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ABSTRACT

Rock textures observed via thin section are skewed from their true 3D nature. This is due to a variety of
cut effects—artifacts that are introduced due to the lower dimensional nature of the thin section
relative to the rock. Typically, these methods invert crystal shape and crystal size, but with each process
performed separately and in sequence. With the ongoing adoption of electron backscatter diffraction
(EBSD) by petrologists, an additional data stream has now become available: the 3D orientation of 2D
grain sections. For EBSD analysis, no stereological corrections are typically applied for interpreting the
data. In this study, we test whether this orientational information is also skewed due to a fabric cut
effect. We test this by numerically generating synthetic crystal datasets representative of a number of
crystal shapes and population sizes. We find that EBSD orientational data does have a fabric cut effect
since crystals oriented with long axes perpendicular to the thin section are more likely to be sampled
compared to those with long axes oriented parallel to it. This effect needs to be accounted for to
accurately interpret the true 3D fabric. Towards this end, we develop a method of inverting cut fabrics
which provides robust error estimations and show its accuracy using a range of synthetic examples.
When applied to natural samples, which are inherently more complex than the simplified, synthetic
samples, we find that the inversion process does not always produce geologically plausible results. To
more faithfully correct for the different cut effects, we argue that the stereological inversion process
should not be performed separately or sequentially, as is commonly done at present. Instead, we need a
new textural toolkit framework to correct for crystal shape, size, and orientation simultaneously with
accurate uncertainty estimates.

1) Introduction

Rock texture encapsulates the spatial and geometric characteristics elements within the rock.
Particle shape, size, and orientation are all examples of textural features. The textural information is, in
turn, a critical observational input for characterizing the physical properties of geomaterials and
understanding the processes associated with forming the constituent minerals. For instance, rock
textural features encode many physical properties of the rock, such as seismic wave speed (Satsukawa
et al. 2013; Frothingham et al. 2023), thermal expansivity (Gibert et al. 2003), fluid permeability
(Urumovic and Urumovic 2014), and mechanical strength (Prikryl 2006). Additionally, in igneous rocks,
the mineral grain shape and size are functions of cooling rate (Holness 2014; Mangler et al. 2022;
Marsh,1998), while orientations can encode the kinematic history (e.g. magmatic sense of shear:
Vukmanovic et al. 2018; compaction: Bertolett et al. 2019; Jenkins et al. 2022; grain clustering
mechanisms: Wieser et al. 2019; Holness et al. 2023). Similar applications can be extended into
metamorphic systems with rock fabric encoding the deformation history and behavior (Bernard et al.
2023; Bestmann et al. 2006; Casale et al. 2023; Cross et al. 2017b, Haertel and Herwegh 2014; Fossen
and Cavalcante 2017; Koyama et al. 2023; Levy et al. 2023; Li et al. 2023; Rehman et al. 2023; Taylor et
al. 2023; Wiesman et al. 2023), impact dynamics recorded in meteorites (Goudy et al. 2023; Forman et
al. 2023), fluid reactivity with primary minerals (Andreani et al. 2009; Etschmann et al. 2014; Kang et al.
2010), sedimentary processes (McLaren 1981), as well as biosphere/geosphere interaction
(Hemkemeyer et al. 2018).

Historically, most textural analyses have been performed in thin section, by measuring the 2D
outlines of the intersection between a crystal and the thin section. This methodology requires little in
terms of instrumentation—a petrographic microscope and illustration software—so the entry cost is
minimal. Over the past few decades, there have been significant improvements - both on the
instrumental side (e.g., digital microscopy, EBSD: electron backscatter diffraction, QEMSCAN:
guantitative evaluation of materials by scanning electron microscopy), as well as data analysis methods
(e.g., image segmentation, shape and spatial analysis), in characterizing the rock microtexture and rapid
processing of large datasets. However, there is still inherently a fundamental challenge with all these



methods of textural analysis on a thin section: converting 2D in-plane measurements to 3D estimates
using stereological correction techniques. To overcome this challenge, 3D imaging techniques like X-ray
tomography have been developed for textural analysis (Jerram and Higgins 2007; Jerram et al. 2010;
Lanzafame et al. 2017; Polacci et al. 2018). However, these techniques are inherently data intensive
(both in terms of collection and processing), expensive, and are hence not eminently scalable or easily
accessible for the majority of the geoscience community. Thus, 2D thin section analysis remains the
dominant and most accessible form of textural analysis.

The challenges associated with accurate stereological (2D to 3D) analysis have been known for
decades (Higgins 1994; Howard and Reed 1998; Saltikov 1967; Underwood 1969). Several stereological
2D to 3D correction tools have been developed based on these, especially in the igneous petrology
community (e.g., CSDCorrections: Higgins 2000; CSDslice: Morgan and Jerram 2006; ShapeCalc: Mangler
et al. 2022). The 2D crystal size is by far the most analyzed parameter, corresponding to the areal
intersection of a 3D crystal with the cutting plane of the section. The 3D shape of crystals can be derived
from 2D measurements by adopting different stereological approaches. However, these existing tools
for stereological corrections are based on several simplifying, but hidden, assumptions which may not
be appropriate for each dataset. For instance, analysis methods frequently assume that crystal shape is
constant across all crystal sizes, whereas this can potentially vary across the population (Mock and
Jerram 2005), or as a function of crystal size (Dunbar et al. 1995; Mangler et al. 2022). Analogously, the
tools typically do not provide the full uncertainty covariance matrix between shape, size, and
orientation. In addition, these prepacked tools are typically not fully open source, and without access to
the underlying code for analysis and synthetic crystal cut generation, significant barriers are present for
users to make modifications as needed for their geologic context and datasets.

There is thus a need for an open source, well-documented, validated, and extendable textural
analysis toolkit for thin section analysis with two key aims: (1) accurate stereological textural corrections,
with associated uncertainties, for shape, size, and orientations, and (II) flexibility to incorporate multiple
types of thin section datasets jointly (i.e. electron beam methodologies as well as different optical
methodologies such as reflected light with different lllumination angles, transmitted light, and cross-
polarized with multiple orientations). The need for this textural toolkit is, in particular, becoming
increasingly relevant since two mature methodologies are capable of automated grain analysis within
the Scanning Electron Microscope (SEM. QEMSCAN utilizes chemical analyses to identify phases, and can
produce grain maps on the basis of these chemical differences. Another technique, EBSD, utilizes crystal
lattice to identify phase and crystal lattice orientation to segment grains (for review, see: Wilkinson and
Britton 2012; Britton et al. 2016). One of the benefits of EBSD analysis is that it can be used for
automated grain segmentation based on the principle of localized orientation clustering within a single
crystal (Cone et al. 2020). Thus, EBSD datasets address some of the key practical challenges with classical
thin section analysis: (a) collecting statistically significant datasets via manual crystal tracing are time
consuming, and (b) these datasets are prone to error because crystal boundaries are often subjective,
and variance in analyses occurs from person to person.

