systems and between different samples from the same sys-
tem. In addition, data for Mt. St. Helens and Santiaguito
trace an increase in /L for larger size fractions, suggesting
increased / at relatively stable S/L (Fig. 4a—c). No clear
correlation between S/I and I/L for different size fractions
is observed at Galeras (Fig. 4d), which may be due in part
two to three times larger uncertainties for I/L than for S/1.
The change from high-S/I (prismatic shapes) to low-S/1

(tabular shapes) with increasing crystal size is therefore
robustly documented by the data, whereas changes in the
longest dimension of the respective shape (e.g., tabular
vs. bladed) are less well constrained. Visual assessment
of rock textures qualitatively confirms a trend towards
lower S/I with increasing crystal size (Fig. 5). The 0-5 pm
fraction in Fig. 5b shows a markedly higher abundance
of 2D intersections with w=/, whereas the 30—-100 pm
fraction exhibits more elongate intersections with w/l =
0.2-0.3. We also tested whether the crystal shape varia-
tions observed for our samples could be generated by the
w/l data binning process itself, but found no indication for
such artefacts (Online Resource 5).
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Fig.4 (a) Blank Zingg diagram. In a Zingg diagram, the 3D interme-
diate to long axis ratio I/L is plotted against the 3D short to interme-
diate axis S// to fully describe the shape of 3D objects. The dominant
2D expression of respective 3D shapes is indicated on top of the dia-
gram. (b—d) Zingg diagrams showing 3D shape estimates for individ-
ual crystal size fractions obtained for n samples using ShapeCalc. (b)
Mt. St. Helens, (c¢) Santiaguito, (d) Galeras (Bain et al. 2019, 2021).

@ Springer

S/l

[=0-5 pm (yellow), 5-10 pm (orange), 10-30 pm (red), 30-100 pm
(dark red), and 0-100 pm (black; unbinned dataset). Symbol sizes are
schematically scaled to represent respective size fractions. Only 3D
shape estimates with R.2 > 0.975 are shown. Unbinned shape esti-
mates obtained by CSDslice (white) are also shown. A trend towards
lower /I with increasing crystal size is visible for all three case stud-
ies
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In contrast, 3D shape estimates for the complete, unbinned
datasets tend to produce poorer model fits, with several esti-
mates showing R > <0.975 (Table 1). Shape estimates with
acceptable fits (R,> >0.975) overlap with those for the binned
datasets, most commonly with the /=5-10 pm fraction (black
circles in Fig. 4). On the other hand, conventional processing
of the unbinned 2D dataset with CSDslice (white circles in
Figs. 4, 5) yields shapes with S~/ that do not reflect any of
the fractions in three out of five cases for Mt. St. Helens and
in three cases for Galeras. Such shape results do not reflect
any shapes of individual crystal fractions and are a combined
artefact of a hybrid input population and the model w/ distri-
butions used by CSDslice (Fig. 3d). Processing crystal size
fraction data using CSDslice yields qualitatively similar pat-
terns of decreasing S/1, albeit with significantly larger scatter
and common defaulting to 1:1:L shapes (Online Resource 3).

Discussion

Correlation between crystal shape and number
density

The increase in S/I towards smaller crystals coincides with
a general increase in the number of crystal intersections
in each fraction: for example, the 30—100 pm fraction of
1980-84 Mt. St. Helens rocks constitutes 11-24% of all
crystal intersections, whereas the 0-5 pum fractions account
for 22-40% (Fig. 6a—c; Table 1). The true number density
for the smaller fractions is likely even higher, as larger
crystals are more likely to be sectioned than smaller ones
(intersection probability effect; Higgins 1994). Experi-
mental constraints suggest that high number densities Ny,
are associated with high “effective” undercoolings AT,
(i.e., the difference between mineral liquidus temperature
and actual run temperature at (final) pressure; Hammer and

7 [=30-100 um
2 0 M 5
L 10 /=1030pum| £°
8 € 80
A 20 =
T 0 = 60
- =
c [d
.T_v 40 [=5-10 um g 40
>
5 ol 0 . : : : : |
c 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
40]7=0-5pm w/l S/l
20+ O 1=0-5pm @ /=10-30pm
o — (O AllcsDSlice
0.0 0.2 0.4 py 0.6 0.8 1.0 @ /=5-10 pm . 1=30-100 um
W

