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Abstract

Rock textures observed via thin section are skewed from their true 3D nature. This is due to various cut effects—artifacts
introduced due to the lower dimensional nature of the thin section relative to the rock. These cut effects can be corrected,
and several methods have been developed to invert crystal shape and crystal size, but with each process performed sepa-
rately and sequentially. 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 cor-
rections are typically applied for interpreting the data. This study tests whether this orientational information is skewed
due to a fabric cut effect. We test this by numerically generating synthetic crystal datasets representative of several crystal
shapes and population sizes. We find that EBSD orientational data has 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 must be accounted for to interpret the true 3D fabric accurately. Towards this end, we develop two new
tools for working with EBSD-derived fabric: (1) a simple first-order test for determining if a measured fabric exceeds that
of the fabric cut effect, and (2) a method of inverting cut fabrics that provides robust error estimations. We demonstrate
the applicability and accuracy of these methods using a range of synthetic examples and a natural sample. With these
newly developed tools, there is clear potential for a new textural toolkit framework, to further our ability to correct for
the various cut effects while also providing accurate uncertainty estimates.
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Introduction and understanding the processes associated with forming

the constituent minerals. For instance, rock textural features

Rock texture encapsulates the spatial and geometric char-
acteristics of 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
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encode many physical properties of the rock, such as seis-
mic wave speed (Frothingham et al. 2023), thermal expan-
sivity (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 the cooling rate (Mangler et al.
2022; Marsh, 1998), while orientations can encode the kine-
matic history (e.g. magmatic sense of shear: Vukmanovic
et al. 2018; compaction: Jenkins et al. 2022; grain cluster-
ing mechanisms: Holness et al. 2023). Similar applications
can be extended into metamorphic systems with rock fabric
encoding the deformation history and behavior (e.g., Fossen
and Cavalcante 2017), fluid reactivity with primary miner-
als (Andreani et al. 2009), as well as biosphere/geosphere
interaction (Hemkemeyer et al. 2018).

Historically, most textural analyses have been performed
in thin sections or on polished surfaces, by measuring the
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2D outlines of the intersection between a crystal and the thin
section. This methodology requires little 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: quantitative evaluation of materi-
als by scanning electron microscopy), as well as data analy-
sis methods (e.g., image segmentation, shape and spatial
analysis), in characterizing the rock microtexture and rapid
processing of large datasets. However, there is still inher-
ently a fundamental challenge with all these methods of
textural analysis on a thin section: converting 2D in-plane
measurements to 3D estimates using stereological correc-
tion 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) and expensive. Hence, they
are not eminently scalable or readily accessible to most 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 ana-
lyzed 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 sev-
eral simplifying, but hidden assumptions that may need to
be revised 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). Analo-
gously, 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 analy-
sis 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-docu-
mented, validated, and extendable textural analysis toolkit

@ Springer

for thin section analysis with two key aims: (I) accurate
stereological textural corrections, with associated uncer-
tainties, 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 opti-
cal methodologies such as reflected light with different
[llumination angles, transmitted light, and cross-polarized
with multiple orientations). The need for this textural tool-
kit 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 based on these chemical differ-
ences. Another technique, EBSD, utilizes electron diffrac-
tion patterns by the crystal lattice to determine phase and
crystal lattice orientation to segment grains (for review, see:
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 is time consuming, and
(b) these datasets are prone to error because crystal bound-
aries are often subjective and thus susceptible to person to
person variance.

EBSD, compared to QEMSCAN, CT-scans, and tradi-
tional optical methods, provides an additional data stream,
namely that of 3D crystal lattice orientations of 2D crystal
intersections, which yields a 2.5D map of rock texture. In
this study, we focus on EBSD analyses, because the orien-
tation information represents an additional, hitherto unex-
plored, 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) stereologi-
cal 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; Cross et
al. 2017; Holness et al. 2023; Koyama et al. 2023; Rehman
et al. 2023; Wieser et al. 2019). 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 dis-
play a “fabric” cut effect that must be corrected for, espe-
cially 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,
followed by the methodologies employed in EBSD and
our modeling. Following this, we present results from
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synthetically developed rock textures and develop an inver-
sion algorithm to correct the fabric-cut effect. Finally, we
apply our methodological approach to a natural sample and
discuss the key challenges to further developing the textural
toolkit.

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

[2]

L=131 L=115L=1.02

L=0.88

o =~ N W

Length Scale

1
[N

N

Length Scale
[en} —

2 3f
3
o 2
S 1t
o
30 :
— Intersection Plane
-1
(D) L Jpesnesstnae
51-5 o1 ¢2"7e3 ol
O .0'."' .."»
w 1 Intersected
S osf . . : k
0 50 100 150

Orientation (degrees)

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 dispro-
portionately samples crystals of different shapes (not shown) or sizes
(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 axis, L: 3, and short axis, S: 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

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 these cut effects, allowing for a more robust inter-
pretation 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 decompose this general term and explicitly detail each
type. Although slightly pedantic, the following text clearly
describes the different types of cut effects to highlight how
the fabric-cut effect is distinct from previous work.