EBSD, compared to QEMSCAN or traditional optical methods, additionally provides 3D crystal
orientations of 2D crystal intersections, yielding a 2.5D map of rock texture. In this study, we focus on
EBSD analyses, because the orientation information represents an additional, hitherto unexplored, data
stream that can be leveraged to more fully characterize rock texture. In particular, this paper focuses on
the following question: What are the (if any) stereological biases that can be present when analyzing the
crystal orientation datasets from EBSD? An increasing number of studies are using EBSD for rock textural
analysis (Bernard et al. 2023; Bertolett et al. 2019; Casale et al. 2023; Cheadle and Gee 2017; Cross et al.
2017a; Cross et al. 2017b; Forman et al. 2023; Goudy et al. 2023; Henry et al. 2021; Holness et al. 2023;
Jenkins et al. 2022; Koyama et al. 2023; Levy et al. 2023; Li et al. 2023; Rehman et al. 2023; Wieser et al.
2019; Wiesman et al. 2023; Vukmanovic et al. 2018; Zavada et al. 2009). However, in contrast to 2D thin



section size-shape analysis, the need for stereological corrections with EBSD orientation datasets hasn’t
been thoroughly scrutinized. Our study addresses this critical knowledge gap and illustrates that the
EBSD data does display a “fabric” cut effect that must be corrected for, especially in samples with weak
fabric (e.g., magmatic systems). This illustrates one of the necessary components for a next-generation
textural toolkit.

We begin with a brief review of stereological artifacts (section 2), followed by the
methodologies employed in EBSD and our modelling (section 3). Following this, we present results from
synthetically developed rock textures and develop an inversion algorithm to correct for the fabric-cut
effect (section 4). Finally, we apply our methodological approach to a few natural samples and discuss
the key challenges to further develop the textural toolkit (section 5).

2) Background
A 2D slice of a 3D object represents a loss of dimension, and consequently, loss of information about the
3D structure of the object. The observable data in a 2D slice deviates from that of the true 3D quantity
(or likewise 1D slices of 2D shapes). This is known as a cut effect. The goal of stereology is to correct for
these cut effects, allowing for a more robust interpretation of the 3D characteristics of a sample from a
2D cross-section view. Several cut effects become embedded in the 2D information offered by the cross-
section. While these are typically lumped into a catch-all term, the cut effect, we unpack this general
term and explicitly detail each type:
(a) Size-Cut Effect: the apparent size of a cut particle (i.e. crystal, grain, or otherwise) is dependent
on the orientation of the particle, as well as its extra-dimensional location relative to the cut. This results
in a range of potential apparent sizes for a particle. For a random underlying distribution of particle
orientations and centers, the size-cut effect results in a distribution of apparent sizes, even if the
underlying size is the same for all particles (Figure 1a). Because the apparent size of a particle offered in
a slice can never be larger than the true size of the particle, the size cut effects often makes particles
appear smaller than reality.
(b) Size-Distribution-Cut Effect: for a unit area or a unit volume, a 1D and 2D cut section
respectively is more likely to intersect a large particle than a small particle (Figure 1b). For a distribution
of particle sizes, a slice thus disproportionately samples larger particles. This leads to a bias in the
measurement particle size distribution in a 2D thin section compared to the 3D size distribution with
apparent too many small particles in the measured 2D cut (analogous to 1D).
(c) Shape-Cut Effect: Depending on how a particle is sliced, the resulting lower dimension shape is
not representative of the true shape of the particle for a large proportion of potential slices. Thus, the
measurements of particle shape descriptors such as aspect ratio, ellipticity, particle area, Feret
diameter, etc., would also be biased compared to the true 3D distributions. The potential shape-cut
effect becomes increasingly large as the particle shape deviates from a sphericity.
(d) Fabric-Cut Effect: For a collection of distributed particle orientation, particles are more likely to
be intersected when their long axis is perpendicular to the thin section, and less likely when the long axis
is in plane with the thin section (Figure 1c). An intersection phase diagram (Figure 1d) can be mapped by
varying the distance between particle centers and the cut, then rotating the particles and testing for
intersection. In this example, the particles are rectangles (Long: 3, Short: 1), and it can be observed that
as the orientation of the rectangle long axis approaches perpendicular to the intersection line, they are
sampled by the cut from greater distances. For a uniform distribution of particle orientations and
particle centers, the result is an apparent fabric with long axes oriented perpendicular to the cut.

These cut effects do not exist in isolation from each other. Instead, the overall cut effect is a
function of each cut effect, coupled to the others. If we care about the fabric of the sample as a
microstructural quantity, then all cut effects need to be self-consistently accounted for. Even if we use



EBSD which provides crystallographic orientations directly, and hence nominally the micro-textural
fabric, the EBSD results still need to account for the fabric cut effect.
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Fig. 1 Simplified, 2D examples of Cut-Effects. a) Slices of cut shapes are lower dimensional features
(here: 1D line segments), which are skewed from the true higher dimensional shape. b) The cut
disproportionately samples crystals of different shapes (shown) or sizes (not shown), despite other
variables being controlled for. c) The Fabric Cut-Effect is the disproportionate sampling of crystals on the
basis of orientation, indicating that the apparent fabric of a slice is skewed from the true higher-
dimensional fabric. d) The sampling space for a 2D shape with Long: 3, Short: 1 dependent on shape-cut
distance (y-axis) and long axis orientation relative to the cut (x-axis). Numbered points correspond to

the oriented shapes in C

Traditional textural analyses correct for cut effects independently. For example, a typical
workflow is to first invert for crystal shape (i.e., shape-cut effect, CSDslice: Morgan and Jerram 2006;
ShapeCalc: Mangler et al. 2022), then using this as input, invert for crystal size distribution (i.e., size- and
size-distribution-cut effects, CSDCorrections: Higgins 2000). While the shape-, size-, and size-
distribution-cut effects have been analyzed in previous studies, a careful analysis of the fabric-cut effect
and methods to correct for it are currently lacking. The fabric-cut effect forms the basis of this study. An



investigation of the fabric-cut effect is presented here, followed by tools to interpret and process EBSD
fabrics. The first tool is a simple method for characterizing fabrics as being either consistent with
uniform or non-uniform orientations. The second is a method for inverting the cut effect to construct a
representation of the underlying 3D fabric using a synthetic forward modeling approach. As a first
approach towards investigating the fabric cut effect, we follow an approach motivated by similar
existing methodologies, where the fabric cut effect is solved for independently of the other cut effects
and thus assumes that the different cut effects are sequentially separable. Therefore, the hypothesis is:
the full cut effect correction (f) can be represented as a series of sequential functions:

f (shape, size, orient.) = f, (shape) X f, (shapey, orient.) X f,(shape,, orient,, size) (1)

Where fy is the shape cut effect, f, is the fabric cut effect with shape fixed, and f, is the size and size
distribution cut effect with shape and orientation fixed. We test this assumption by developing a
method for fy and applying it to synthetic and natural samples.