Fig.5 Worked example for MSH sample SH52-2. (a) extract from a
BSE image used for textural data acquisition. Plagioclase crystals are
outlined in white for better visibility. (b) 2D crystal intersections col-
orized by crystal size fractions. Note clear differences in w// between
fractions. (¢) individual w// distributions trace an increasingly domi-
nant peak at w/l ~ 0.2-0.3 for larger size fractions. (d) Relative con-

tributions of each fraction to the unbinned w// distribution. (e) Zingg
diagram showing best 3D shape estimates obtained with ShapeCalc,
as well as representative 3D models visualising respective shapes.
Note that the unbinned CSDslice estimate (white circle) does not
reflect any true crystal shape in the sample
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Rutherford 2002), which in turn is commonly considered
to produce low-S/1, tabular crystal habits (e.g., Lofgren
1974; Walker et al. 1976; Kirkpatrick et al. 1979; Shea and
Hammer 2013). According to the established paradigm,
we would therefore expect generally more tabular crystal
habits as Ny, increases, and specifically the lowest S/I for
the fractions with the highest number densities 0—5 um
fractions. However, our shape results trace the opposite
trend, with more prismatic habits as Ny, increases, and the
highest S/I for the 0-5 pm fractions (Figs. 4, 5).

It is crucial to note that the increasing Ny, for smaller
size fractions result in rapidly escalating cumulative number
densities during crystallisation, since logic dictates that the
largest crystal fractions crystallised first, and the smallest
last (Fig. 6d—f). Indeed, rocks from many natural arc volca-
noes exhibit high total Ny, of up to 10® mm~ (e.g., Pinatubo:
Hammer et al. 1999; Soufriere Hills: Murch and Cole 2019;
Mt. St. Helens: Cashman and McConnell 2005; Mt. Pelee:
Martel and Poussineau 2007), which have been notoriously

difficult to reproduce in experiments (e.g., Cashman 2020;
Lindoo and Cashman 2021). However, Martel (2012) experi-
mentally reproduced both the high total N, and the morpho-
logical variety of our natural samples by subjecting a rhy-
olitic melt to very low decompression rates of 0.003 MPa/
min to low final pressures of sz 5-10 MPa (A Teﬁ> 275 °C;
D35 in Martel 2012). Strikingly, crystal shapes developed
in these slowly decompressed, high-Ny, experiments show a
clear resemblance to our natural samples (Fig. 6f in Martel
2012), with an inferred range of S/I =~ 0.3—1. By contrast,
slightly faster decompression (0.04 MPa/min) at otherwise
identical run conditions produced lower Ny and generally
lower S/I (i.e., more elongate 2D shapes; D37 in Martel
2012). These experimental results are consistent with our
findings in natural samples. Importantly, the experimen-
tal suite produced by Martel (2012) shows no correlation
between crystal morphologies and host glass compositions,
ruling out variations in crystal growth regime as an explana-
tion for the changes in crystal shape. Instead, we suggest that
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Fig.6 (a—c) Proportions of crystal intersections by size fractions for
n samples, plotted against S// for (a) Mt. St. Helens, (b) Santiaguito,
(¢) Galeras (Bain et al. 2019, 2021). Note that number densities for
individual fractions are generally higher for the smaller, high-S//
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fractions than for the larger, low-S/I fractions. (d—f) Cumulative %
of crystal intersections, ordered by fractions of decreasing size, and
plotted against S/I for (d) Mt. St. Helens, (e) Santiaguito, (f) Galeras
(Bain et al. 2019, 2021)
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the observed correlation between total crystal number den-
sity and crystal shapes points towards a causal relationship.

Crystal growth modelling

To explore this relationship further, we consider that for a
given increase in crystallinity Ag of a magma, induced by
a given undercooling AT, a higher Ny, in the magma (i.e.,
the total number of both pre-existing and nucleating crys-
tals) results in a reduction in the ‘growth volume’ available
per crystal, AV, ., (Andrews and Befus 2020; schematic
in Fig. 7). Applied to our samples, the systematic change of
crystal habit with cumulative Ny, suggests that crystal shape
may be controlled by AV, and, by implication, that crystal
shape systematically changes during growth. Is it possible,
then, that the observed trend of decreasing S/1 with increasing
crystal size (Fig. 4) may simply trace the evolution of plagio-
clase morphology during growth? In other words, did the pla-
gioclase tablets of the 30—100 pm fraction initially crystallise

as rods similar to those of the 0—5 pm fraction, and continue
to evolve towards their final tabular shape?