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 parti-
cle. For a random underlying distribution of particle orienta-
tions and centers, the size-cut effect results in a distribution
of apparent sizes, even if the underlying size is the same for
all particles (Fig. 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.

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 (Fig. 1b). For a distribution of particle sizes,
a slice thus disproportionately samples larger particles. This
leads to a bias in the measurement of particle size distribu-
tion 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). This cuteffect has also been referred
to as the “Intersection-Probability Effect”(Higgins 1994).

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 signifi-
cant as the particle shape deviates from sphericity.

@ Springer



38 Page 4 of 16

Contributions to Mineralogy and Petrology

Fabric-cut effect

For a collection of distributed particle orientation, particles
are more likely to be intersected when their long axis is per-
pendicular to the thin section, and less likely when the long
axis is in plane with the thin section (Fig. 1¢). An intersec-
tion phase diagram (Fig. 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’s 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 perpen-
dicular 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 with the others. If we care about the fabric of the
sample as a microstructural quantity, then all cut effects
must be self-consistently accounted for. Even if we use data
collected via EBSD, which provides crystallographic ori-
entations directly, and hence nominally the micro-textural
fabric, the EBSD results still need to account for the fabric
cut effect.

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)
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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 it currently
needs improvement. 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 charac-
terizing fabrics, testing whether the cut fabric is consistent
with either uniform or non-uniform orientations. The sec-
ond is a method for inverting the cut effect to construct a
representation of the underlying 3D fabric using a synthetic
forward modeling approach.

The number of measured crystal orientation is an addi-
tional potentially influential effect on results. 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.

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 ran-
domly 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 (see Fig. 2
for the different steps, and Online Resource for a thorough
description). The ODF relates the areal proportion (A) of an
orientation (r) over the orientation space.

_ 1dA(r)
A dr

ODF (r) (1)

Following standard convention in the literature, we express
the values over the ODF 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 dis-
tribution function wrapped over orientation space. In this
study, the ODFs are constructed using one orientation mea-
surement 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 dis-
perse crystal sizes in the sample, where larger grains would
disproportionately impact the resultant fabric analysis due
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to more sampled orientation points for their larger cross-
sectional area. We utilize the J-index to quantify the strength
of the fabric (Mainprice et al. 2015). J-index is defined as:

J= / ODF (r)’dr 2)

J-Index ranges from 1 (uniformly distributed) to infinity
(single crystal fabric).

Results

Fabric -cut effect on a uniform ODF

A crystallographic system needs to be selected to gener-
ate synthetic pole figures to visualize the distribution of
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Fig. 3 ODFs of n=3000 prolate crystals (L:3, I: S:1, with L=long
axis, [ =intermediate axis, and S =short axis) before cutting (a), and
after cutting (b-d). Colorbar is in units of Multiples of a Uniform Dis-
tribution (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 (i.e., A=L, and B=C=I1=8). (c) Cut fabric, crystal
shapeis A: 1,B: 3, C: 1 (i.e., B=L, and A=C=1=S). (d) Cut fabric,
crystal shape is A: 1, B: 1, C: 3 (i.e., C=L, and A=B=1=S). Note:
all cut fabrics display a vertical pole along the corresponding crystal-
lographically controlled long-axis of the crystal, and girdles for the
other crystallographic axes

orientations. To begin, we choose the simple orthorhombic
crystal system (o=P=y=90°). The resulting pole figures
from the Uniform ODF are shown in Fig. 3a, with MUD =~
1 across the stereoplot for all axes.

Cutting the crystals that comprise the Uniform ODF
results in the development of non-uniform fabric, depending
upon the crystal shape (Fig. 3). Considering the cut ODF for
crystal shape A: 3, B: 1, C: 1, the apparent fabric is a verti-
cally 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,
we can directly connect the crystal shape and the resulting
cut fabric. The pole perpendicular to the intersection plane
coincides with the crystal long axis (A=3), and girdles for
the short axes (B=C=1). From the simple 2D analogy
illustrated in Fig. 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 intersec-
tion plane, skewing the distribution of observed orienta-
tions. A simple deduction is that in uniformly distributed
orientations, the cut effect results in a pole along the long
axis of the crystal (Fig. 3).