We note that in natural datasets, other effects need to considered. For example, the spatial
interdependence of multiple particle populations leading to correlations and constraints on particle
orientation to not physically overlap. A potentially influential effect on results is the number of
measured crystals. There is ever only a finite number of measurements of crystals within a single
sample, and depending on whether the data is acquired manually or in an automated fashion, the
sample size can vary markedly. Thus, the effects of crystal numbers include additional uncertainties in
inversion methods when correcting for all the stereological cut effects.

3) Methods

Following existing work in this field, we follow the general outline for modelling the cut effect of
grain shape (Higgins 1994; Morgan and Jerram 2006; Mangler et al. 2022). At the heart of these 3D
shape estimators is a catalog of 2D intersection data from known 3D shapes that have been uniformly
rotated and randomly distributed in a volume, such that all particles are free to “miss” the intersection
plane, and only 2D data from intersections are collected.

We generate synthetic rock fabric datasets in the MATLAB environment. A key rationale for this
choice is that the freely available MTEX toolkit (Bachmann et al. 2010) designed for analyzing EBSD data,
is written in the MATLAB environment. Additionally, MTEX has many built-in functions that aid in
generating and analyzing synthetic datasets. A user-defined, six-sided crystal shape, tied to
crystallographic axes, results in eight vertices of a simple unrotated crystal (Figure 2a). This shape is
fixed across all generated crystals. From a prescribed input fabric, discrete rotations are sampled as unit
guaternions and applied to the set of unrotated crystals (Figure 2b). A quaternion, g, can be expressed
as a combination of real and complex numbers, usually in the form of:

q=a+bi+cj+dk (2)

Unit quaternions, which are defined as a quaternion of length = 1, can be rewritten as the
combination of a vector, V, which serves as the axis of rotation, and a rotation magnitude:

q = cos (g) + sin (g) vV (3)

Here, O is the rotation angle, and V is the axis of rotation, a vector on the unit sphere given in
cartesian coordinates (x,y,z). Notably, unit quaternions span SO3 (i.e. the 4D space of all rotations in 3D),
avoiding the degeneracy associated with Euler angle rotations (Shoemake 1992). Applying sets of
random Euler angle rotations does not generate a uniform distribution of orientations in SO3 (i.e., a



Fig. 2 Synthetic ODF Algorithm. a) 3D shapes are generated with crystallographic axes tied to coordinate
axes. The crystal shape shown is A:3 B:2 C:1. b) After choosing a rotation, the vertices of the 3D shape
are rotated, shown here using a unit quaternion (the red vector is the rotation axis defined by the vector
portion of the quaternion). c) Rotated shapes are immersed into a volume with cut plane shown in
purple. The orientations are collected from the shapes which intersect the cut plane (Green), and
discarded when the shapes do not intersect the cut plane (Black)

uniform orientation distribution function, or ODF). The Euler angle approach, while seemingly intuitive,
is flawed due to spherical geometry, where random rotations are concentrated towards the poles.

Once a crystal is rotated, the fabric cut effect is accounted for by placing each crystal randomly
at a height relative to an intersection plane (Figure 2c). The maximum height relative to the intersection
plane is chosen so that each crystal is allowed to miss the intersection plane. If a crystal is cut, that
orientation and 2D shape are collected, while if a crystal misses the intersection plane, that crystal and
its orientation are discarded.

Orientations of intersected crystals are input into MTEX. Orientation densities are estimated
across SO3 using a kernel, or window, function to estimate the ODF. A kernel function is a bounded
distribution, equal to zero on either edge at finite points. The kernel function replaces each orientation,
and the product of these kernels generates the ODF. The ODF relates the areal proportion (A) of an
orientation (r) over the orientation space.

1 dA(r)

ODF(r) = 2=

(4)

A typical choice for the kernel function is the de la Valée Pouissin kernel. The selected width of
the kernel function has consequences on the resulting ODF estimate. If the kernel width is too small,
then the ODF will display large oscillations, with peaks at each discrete orientation, and if the kernel
width is too large, the overall fabric is damped. Optimizing the kernel width is performed using the
Kullback-Leibler Cross-Validation method (Bachmann et al. 2010; Kullback and Leibler 1951), which tests
a range of kernel widths on a randomly selected subset of orientations, selecting the width that best
reproduces the omitted orientations in the overall dataset.



Values over the ODF are expressed in terms of multiples of a uniform distribution (MUD). Thus,
a genuinely uniform distribution will have a value of MUD = 1 over orientation space. One can
conceptualize the ODF as similar to a probability distribution function wrapped over orientation space.
In this study, the ODFs are constructed using one orientation measurement per grain rather than
orientations per unit area of the 2D crystals (which is analogous to sampling per unit area of the thin
section). This choice removes the effect of disperse crystal sizes in the sample, where larger grains
would disproportionately impact the resultant fabric analysis due to more sampled orientation points
for their larger cross-sectional area.