To test this hypothesis, we modelled overgrowth of pla-
gioclase rods with S:1:L=1:1:3 by a typical tabular plagio-
clase shape (S:1:L=1:10:12, Fig. 7). We tested the extent
to which S/I of the external grain shape would evolve dur-
ing 20% crystallisation of a magma for two endmember
cases of naturally occurring number densities (Ny,= 10°
and 108 mm™) and a range of pre-existing crystal sizes
(I=0.5-30 pm). No new nucleation is considered in this
simple model (see below).

For the case of low number density (Ny,=10> mm™),
the relatively large AV, results in significant changes
of crystal morphology during overgrowth for pre-existing
crystals with /<10 pm (Fig. 7a). In particular, the small-
est crystals (/<1 pm) grow to thin tabular shapes with
S/1~0.12 and I/L~0.80 (Fig. 7a), equivalent to the shapes of
the 30-100 pm plagioclase fraction in natural samples. On
the other hand, at high number densities typical for erupted
rocks in volcanic arcs (Ny=10® mm™; Cashman et al.

2020), AV, 5 1s lower and crystals <1 pm grow to shapes
a. Low & moderate number density: low N, /A
10 1 L 1 1 Il 1 1 L 1
Ny =10°mm3 i Mt. St. Helens
large AV g fraction shapes
0.8 1
0.6 -
\‘ | A = 0> < - Pre-existing
L' 0.4 - ‘ crystal shape
initial shape of 0.2 : i O Overgrowth shape
pre-existing crystals : '
final Shape 1 " Final shape
0'00 0 ' 0'2 ' 0'4 ' 0l6 ' 0|8 ' 10 after crystallisation
. . . ’ ’ ’ ’ ’ ’ for initial crystal size of:
b. Escalating number density: high N,/A@ J
1.0 R P TR o |=0.5um
NV= 108 mm3 sma”Avcrysral ] O |=1um
\‘ 08 © O |=5um
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Fig.7 Schematic and models of crystal shape evolution during 20
vol. % crystallisation and number densities of (a) N = 10° mm~3; (b)
N,=10% mm™. The model illustrates tabular overgrowth (1:10:12)
of pre-existing prismatic crystals (1:1:3) with varying sizes (/=0.5—
30 um). (a) Low number densities result in relatively large growth
volumes per crystal, which therefore tend to develop tabular shapes.

If pre-existing prismatic crystals are small (/<1 pm), growth results
in tabular shapes approximating overgrowth proportions. (b) A high
number of pre-existing crystals results in low growth volumes per
crystal, and resulting shapes for small crystals (/<1 pm) are closer
to their prismatic starting shape. Larger crystals (/>10 pm) do not
change shape in either scenario
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with lower S/I approximating those of the <10 pm fractions
of natural plagioclase crystals (Fig. 7b). The models there-
fore show that the resulting final crystal shapes cover the
entire range in S// and I/L observed for our natural samples,
depending on Ny, and the sizes of pre-existing crystals. Add-
ing some new nucleation alongside overgrowth of existing
grains would dampen the calculated shape variations and

a. Schematic model

1.0 !
0.9 A .
low Ny/6@ 4y highAV g0
0.8 - early-formed crystals
0.7 4
initial shape
0.6 1 of nuclei
< os | <
0.4 A
0.3 A
0.2 4 high Nyu/6@ ., low AV g
last crystals
0.1 A
0.0 T T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 1.0
S/l
C. Silicic systems - fast ascent
1'0 1 1 1 1 1 1 1 1 1
cf. Fig. 11
0.9 + -
08 A early-formed crystals L
0.7 4 modelled shape -
0.6 1 last crystals
< 05 <
0.4 4
0.3 +
0.2 A
0.1 +
0.0 T T T T T T T T T 1
00 01 02 03 04 05 06 0.7 08 09 1.0
S/

Fig.8 (a) Schematic growth model relating plagioclase crystal
shapes with available growth volumes AV, which is a function
of number density Ny, and supersaturation ¢ at time t of nuclea-
tion. Low Ny, /5¢,,, impose high available growth volumes per crys-
tal, and larger, tabular crystals develop. High Ny, /6¢,impose low
available growth volumes per crystal, and smaller, prismatic crys-
tals develop. Since Ny, /6@ tends to increase in nucleating mag-
mas, early-formed crystals develop more tabular shapes than those
formed late during crystallisation. (b) Schematic model of the wide
range of crystal shapes developed in an intermediate magma during
slow ascent. Quasi-continuous nucleation during slow decompres-
sion results in a steady increase of Ny,,/¢,,, sampled by successive
generations of nuclei. Coloured fields are microlite size fraction data
for Mt. St. Helens (c.f. Figure 4). (¢) Schematic model of the rela-

@ Springer

decrease the grainsize at which the shape of pre-existing
crystals can be changed measurably.

These model results suggest that nucleating plagioclase
crystals in the groundmass of intermediate magmas may
have prismatic shapes, and that their final shape is con-
trolled by the available growth volume per crystal AV, .
Assuming that crystal growth rate is size-independent,
AV, can be expressed as the ratio between the number
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d. Basaltic experiments
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tively small range of crystal shapes typical for intermediate magmas
that ascended rapidly before briefly stalling at shallow depth prior to
eruption. Nucleation is suppressed during fast ascent, before a nuclea-
tion burst at shallow depth produces a large number of crystals with
tabular shape, rapidly increasing crystallinity. Coloured fields are
microlite size fraction data for Galeras sample AB22 (Bain et al.
2019); red circle is a model of plagioclase shapes formed for textural
characteristics of AB22 (A¢=0.2, N,=8 X 10° mm™3). (d) Experi-
mental data for cooling of a basalt at cooling rates of 0.2-60 °C/h
reprocessed from Pupier et al. (2008) and Giuliani et al. (2020) using
ShapeCalc. Data from Pupier et al. (2008) is unbinned; data from
Giuliani et al. (2020) is binned into fractions < 10 pm, 10-30 pm and
30-100 um. Note the shift towards lower S// in basaltic melts and the
trend towards higher S/ at a given I/L (white arrow)
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Fig.9 Schematic model of the textural evolution of intermediate
magmas during slow ascent. Early-stage nucleation deep in the con-
duit (Stage 1) and subsequent growth at low Ny, /5¢, (i.e., large
available growth volumes) produces crystals with tabular shapes.
Increasing number densities during ascent-driven nucleation progres-
sively decrease available growth volumes per crystal (Stages 2-3),
such that crystals formed late-stage remain small and prismatic in
shape (Stage 4). See Fig. 8b for and text for further explanation
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Fig. 10 Ranges of microlite shapes in dome rocks from the Mt. St.
Helens 1980-86 eruption. Ascent rates are from Rutherford and Hill
(1993). Larger S/I ranges represent wider nucleation intervals. See
text for interpretation

of all plagioclase crystals in the magma and the crystallisa-
tion increment to be realised, i.e., Ny/Ag@. High Ny/A¢ result
in a low AV, and produces final morphologies close to
the original prismatic shape, whereas low N,/A¢ results in
high AV, and will therefore change crystal shapes sig-
nificantly. Our models also suggest that once crystals have
reached ca. 20 pm in size, their morphology is unlikely to
significantly change, at least in a scenario of decompression

crystallisation of plagioclase microlites.

Thermodynamic considerations and the shape
of plagioclase nuclei

Progressive overgrowth of micrometre-sized prismatic
crystals by tabular shapes can explain the observed evolu-
tion of crystal shapes from rods to tablets as size increases.
The shape endmembers chosen for the growth modelling
reflect the range of shapes observed in natural silicic mag-
mas (Fig. 4). Adjusting the shape of the overgrowing crys-
tal will quantitatively affect the resulting shape distribution
but will not change the pattern observed. However, little
is yet known about the morphology of crystal nuclei—in
any crystal phase, but particularly in multi-component sili-
cate systems, due to the difficulties of direct observation
at very small scales and because it is unknown whether
bulk properties are relevant for nuclei. Classical nucleation
theory (CNT) assumes a spherical nucleus shape since it
was developed to describe phase changes in fluids (e.g., a
bubble of vapour forming in a fluid). Crystal nucleation is
also commonly described under the simplified assumption
that crystal nuclei are spherical (e.g., Dowty 1980; Schm-
elzer et al. 2018). However, many crystals are anisotropic,
with different faces having different interfacial free energies,
and their minimum energy shape is therefore not spherical,
but thought to reflect the interfacial free energies of respec-
tive faces (Gibbs—Curie—Wulff theorem; Gibbs 1876, 1878;
Curie 1885; Wulff 1901; Herring 1951). Tolman (1949)
further suggested that interfacial energies may be size-
dependent, such that the equilibrium shape for crystal nuclei
may not correspond to that of the macroscopic crystal. A
fundamental assumption underlying these considerations is
that crystal nuclei will assume the shape that minimises the
free energy. However, De Yoreo and Vekilov (2003) suggest
that only those nuclei that grow to critical sizes fastest will
survive, and these shapes may deviate significantly from the
shape that would minimise the interfacial free energy. This
permits elongate nucleus shapes with high surface area to
volume ratios (SA/V) and rough surfaces to be favoured over
compact, smooth shapes (e.g. Gasser et al. 2001, reported
in De Yoreo and Velikov 2003). In particular, both rods and
tablets have higher SA/V than equant shapes, and for a given
growth volume rods can achieve larger crystal sizes than tab-
lets due to fast growth being concentrated on one dimension
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only (e.g., S:I:L=1:1:10) rather than on two in the case of
tablets (e.g., 1:10:10).