4) Results
4.1 Fabric -Cut Effect on a Uniform ODF

A crystallographic system needs to be selected to generate synthetic pole figures to visualize the
distribution of orientations,. To begin, we choose the simple orthorhombic crystal system (a =B =y =
90°). The resulting pole figures from the Uniform ODF is shown in Figure 3, with MUD = 1 across the
stereoplot for all axes.
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Fig. 3 ODFs of n = 3000 prolate crystals (L= 3,1 =S = 1) prior to cutting (a), and after cutting (b-d).
Colorbar is in units of Multiples of a Uniform Distribution (MUD) and is equal for all ODFs. a) The true
fabric of the system (uncut fabric) displays no discernible structure across each crystallographic axis,
with MUD ~ 1. b) Cut fabric, crystal shape is A: 3, B: 1, C: 1. c) Cut fabric, crystal shape is A: 1, B: 3, C: 1.
d) Cut fabric, crystal shape is A: 1, B: 1, C: 3. Note: all cut fabrics display a vertical pole along the
corresponding crystallographically controlled long-axis of the crystal, and girdles for the other
crystallographic axes



Cutting the crystals that comprise the Uniform ODF results in the development of non-uniform
fabric, depending upon the crystal shape (Figure 3). Considering the cut ODF for crystal shape A=3, B=1,
C=1, the apparent fabric is a vertically aligned pole along the A-axis (and the pole to the face (100)), and
horizontal girdles for the B- and C-axes (and the respective poles to faces (010) and (001)). Because the
crystal morphology and orientations are controlled as input, the connection between crystal shape and
resulting cut fabric can be made, here with the pole perpendicular to the intersection plane coinciding
with the crystal long axis (A = 3), and girdles for the short axes (B = C = 1). From the simple 2D analogy
illustrated in Figure 1d, it is clear that the vertical pole for the A-axis, (100), is due to the higher
probability of intersecting crystals when the long axis is perpendicular to the intersection plane, skewing
the distribution of observed orientations. A simple deduction is that in uniformly distributed
orientations, the cut effect results in a pole along the long axis of the crystal. This is further
demonstrated in Figure 3 with two other crystal shapes (A=1,B=3,C=1,andA=1,B=1,C=3).In
each case, the pole is associated with the long axis of the crystal.

While the above treatment demonstrates that the cut effect produces artifacts in the ODF for
anisotropic crystal shapes, the results can be made more realistic by taking into consideration the
interaxial angles of the commonly analyzed crystal system of plagioclase (triclinic: e.g., Anorthite, a =
93.166°, B =115.85°, y = 91.216°). Plagioclase is the most commonly used phase for textural analyses in
igneous rocks due to its near ubiquity in igneous systems and its wide range of crystallization
temperatures. These interaxial angles are accounted for in the generation of vertices corresponding to
the unrotated crystal. Each crystallographic axis corresponds to a crystallographic face, and so this can
be thought of as an untwinned crystal. Accounting for the interaxial angles slightly modifies the
resultant pole figures (Figure 4). In this case, the crystal shape is: A=3, B =1, C = 1. The fabric-cut effect
imposes a vertical pole along the A-axis, (100), a horizontal girdle for the B-axis, (010), and a weaker,
inclined girdle for the C-axis, (001). The inclination of the C-axis girdle is due to the larger interaxial angle
between the A- and C-axes (B = 115.85°). We note that this fabric-cut effect would also persist for non-
uniform ODF scenarios also—except that pole peak and girdle pattern above would be convolved with
the underlying non-uniform orientation distribution.

4.2 Quantifying the Fabric-Cut Effect

For input uniformly distributed crystal orientations, the fabric-cut effect increases the fabric
strength. The magnitude of this effect can be quantified using a texture index. We utilize the J-index to
quantify the strength of the fabric (Mainprice et al. 2015). J-Index is defined as:

J = [ODF(r)2dr (5)

J-Index ranges from 1 (uniformly distributed) to infinity (single crystal fabric). In the following,
we propose that the J-Index of a sample can be used to measure whether the underlying fabric is
uniform. Several variables need to be constrained: 1) the effect of crystal numbers 2) the effect of
crystal symmetry, and 3) the effect of crystal shape.

4.2.1 Effect of Crystal Numbers

Sample size (number of crystals) affects the J-Index because we are fitting a continuous ODF to
discrete orientation measurements. Fewer measurements can result in poorer fits, resulting in more
pronounced fabric. Taken to its extreme, a single crystal orientation will produce a J-Index of infinity,
and on the other extreme, approaching an infinite number of crystal orientation measurements will
converge on the true texture strength. We test this effect of sample size on texture strength by keeping
the crystal shape constant and the orientation distribution uniform, while varying sample size and
repeating the process 1000 times for each combination of shape and sample size (Figure 5).
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The median texture index for each combination of shape and sample size (Jmedian) and the 95%
threshold (Jeriticat) are shown. The impact of the fabric cut effect is most prominent for small sample sizes,
while with increasing sample size, asymptotically converges towards a constant as a function of crystal
shape. Beyond ~2000 crystal orientations sampled, the effect of increasing sample size for a uniform
underlying ODF is minimal. Note, that with increasing sample size, there is an additional effect from
variations in the optimized kernel halfwidth. As sample size increases, kernel halfwidth tends to
decrease, which can result in an increase in measured J-index. These are observed in Figure 5 as “stair-
steps” towards increasing sample size. After each of these jumps, however, the overall trend of
decreasing J-index with increasing sample size resumes.

4.2.2 Effect of Crystal Symmetry

The effect of the fabric-cut effect on crystal symmetry is tested by comparing orthorhombic
crystal symmetry to triclinic crystal symmetry (i.e. plagioclase, as above), by holding both crystal axial
ratios and sample size constant (n = 3000 crystals), and repeating the process 1000 times. Results are
shown in Figure 6 as a comparison plot by crystal symmetry. Both Jmedian and Jeritical fall along a line of
slope=1 for very different input crystal shapes, indicating that the crystal symmetry does not play a first-
order role in the fabric-cut effect. Although a detailed analysis of the effects of crystal symmetry are
beyond the scope of this study, our results suggests that the this is a 2" order effect at best. Thus, our
inversion methods (described later) should apply broadly.
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Fig. 6 Effect of Crystal Symmetry on Texture Strength for 3 crystal morphologies. a) Crystal shape, ABC =
412. b) Crystal shape, ABC = 211. c) Crystal shape, ABC = 811. For each crystal shape, the algorithm is run
1000 times for each crystal morphology and n = 3000 crystals, with results sorted and plotted against
each other. There is good agreement in results, with data generally falling near a line of slope 1,
indicating that crystal symmetry does not play a strong role in the resulting J-Index, and thus, Jeitical