Experimental evidence in other crystallising systems also
supports preferred growth of elongate rods following crystal
nucleation. For example, Shen et al. (2002) describe rapid
anisotropic growth along the c crystallographic axis during
nucleation of each of three Si;N,-based ceramics: (trigonal
a-sialon, hexagonal p-sialon, and orthorhombic O-sialon),
forming prismatic crystals within minutes. Shen et al. (2002)
call the process “dynamic [Ostwald] ripening” and sug-
gest that local supersaturation in the liquid results in rapid
precipitation “onto the crystallographic surfaces that will
most easily accommodate” it (Shen et al. 2002). Similarly,
Hammer and Rutherford (2002) describe growth of faceted,
prismatic plagioclase crystals with S~/ in a Pinatubo dacite
20 min after single step decompression to P;=5-25 MPa
(AT, = 186-266 °C). Crucially, crystal shapes subsequently
evolved towards tabular shapes with very low /I as anneal
time at P, increased (Fig. 12 in Hammer and Rutherford
2002). This evolution is directly equivalent to the trend
observed in the natural samples presented here, and it sup-
ports our interpretation that during decompression crystal-
lisation, plagioclase may indeed nucleate preferentially as
prismatic rods with high /7, before growing the intermedi-
ate dimension to form tabular shapes with low S/I.

Application of the growth model to natural samples

In order to transfer these results to natural samples (i.e.,
volumes of magma), we first need to consider that crys-
tallisation does not occur in discrete increments but as a
continuous process. It is therefore useful to discard the
static variables for total number density Ny, total (effective)
undercooling A7, and the crystallisation Ag required to
minimise it. Instead, we introduce dynamic variables tracing
the evolution of number density and undercooling during
crystallisation: Ny, is the cumulative number density and
AT, is the supersaturation of the magma at time 7 during
crystallisation; ¢, is the crystallisation required to mini-
mise AT, Each of these variables is constantly changing
as crystallisation proceeds. Assuming that nucleating pla-
gioclase is prismatic with S=x/, and that subsequent growth
preferentially increases the intermediate dimension towards
a tabular endmember (e.g., I~L), the shapes developed by
individual plagioclase crystals can be predicted as a func-
tion of the available growth volume per crystal AV, ., or
Ny./6¢, (Fig. 8a). For low Ny, /5¢,, large growth vol-
umes are available for individual crystals, hence they evolve
into larger, tabular crystals. For high Ny,,/6¢,, on the other
hand, AV, is low, and individual crystals will grow less
with little change in shape.