4.2.3 Effect of Crystal Shape

We repeat the same synthetic sectioning analysis as above to test the effect of crystal shape on
the resulting cut fabric strength. Crystal shapes are iterated over a wide range of crystal shape space
(A/C=0.1:10; B/C =0.1:10), and the sample size is held constant at n = 3000. The median (Jmedian) and
95% threshold (Jeritica) Values are color coded in Figure 7a and b. In general, as crystal shape becomes
more prismatic, the fabric-cut effect becomes more pronounced. The results are roughly the same,
independent of which crystal axis is the long axis, and to illustrate this, crystal morphologies are
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translated into Zingg-space (Figure 7c) and the morphology of relevant igneous phases plotted (Figure
7d).
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Fig. 7 Effect of Crystal Shape on Texture Strength. Surfaces fit to results from 1000 runs at each
interrogation morphology, with 3000 crystals for each run. Coefficients for the third-order polynomials
that describe these surfaces are provided in Table 1. Datapoints in A-C represent are input crystal
morphologies, and have been color-coded to the same range as the fit surface (background color). a)
Color map of the median texture index value (Jmedian). b) Color map of the 95 percentile texture index
(Jeritical). €) Same results as those in B, but translated to Zingg diagram space. S/I = Short/Intermediate. I/L
= Intermediate/Long. Dashed lines represent divisions in shapes: quadrant I: Equant, II: Plate, Ill: Blade,
IV: Prism. d) Shape estimates for plagioclase, olivine, clinopyroxene, and rapakivied feldspar ovoids (Bain
et al.., 2019; Brugger and Hammer, 2010; Currier et al., 2019, Higgins, 2002; Magee et al., 2010; Muncill
and Lasaga, 1988; Ngonge et al., 2013; Phillips et al., 2013; Salisbury et al., 2008; Vinet and Higgins,
2011)

If crystal shape can be relatively well-constrained, then the J-index of the ODF collected from 2D
analysis can be used as an indicator of whether the true, uncut fabric is uniformly distributed. Observing

12



the range of J-index values, for most crystal shapes, if the J-index of the 2D analysis is greater than ~1.2
then the uncut fabric is not uniformly distributed (i.e., there exists a directionally oriented fabric).
However, for weaker fabrics, a more precise approach is warranted. To facilitate this process, a 3rd-
order polynomial is fit to the results of the fabric-cut effect on crystal shape. The overall fits of these
polynomial surfaces are quite good, as indicated by the minimal difference between color-coded
datapoints and background polynomial estimation (Figures 7a-c), as well as the large R? values (Jmedian,
Figure 7a: R? = 0.944; Juitical, Figure 7b: R? = 0.946; Jcritical, Figure 7c: R?2 = 0.991; ). To utilize this
polynomial, coefficients are presented in Table 1, and are input into the following equation:

J=C+X+Y+X*+XY +Y2+ X3+ X’V +XY2 +Y3 (6)

Where values of X and Y depend on whether crystallographic space is considered (X = In(A/C), Y =
In(B/C)), or Zingg space is considered (X = S/I, Y = I/L). The results are interpreted using:

J <= Jcritica|: Uniform ODF
J > Jeritical: ODF is not uniform

It is important to note that other cut effects (e.g., size distribution), or deviations from our assumptions
(e.g. uniform crystal shape) may augment the results presented in this section. For example, if different
crystal size populations possess different fabric characteristics, then the size-distribution-cut effect
could contribute to the measured ODF.

5) Inverting the Fabric Cut Effect

For a single crystal, and considering only the fabric-cut effect, the probability of the crystal
intersecting the cut plane is a function of the crystal shape (sh) and crystal orientation (ori).
The fabric-cut effect is simply this relationship integrated over all possible orientations. The cut
probability, pcut(sh,ori) is taken as the ratio of the vertical profile of an oriented crystal, hor, to the linear
distance from the cut plane such that all possible crystal orientations can miss the cut plane, hmax:

hori
Peut = (7)

hmax

Where hmaxis the maximum distance between antipodal vertices of the crystal, which is the maximum
vertical profile for a given crystal shape. The relationship between crystal shape, crystal orientation, and
cut probability is illustrated in Figure 8. Note that while the true probability of a crystal intersecting a cut
plane will also account for crystal size, this is a consequence of the size-distribution-cut effect. However,
assuming that there is no variation in the fabric across crystal sizes, absolute size does not impact this
probability.

The intersection probability for each crystal orientation, measured from a cut fabric, is modeled
using an input crystal shape. The number of crystals of each orientation in the uncut fabric, Nuncut (per
each observed crystal of a given orientation) is the inverse of the probability of cutting each orientation

from the cut fabric.

1
Nyncut = — (8)

Dcut

Because crystal numbers are strictly whole numbers, the value of Nyncut is multiplied by 100 and
rounded to generate two significant digits of precision. We choose an uncertainty threshold of o = 2.5°
and apply a three-dimensional Gaussian to blur the inverted orientation slightly. This avoids large crystal
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counts of the same orientation. All ODFs generated from these inversions are produced using kernel
halfwidths all greater than the chosen 2.5° randomization.

p. . =0.588 p. . =0.809

int int

Z-Profile

Z-Profile Max

Fig. 8 Crystal Intersection Probability for three orientations of crystal shape A:3, B:1, C:2. The crystal
intersection probability is taken as the ratio of the Z-profile of a crystal to the maximum Z-profile. The
maximum Z-profile is a function of the crystal shape, while the Z-profile is a function of both crystal
shape and crystal orientation

What we have detailed above assumes a perfect inversion scenario. In a natural system, packing
effects in a 3D volume will affect these probabilities. So, we also allow for some stochastic variation in
the inversion. This imperfect inversion method is accomplished by generating a long vector of random
numbers sampled from a uniform probability distribution for each associated crystal, and then
determining the first element within this array where the random number value is less than each
crystal’s calculated pcut value. The count of random numbers necessary to satisfy this condition is taken
as Nuncut for the crystal in question. The process follows as in the perfect inversion scenario, where
orientations are randomized using a three-dimensional Gaussian with o = 2.5°, and the ODF is
constructed. This process is repeated (n = 1000), with each repetition an imperfect inversion result.
Overall, the imperfect inversion process is akin to bootstrapping, to estimate the inherent variation
associated with the inversion process. Note, that with a large enough number of draws, the average of
the stochastic Nyncut Values would converge to the 1/pc.: case.

The inversion process is tested on two synthetically generated crystal fabrics: 1) a uniform
distribution (Figures 9 and 10), and 2) a unimodal (Type-P) distribution (Figures 11 and 12), with the A-
axes aligned preferentially near the horizon and to the north. Both modeled systems utilize a constant
crystal shape of A:3, B:1, and C:1, with n = 3000 crystals in the cut fabric.