Crystallising magmas tend to evolve towards higher
Ny./o¢,, as they nucleate and grow crystals, because Ny,
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increases, which in turn facilitates a more effective reduc-
tion of AT, and 6¢,, (Brandeis and Jaupart 1987; Ham-
mer and Rutherford 2002). Tabular, low Ny, /¢, shapes
are therefore expected early during the crystallisation of
a magma, and progressive nucleation will produce more
prismatic, high Ny,,/6¢,,, shapes towards the end of crys-
tallisation (Fig. 8a). A similar evolution from disequilib-
rium to equilibrium shapes with increasing crystal number
densities has been predicted by Lofgren (1974). The total
range of S/I in a sample depends on (i) the number of pre-
existing crystals Ny, (e.g., the crystal cargo from magma
reservoirs); and (ii) the specific cooling or decompression
path, i.e. the temporal evolution of AT}, with Ny, and 6¢,,
being dependent on the nucleation rates imposed by AT,
(Hammer 2004). Specifically, the width of the nucleation
interval exerts primary control over the variability of S/I in
a sample: the growth model shows that crystal shape does
not change after crystals have reached ca. 20 pm in size
(Fig. 6), and therefore new generations of nuclei are required
in order to trace the evolution of Ny;,/6¢,, in a magma. Slow
decompression (Fig. 8b) or cooling favours nucleation over
a wider interval and tends to produce a larger range of S//
in a sample than fast decompression (Fig. 8c) or cooling,
where higher AT, and Ny, are achieved and crystallisa-
tion proceeds more rapidly (e.g., Hammer and Rutherford
2002; Hammer 2008; Riker et al. 2015). Different cooling
and decompression paths and their effects on crystal textures
have been extensively studied in decades of experiments in
an effort to reproduce textures observed in natural samples
(e.g., Lofgren 1974; Hammer and Rutherford 2002; Mar-
tel and Schmidt 2003; Martel 2012; Riker 2015; Befus and
Andrews 2018; Lindoo and Cashman 2021). These works
have highlighted stark differences in textural outcomes
depending on the temporal evolution of A7, (cf. Andrews
and Befus 2020). Here, we illustrate the effect of varying
ascent rates on crystal shapes using our dataset and model.

Firstly, we consider the Mt. St. Helens dome-building
eruption between December 1980 and October 1986
(Figs. 8b, 9, 10). Experimental results (Geschwind and
Rutherford 1995; Martel 2012) and other petrological con-
straints (Rutherford and Hill 1993) suggest that magma
ascent was slow, with the exception of the initiation and end
of the eruption. In this case, nucleation is quasi-continuous
and in fact increasing during ascent, as evidenced by the
generally increasing crystal numbers in successive fractions
(Fig. 6a). This suggests that AT, and d¢,) tend to increase
during ascent, likely due to degassing-induced increase of
the liquidus and nucleation delays (Mollard et al. 2012;
Rusiecka et al. 2020). The earliest plagioclase to nucleate
deep in the conduit (Stage 1) crystallises at low Ny,,), and
resulting low Ny, /¢, favours development of its tabular
characteristic morphology (Fig. 9). These crystals subse-
quently continue to grow to be erupted as the /=30-100 pm
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fraction. Further ascent and nucleation progressively esca-
lates Ny, of the magma (Stages 2-4), both due to increas-
ing crystal numbers of individual fractions (Fig. 6a—c), and
due to the cumulative effect of all crystal fractions in the
magma (Fig. 6d-f). As aresult, Ny, /59, rapidly increases,
and subsequent crystal fractions have decreasing AV,
and develop increasingly higher S/I (Fig. 9). Meanwhile,
the earliest crystals have grown to sizes large enough to pre-
vent any further significant changes in shape. This illustrates
how continuous nucleation and growth during slow ascent
produce a large range in crystal shapes, with late-nucleating
crystals retaining more prismatic shapes.

The time-series of the Mt. St. Helens dome-building
eruption between December 1980 and October 1986
shows how variations in ascent rate may affect plagioclase
microlite shapes (Fig. 10): the initial range of shapes of
S§/I=0.3-0.8 in December 1980 increases to 0.3—1.0 in
August 1982, with crystals < 30 um developing increas-
ingly higher S/I shapes. This implies a widening nuclea-
tion interval due to generally slower ascent rates or longer
stalling at shallow depth. A slight increase in ascent rates/
shallow storage timescales is indicated by the smaller S/1
range in the June 1984 sample. Ascent rates derived from
amphibole breakdown rims (Rutherford and Hill 1993)
do not show any significant variations during October
1980-84, but we note that these estimates are averaged,
minimum timescales of ascent from the reservoir to the
surface which may not fully describe the variability of
complex ascent paths. By contrast, the sample for October
1986 lacks microlites < 10 um, which suggests that storage
at shallow depth was shorter than the nucleation delay of
the magma, thereby suppressing nucleation entirely. This
interpretation is consistent with amphibole breakdown
timescales, which indicate significantly higher ascent rates
for October 1986 (Rutherford and Hill 1993). Higher S/1
for microlites > 10 pm indicate slightly higher Ny, /6¢,,
(i.e., higher number densities) in the lower conduit, which
may be due to a higher abundance of phenocrysts from the
reservoir in this sample.