The inverted ODFs presented in Figures 9 and 10 qualitatively illustrate that the inversion
methodology is capable of faithfully recreating the uncut fabric. To quantify the inversion fidelity, the J-
index and L2 Error between inverted ODFs and the input, uncut fabric are presented in Figures 10 and
12a. As can be observed in the figures, for both the uniform and unimodal fabrics, the cut fabric
increases L2 error (ODFcut — ODFuncut), and in the case of the uniform fabric, increases the texture index,
though it still falls below Jeitical. The inversion process decreases the associated L2 error.

The spread in imperfect inversion results indicates the associated error with the inversion
process. To test the accuracy of the process, these inverted fabric results can be compared directly
against the known uncut fabric used as input. Because the uncut fabric is generated via spherical
harmonics, it is essentially equivalent to an infinitely large sample size, which affects texture index
(Figure 5). To remove this effect, a similar sample size uncut fabric (ODFsss) is generated by randomly
sampling from the infinite sample size uncut fabric (ODFss). Repeating this process (n=1000) allows for
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the construction of a 90% confidence interval for both the texture-index (J), and L2 error (ODFss -

ODFsss). These regions are plotted in blue in Figures 10 and 12a.
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Fig. 9 Inversion results for synthetically generated and cut uniform fabric, for constant crystal shape A =

3,B=1, C=1. Colors are coded to MUD, and kept constant for all plots. The inverted ODFs are
approximately uniformly distributed (MUD ~1 for all orientations). a) Uncut fabric. b) Cut fabric. c)
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Fig. 10 Fabric quantification, J-index vs. L2error (ODF — ODFyncut) for the inversions of the synthetic uniform
ODF model (ABC =311, n = 3000). The uncut fabric ODF is the Uniform ODF, which has a J-index of 1. For
a similar sample size (n=3000), subsampling from the Uniform ODF generates a 90% confidence interval,
with the L2 error measured comparing the similar sample size ODF against the infinite sample size case,
uniform ODF (blue region, Uncut Range S.S.S.). The inverted ODFs (black dots (n = 1000) and blue circle)
reduce L2 Error compared to the cut fabric ODF (red square), and overlap the texture strength of a
similar sample size uniform fabric
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Fig. 11 Inversion results for synthetically generated and cut unimodal fabric, for constant crystal shape A
=3,B=1,C=1. Colors are coded to MUD, and kept constant for all plots. a) Uncut fabric with A-axis
preferentially aligned to the north of the pole figure. b) Cut fabric, with an apparent fabric that differs
from the true, uncut fabric, with A-axes preferentially aligned sub-vertically. c) Perfect Inversion. d)
Imperfect Inversion. The inverted ODFs return a good approximation of the uncut fabric

Additionally, for the unimodal, Type-P fabric, the preferred orientation of the inverted fabric can
be statistically compared against that of the input fabric (Figure 12B). The fabric-cut effect induces an
apparent [100] preferred orientation that is inclined roughly 55° from the horizon. The inversion process
recovers the uncut fabric orientation reasonably well, with imperfect inversion confidence intervals, as
determined via directional quantile envelope (Kong and Mizera 2012), including the uncut fabric mode.

6) Application to Natural Samples

In igneous systems, fabric tends to be relatively weak--significantly weaker than metamorphic
systems (Satsukawa et al. 2013). Indeed, much of the EBSD investigations of igneous systems have
focused on characterizing and interpreting systems where magmatic fabric is well-developed, such as
layered mafic intrusions and cumulate-rich systems (Holness et al. 2012; Cheadle and Gee 2017; Holness
et al. 2017; Vukmanovic et al. 2018; Bertolett et al. 2019; Vukmanovic et al. 2019), and fluxion gabbros
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Fig. 12 Fabric quantification for the inversions of the synthetic Type-P ODF model (ABC = 311, n = 3000.
a) J-index vs. L2¢rror (ODF — ODFynaut). The dashed line is the J-Index for the infinite sample size uncut ODF.
For a similar sample size (n=3000), subsampling from the Type-P ODF generates a 90% confidence
interval, with the L2 error measured comparing the similar sample size ODF against the infinite sample
size case, Type-P ODF (blue region, Uncut Range S.S.S.).The inverted ODFs (black dots (n = 1000) and
blue circle) reduce L2 Error compared to the cut fabric ODF (red square), and imperfect inversions
partially overlap the texture strength of the uncut fabric of similar sample size. b) A-Axis mode
orientation. The uncut fabric (red star) is approximately oriented to the south (-y direction) with an
inclination of 25 degrees. The cut fabric (red square) is inclined at ~45 degrees. The inverted ODFs (black
dots and blue circle) reduce the associated orientation error. Confidence intervals (blue and pink shaded
regions) generated by the imperfect inversions contain the uncut fabric orientation

deep within ophiolite sections (Jousselin et al. 2012; Henry et al. 2021). However, these are exceptional
cases, and in igneous systems that have crystallized primarily under static conditions may have little to
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no crystal alignment. Alternatively, shearing under granular conditions may result in complex fabrics
strongly developed along bands but weakly developed taken in bulk (Fu and Dafalias 2010).

We apply the preceding tools to two separate systems: dolerites from the Basement Sill of
Antarctica, and an oriented sample from a feeder dike associated with the Columbia River Flood Basalts.
and Sill. In these systems, careful interpretation of the observed fabric is essential for determining
whether crystallization occurred before flow (i.e., as an entrained load of crystals), or in a static
environment, and if a non-uniform fabric exists, accurately determining the directionality of that fabric.

6.1 Data Processing

Thin sections were prepared with a probe-quality polish, followed by an EBSD polish that
removes any crystallographic strain imparted from the previous cutting and polishing processes. EBSD
analyses were collected using a Hitachi S-3400 SEM with an Oxford EBSD system at the Ray and Mary
Wilcox SEM Lab of the University of Wisconsin-Madison. The analyses were montaged, large area maps,
with an accelerating voltage of 30 keV and specimen tilt of 70 degrees. Step size varied between
samples, depending on sample grain size, and are presented in Table 2. EBSD datasets were processed
using the MTEX toolkit. While different sets of phases were collected between the natural systems, we
focused our attention solely on plagioclase (indexed utilizing the pattern of ‘Anorthite’ in the Basement
Sill, and ‘Oligoclase-An28’ in the Columbia River Flood Basalt feeder dike). Plagioclase grain boundaries
were drawn using the default misorientation threshold of 10°. Polysynthetic twins are identified and
merged using misorientations greater than 178°. The average orientation of the merged grain is
calculated, and grains smaller than 5 pixels are removed. The orientations of these processed grains are
used to generate the cut ODF and resulting J-index. As an aside, the utility of this automated approach is
highlighted by the robustness of these datasets, with each sample set in excess of 25000 crystals
counted for Antarctic samples, and ~3000 crystals for the Columbia River Flood Basalt Dike (Table 2).