Secondly, textures distinct from our Mt. St. Helens data-
set are observed for samples of the cryptodome (Cashman
and Hoblitt 2004) and for pumice from eruptions in Sum-
mer 1980 (HND clasts; Cashman and McConnell 2005).
These rocks are characterised by very high Ny, yet they are
dominated by crystals < 10 um length with low to interme-
diate S/, i.e., tablet shapes. Similar textures were observed
in isolated pumice clasts at Pinatubo (P901; Hammer et al.
1999), as well as in sample AB22 from Galeras (Table 1;
Fig. 8c; Bain et al. 2019). Such high- Ny, textures are com-
monly interpreted to reflect rapid ascent and subsequent
stalling at shallow depth (based on glass H,O contents;
Hammer et al. 1999; Cashman and Hoblitt 2004), possi-
bly also involving mechanical breakage of crystals during

repressurisation (Lindoo and Cashman 2021). This sce-
nario implies suppressed nucleation during most of the
ascent path, followed by a single nucleation burst at shal-
low depth (Fig. 11). At the beginning of the nucleation
burst, AT, and é¢,, approach total AT, and Ag, which
results in low Ny, /¢, and high AV, ... Our model
therefore predicts tabular shapes for this scenario: Using a
prismatic nucleus (/=0.5 pm) and textural parameters for
AB22 as input (49 =0.2, N,=8 x 10° mm~>, Bain et al.
2019), our model yields a 3D shape of 1:5:8 (red circle
in Fig. 8c), in agreement with the most tabular shapes of
sample AB22. Furthermore, nucleation occurs over the
narrow interval of the burst, rapidly driving down é¢,),
and as a result, the range of plagioclase shapes formed
is much more restricted (Fig. 8c) than in the slow ascent
case (Fig. 8b).

Implications for the relationship
between undercooling, number density and crystal
shape

The key concept of the model presented here is that the ini-
tial shapes of nucleating plagioclase crystals are metastable
prisms, and that final microlite shapes are controlled by the
growth volume available per crystal AV, prescribed
by the balance between crystal number density Ny, and
crystallisation potential 3¢, The examples above illustrate
that the temporal decompression (or cooling) pathway is
the crucial parameter controlling groundmass textures (see
also Andrews and Befus 2020). Hence, total number den-
sity Ny and total undercooling AT, are poor predictors of
crystal shapes in a magma batch; instead, the temporal co-
evolution of AT, and Ny, is key. A straightforward rela-
tionship between crystal shapes and AT, is therefore not to
be expected. With this in mind, the established paradigm
that higher undercoolings produce less equant crystals (e.g.,
Lofgren 1974; Walker et al. 1976; Kirkpatrick et al. 1979;
Blundy and Cashman 2008; Shea and Hammer 2013) may
not fully characterise crystal shape evolution during ground-
mass crystallisation of geological samples. In fact, assuming
homogeneous nucleation, the lowest undercoolings are likely
to produce low-S/I, tabular crystal shapes: nucleation rates
strongly decrease with decreasing undercooling (Hammer
2004), hence low AT, results in low Ny, /5¢,, favouring
growth of thin, tabular crystals. Indeed, the most elongated
2D plagioclase shapes reported by Hammer and Rutherford
(2002) 20 min after single-step decompression (AT, ; ~AT ;)
are those crystallised in the experiments with the smallest
decompression (i.e., lowest undercooling; ATeﬁs 70C, their
Fig. 12). Similarly, single-step decompression experiments
on a synthetic rhyodacite by Mollard et al. (2012) produced
the lowest S/1 for the lowest undercoolings (AT,;= 55 °C).
In addition, as discussed above, any pre-existing crystals
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Fig. 11 Schematic for the textural evolution of intermediate mag-
mas during rapid ascent and stalling at shallow depth. Nucleation is
suppressed in the lower conduit as ascent is faster than the nuclea-
tion delay of plagioclase. Crystallisation occurs following a single
nucleation burst at shallow depth (Stage 1-2); the lack of prior crys-
tallisation imposes a large 5¢,,) and therefore relatively high available
growth volumes despite high number densities. Resulting textures are
characterised by abundant, small, tabular crystals. See Fig. 8c for and
text for further explanation

further modify Ny, /6¢,, and therefore control numbers and
shapes of growing crystals. We therefore conclude by stress-
ing that the relationship between undercooling and shape is
moderated by the specific crystallisation history of a magma.