The grain boundaries, represented by a polygon, are measured using principal components.
These measurements are input into ShapeCalc to estimate crystal morphology (Mangler et al 2022). This
serves as our estimate of crystal shape for comparison of fabric strength against synthetically derived
fabric strength. Results are presented in Table 2.

6.2 Columbia River Flood Basalt Dike

The Columbia River Flood Basalts are Earth’s youngest example of flood basalts (Barry et al.
2013). The main phase of these flows were fed primarily through dikes now residing within the Chief
Joseph Dike Swarm, centered on the Wallowa Mountains of Eastern Oregon (Morriss et al. 2020;
Petcovic and Grunder 2003; Karlstrom et al. 2019; Reidel and Tolan 2013). Sample PR-1-165 was
collected near the margin of a small, ~2m wide dike, located along the “Rattlesnake Gulch” portion of
Highway 129 in Southeastern Washington. The sample was collected using a core drill such that the
orientation of the resulting thin section is oriented with the long axis along the strike of the dike, and
the plane of the thin section aligned along the horizon. Phenocrysts of plagioclase (~1 mm) are present
in this dike. Given the width of the dike, it is reasonable to assume that these crystals were present
during the emplacement of the dike and thus were capable of recording flow direction via alignment of
long-axes sub-parallel to flow direction.

The ODF J-Index exceeds Jitical, indicating that the uncut fabric is non-uniform. Using A: Long
and C: Intermediate for an elongate, tabular crystal shape, the inversion process results in a horizontal
girdle along the A-axis, (100), and a vertical pole along the B-axis, (010) (Figure 13). The mode for A-axis,
(100) orientations of the inverted ODF (Figure 14) reveal a dense grouping along the horizon, but with
significant spread at the 90% confidence interval. Considering the inverted ODF (Figure 13), the grouping
of [100] orientations along the horizon may seem to suggest lateral flow within the dike, the preferential
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grouping along the B-axis, (010), to the vertical, which corresponds to the short axis (B), is inconsistent
with this interpretation (i.e. it should be aligned ~perpendicular to the dike margins).
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Fig. 13 Inversion results for PR-1-165. Colors are coded to MUD, and kept constant for all plots.
ShapeCalc crystal shape estimate is A: 3.8, B: 1, C: 2.2. a) EBSD derived fabric. Fabric with A-axis
preferentially aligned to the north of the pole figure, and sub-vertically arranged. b) Perfect Inversion. c)
Imperfect Inversion
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Fig. 14 ODF mode orientations for the A-Axis of PR-1-165 EBSD data (red square), as well as inversions
(black dots and blue circle). The bulk of the imperfect inversion A-Axis mode orientations, as well as the
perfect inversion (blue circle) are roughly in the horizontal plane, which is significantly different from the

uncorrected apparent EBSD fabric. However, the confidence interval is large, and thus, the true fabric of
the rock is poorly constrained
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6.3 Basement Sill Dolerites

The Basement Sill is a thick mafic intrusion outcropping across much of the McMurdo Dry
Valleys of Antarctica. Magmatism here is related to the breakup of Gondwana in the Jurassic, ~180 Ma
(Riley and Knight 2001). While the Basement Sill is renowned for its spectacular orthopyroxene and
plagioclase crystal tongue the samples utilized here derive from the upper, cumulate-free portion of the
sill (Gunn and Warren 1962; Marsh 2004). Due to the large channel width of the Basement Sill (i.e., low
shear) and apparent lack of crystal cargo in the upper region, we would not expect to find a discernable
rock fabric (e.g. Bird et al. 2002).

EBSD analyses were collected from several dolerite samples near the upper contact of the
Basement Sill of Antarctica. These samples were collected in vertical profile, from 0.7 m (ARC-12) 1.7 m
(ARC-11), and 2.7 m beneath the contact (ARC-10). The pole figures from these samples appear to reveal
a rock fabric (Figure 15). This fabric is relatively uniform across each of the samples, with a vertical pole
along the A-axis, a horizontal girdle along the B-axis, and a weaker girdle along C-axis. The alighment is
consistent across all three samples.
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Fig. 15 Pole Density Figures from Basement Sill Dolerites. Despite samples being collected without
orientation preserved, they all display a similar fabric—a vertical pole along (100), a horizontal girdle
along (010), and a weaker inclined girdle along (001). a) ARC-10 (2.7 meters beneath contact). b) ARC-11
(1.7 meters beneath contact). c) ARC-12 (0.7 meters beneath contact)

Taken at face value (i.e., without any additional field context), one could interpret this result as
either a lineation, if crystals are elongated along the A axis, or a foliation if crystals are tabular,
shortened along the A axis (see: Holness et al 2017, their Figure 5), either of which could be significantly
important findings for an investigation of physical processes (e.g. flow alignment, or crystal compaction,
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respectively). However, these samples were collected unoriented, and thin sectioned at random, so the
odds of slicing the rocks in the same manner relative to an underlying fabric are exceedingly slim.
Because the measured J-Index is less than Jeitical, these observed fabrics can be interpreted as the result
of the fabric-cut effect (Table 2). Comparing Figure 15 with Figure 4 allows us to reasonably attach
crystal shape to crystallographic axes (A: Long, B: Short, C: Intermediate).

Inverted fabric ODFs are shown for sample ARC-10 in Figure 16. Results were similar for samples
ARC-11 and -12. While the J-Index < Jeitical for this sample, the inversion does not result in a uniform
ODF, as was the case for synthetically generated crystals (Figure 9). Instead, inverting generates a
horizontal girdle along the A-axis, and a vertically inclined pole along the B-axis. These results are eerily
similar to that for PR-165 (Figure 13), and suggest that the assumptions built-in to the synthetically
generated set of crystals does not hold for this natural system, namely that a single crystal shape can fit
the crystal population.
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Fig. 16 Inversion results for ARC-10. Colors are coded to MUD, and kept constant for all plots. ShapeCalc
crystal shape estimate is A: 3.6, B: 1, C: 2. a) EBSD derived fabric. Apparent fabric with A-axes
preferentially aligned vertically, although J < Jcritical. b) Perfect Inversion. c) Imperfect Inversion.
Inversions result in a non-uniform fabric, with A-axes forming a girdle, and B-axes forming a vertical pole

From a magmatic perspective, several possible processes that would act to skew the crystal
shape population. 1) During crystallization, variations in cooling or decompression rates likely results in
variations in crystal shape (Brugger and Hammer 2010; Higgins and Chandrasekharam 2007; Mangler et
al. 2022). 2) For persistent phases like plagioclase, which can crystallize over much of the solidification
range of magmas as well as over a range of pressures, crystal shapes would become more varied
towards the solidus as growth transitions from euhedral in low crystallinity magmas to anhedral in high
crystallinity magma. 3) Magma migrating through a complicated magma plumbing system can entrain
crystals along their transport path, essentially integrating and homogenizing crystals grown over a range
of crystallization regimes (Bergantz et al. 2015; Ganne et al. 2018; Hidalgo et al. 2011; Marsh 2004).