Future work

Our model is based on natural and experimental samples
with rhyolitic melt composition, which experienced moder-
ate to high effective undercoolings in response to decom-
pression. Lower effective undercoolings < 50 °C need to be
studied to better understand and model magma reservoir pro-
cesses. This is crucial because interfacial energies have been
shown to vary as a function of AT in decompression experi-
ments (Hammer 2004), which may affect both nucleation
and growth shapes. More generally, interfacial energies may
vary with a number of parameters, including melt and crystal
compositions (Takei and Shimizu 2003), melt viscosity and
water contents (Hammer 2004; Mollard et al. 2020), and
crystal size (Schmelzer et al. 2018). Variations in nucleus
and overgrowth shapes as these parameters change are plau-
sible and this needs to be explored and incorporated into
the growth model. In particular, the model needs validation
for basaltic compositions, where plagioclase crystals show
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generally lower S/I shapes (i.e., thinner tablets; Fig. 8d). This
may be partly explained by lower nucleation rates in less
silicic melts (Shea and Hammer 2013) but could also be
related to differences in plagioclase-melt interfacial ener-
gies due to lower melt viscosities. Moreover, experimental
data for cooling experiments in basalts (A7/t=1-60 °C/h,
total cooling of 19-500 °C; Pupier et al. 2008; Giuliani et al.
2020) show that some runs trace an offset from the trends
observed in this study towards higher S/L (i.e., relative
growth of S; arrow in Fig. 8d). This second trend approxi-
mates what is commonly considered the Wulff shape for
plagioclase. Plausible explanations for the relative increase
of S include variations in diffusivities related to melt viscos-
ity (Kitayama et al. 1998), different growth mechanisms at
low undercoolings (e.g., Cabane et al. 2005), or synneusis
(Pupier et al. 2008); more experiments are needed to explore
this observation further.

Finally, more work is necessary on the effect of the tem-
poral evolution of Ny, and AT, on crystal shapes. Suitable
published experimental data may be complemented by new
experiments constraining a variety of pre-existing crystals
and temporal evolutions of AT, to relate the range in crystal
shapes in natural samples to specific undercooling histories,
both in magma reservoirs (phenocrysts) and in the conduit
(microlites). Crystal shape is an important factor controlling
magma rheology (e.g., Mueller et al. 2010; Cimarelli et al.
2011; Moitra and Gonnermann 2015), which in turn affects
mush unlocking timescales (Spera and Bohrson 2018) and
eruption styles (Bain et al. 2021; La Spina et al. 2021), hence
a better understanding of how magma crystallisation path-
ways affect crystal shape is of crucial importance.

Conclusions

We studied variations in crystal shape as a function of size
for plagioclase microlites (/< 100 pm) in intermediate mag-
mas. The main findings of this work can be summarised as
follows:

1. We present a new program to calculate 3D shapes from
2D crystal intersection data, ShapeCalc with improved
range of model shapes, uncertainty estimation and pre-
cision. Stereological projections are based on the same
models as those used in CSDCorrections, facilitating
greater consistency in CSD analysis.

2. Crystal shape varies systematically with size in dome-
forming magmas: the smallest crystals show prismatic
3D shapes (8/I=0.7-1), whereas larger crystals gener-
ally have tabular habits (S//=0.1-0.5).

3. The trend from prismatic to tabular shapes with increas-
ing crystal size reflects shape evolution during incipient
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plagioclase growth, with nucleation as high-S/I pris-
matic rods and subsequent preferential overgrowth of
the intermediate axis to form tabular shapes with low
S/

4. Early-formed crystals grow to larger sizes and tabular
shapes, whereas those formed late-stage tend to retain
more prismatic habits.

5. Microlite crystal habits depend on the available growth
volume per crystal, which is a function of the total num-
ber of crystals in the magma Ny, at the time of nuclea-
tion, and the crystallisation volume ¢, prescribed by
the undercooling AT,

6. The total range of microlite shapes is controlled by the
temporal evolution of undercooling and Ny, In general,
faster cooling/decompression produces a smaller range
in crystal sizes and shapes than slow cooling/decom-
pression. The proposed growth model can explain the
range of textures observed in intermediate volcanic
rocks with different ascent histories.

7. Variation in plagioclase crystal shapes is of petrogenetic
significance and an important factor to consider when
constructing CSDs and using fluid dynamical models
involving magma rheology.
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