7) Discussion

Our results and analysis with synthetic samples directly address the primary motivating question for this
study. There are clear stereological biases that can be present when analyzing the crystal orientation
datasets from EBSD, i.e. the fabric-cut effect. We also develop and demonstrate a method to invert for
this (assuming that it can be decoupled with the shape- and size-cut effect) using just the EBSD data. We
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anticipate that this fabric-cut effect is a significant source of bias in systems with weak fabric (e.g.,
magmatic fabric), or in seemingly strong fabrics at low sample size (Figure 5), but is present in all EBSD
orientational data. If meaningful interpretations of dynamic processes are to be made from EBSD
derived orientations (Bernard et al. 2023; Casale et al. 2023; Forman et al. 2023; Goudy et al. 2023;
Jenkins et al. 2022; Koyama et al. 2023; Levy et al. 2023; Li et al. 2023; Rehman et al. 2023; Vukmanovic
et al. 2018; Wiesman et al. 2023), then the fabric-cut effect needs to be corrected for. However, when
we apply this method to natural samples, we find that the fabric-cut effect is likely not fully decoupled in
a multiplicative manner (i.e., Eq. 1, see more discussion in Section 3). This result suggests some critical
challenges with full inversion of underlying 3D rock texture using existing stereological methods.

7.1 Towards a comprehensive, open source textural toolkit

As discussed above and illustrated by some natural samples, the coupled nature of crystal size, crystal
shape, and overall fabric indicates that we need new tools with less restrictive assumptions to correctly
infer rock texture, with robust uncertainties, from 2D thin sections. In this study, we use synthetic
datasets to illustrate a clear conceptual and practical impact of the fabric-cut effect and a robust
inversion method, with uncertainties, to correct for it in the synthetic model. However, as an underlying
assumption for this analysis is that we can infer a representative crystal size from the data using 2D
grain boundary information, using existing tools. When we apply our inversion method, which works
correctly for a range of synthetic samples, to natural samples with no reason to possess a preferred
orientation (i.e. Basement Sill samples), the results are non-uniform ODFs, suggesting that the constant
shape assumption is flawed. This motivates future work toward a textural toolbox that can address the
following challenges:

1) Analysis of model self-consistency: are we correctly capturing key, first-order processes? In
particular, a comprehensive textural toolkit should allow the user to test whether the
assumptions inherent in sequential stereological corrections (Eqn 1) apply to their data.

I1) Lack of open-source, well-documented modeling tools: Although the geoscience community,
especially petrology, has been very good at developing open-source codes for stereological
analysis of thin sections, some key issues remain. In particular, the modeling codes for
generating the synthetic data per each crystal size, and a clear description of assumptions, are
unavailable, making it difficult to adapt them for different types of textural analysis.
Furthermore, without the source code, it is not easy to assess which particular shape descriptors
are best suited for stereological correction (e.g., best-fit ellipse, Feret diameter, bounding
rectangle, crystal area, circumference/perimeter, circularity or some subset of them together). It
is also challenging to extend the modeling frameworks to include more information such as
spatial distribution of the crystals and orientations (in 2D as well as orientation data from EBSD)
when performing stereological corrections/inversions. Thus, it is challenging for non-experts to
use these methods correctly and modify the codes for different applications. An integrated
textural toolbox must be a well-documented, modular, benchmarked, extensible, publicly
available model.

An open-source textural analysis toolkit circumvents both of these issues, and there is a need to
develop a new toolkit for petrologists interested in textural analyses that fully incorporates data streams

from automated methodologies.

8) Conclusion
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The EBSD method offers advantages over traditional thin-section-based analyses. Grain
measurements are automated and reproducible, and an additional data stream of grain orientation is
provided. However, a cut effect skews these results due to the nature of acquiring this orientation data
from thin section. We have investigated this effect, and found that it can significantly skew the
measured fabric from the true fabric. The fabric-cut effect needs to be accounted for to accurately
represent any quantification of fabric collected using EBSD data.

The proper correction for realistic systems is tied to the shape-size-orientation, three-
dimensional probability distributions. We have shown the effects in simplified models, but there is no
inherent reason for these simplifying assumptions to be true. To more robustly correct for these cut
effects, they need to be corrected for simultaneously. The additional orientational data EBSD provides

allows for a more accurate inversion compared to 2D thin-section analysis. Still, the bigger picture
outcome is that the entire stereological process requires new tools.

Jmedian Jeritical Jeritical
TERM (ABC) (ABC) (zingg)
C 1.025 1.045 1.359
X 0.00356 0.004331 -0.9895
Y 0.00578 0.00669 -0.9557
X? 0.0132 0.01713 0.05316
Xy -0.01182 -0.01535 -0.1547
Y? 0.01378 0.01781 1.222
X3 0.002539 0.003433 -0.02731
) &% -0.005917 | -0.007667 0.08967
XY? -0.005889 | -0.007608 0.09638
Y3 0.00257 0.003501 -0.542
R? 0.944 0.946 0.991

Table 1 Coefficients and associated leading terms of the third-order polynomial surface fit to Jitical
results across crystal morphology space. For crystallographic space: X = In(A/C) and Y = In(B/C). For Zingg

space: X=S/I,Y=1/L

SAMPLE CRYSTAL LONG INTER. J-INDEX Jemnr.  UNIFORM ?
S

ARC-10 26354 3.6 2 1.0167 1.0435 Yes

ARC-11 26447 3.6 2.1 1.0186 1.0415 Yes

ARC-12 37900 4.2 2.1 1.0213 1.0424 Yes

PR-1-165 2927 3.8 2.2 1.344 1.0397 No

Table 2 Results from EBSD analysis of Natural Samples. Crystal shape estimates (Long and Intermediate,
with Short = 1) were derived using ShapeCalc (Mangler et al., 2022). When the measured J-Index < Jeitical,
the uncut fabric can be assumed to be comprised of uniformly distributed orientations
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