While the above treatment demonstrates that the cut
effect produces artifacts in the ODF for anisotropic crys-
tal shapes, the results can be made more realistic by taking
into consideration the interaxial angles of the commonly
analyzed crystal system, plagioclase (triclinic: e.g., Anor-
thite, 0=93.166°, f=115.85°, y=91.216°). Supplementary
information provided in the Online Resource thoroughly
describes how synthetic plagioclase crystals are generated.
Accounting for the interaxial angles slightly modifies the
resultant pole figures (Fig. 4). In this case, the crystal shape
is A: 3, B: 1, C: 1. The fabric-cut effect imposes a verti-
cal 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 except that the pole peak and girdle
pattern above would be combined with the underlying non-
uniform orientation distribution.

Quantifying the fabric-cut effect

The fabric-cut effect increases the fabric strength for input
uniformly distributed crystal orientations. In the follow-
ing, 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.

@ Springer
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Fig.4 ODFs of n=3000 prolate, triclinic crystals, prior to cutting (a),
and after cutting (b). 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
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Fig.5 Effect of Sample Size on Texture Strength of Cut Fabrics. Data
in blue corresponds to crystal shape A: 8, B: 1, C: 1, while red A: 2,
B: 1, C: 1. For each sample size, 1000 runs were performed (data-
points). As observed by the median and critical texture index values,
the J-Index generally decreases with increasing crystal count, and
asymptotically converges towards the infinite sample size case. Varia-
tions in this trend (i.e. the upwards “stair-stepping” in texture index)
is an artifact associated with the kernel optimization algorithm, where
bandwidth increases and kernel halfwidth decreases with increasing
sample size, resulting in slight increases in texture strength
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Effect of crystal numbers

Sample size (number of crystals) affects the J-Index because
we are fitting a continuous ODF to discrete orientation mea-
surements. 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 tex-
ture 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 (Fig. 5).

The median texture index for each combination of shape
and sample size (J,,.gian) and the 95% threshold (J ;;cq) 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 underly-
ing 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 mea-
sured J-index. These are observed in Fig. 5 as “stair-steps”
towards increasing sample size. However, after each of
these jumps, the overall asymptotically decreasing J-index
trend with increasing sample size resumes. The asymptote
is the J-index value of the infinite sample size ODF for each
crystal shape.

We have chosen a large enough sample size to be approx-
imately within the asymptotic tail region for J-index values
but small enough to be applicable for many geologically rel-
evant investigations. Certainly, coarse-grained sample sizes
are fundamentally limited by the size of the thin-section.
The general approach outlined here is valid for small sample
sizes, but confidence intervals would edge towards the mini-
mum sample size limit (i.e., 1) in Fig. 5. As the sample size
decreases, the J-index increases rapidly, with the J-index
for all crystal shapes converging at infinity for n=1. In the
small sample size region, the variance of J-index values cor-
responding to different crystal shapes begin to overlap and,
towards the limit, become indistinct.

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.
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Results are shown in the accompanying Online Resource
(Supplementary Fig. 2) as a comparison plot by crystal sym-
metry. J..gian a0d J o fall close to 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. Thus, our inversion methods (described later) should
apply broadly.

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 (J¢gi.n)
and 95% threshold (J ;i..1) Values are color coded in Fig. 6a
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. To illustrate the physical relevance of the cho-
sen crystal morphologies, we overplot the morphology of
relevant igneous phases (Fig. 6d).

If the crystal shape can be relatively well-constrained
(e.g., using ShapeCalc), then the J-index of the ODF col-
lected from 2D analysis indicate whether the true, uncut
fabric is uniformly distributed. For most crystal shapes, we
find that 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, we fit a 3rd-order polynomial 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 (Fig. 6a-c), as well
as the large R? values (J,ogim» Fig 6a: R*=0.944; J .,
Fig. 6b: R?=0.946; J_;ica» Fig. 6¢: R?=0.991; ). To utilize
this polynomial, coefficients are presented in Table 1, and
are input into the following equation:

Ji=CH+X+Y+ X+ XY + Y+ XP+ XV + XY? 4+ Y? 3)

Where values of X and Y depend on whether crystallo-
graphic space is considered (X=1In(A/C), Y=In(B/C)), or
Zingg space is considered (X=S/I, Y=I/L), and Ji corre-
sponds to the chosen quantity of J to be quantified (i.e., the
chosen column in Table 1). The results are interpreted using:

J <= Juitical: : Uncut ODF is uniform

J > Juiticat: Uncut ODF is not uniform

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

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 inte-
grated over all possible orientations. The cut probability,
Peu(sh, ori) is taken as the ratio of the vertical profile (i.e.,
the length between the maximum and minimum vertical
points) of an oriented crystal, h_;, to the maximum distance

between antipodal vertices of the crystal, h ,.:

hori
= 4
Peut hm,az ( )
Where h,,, is the maximum vertical profile for a given crys-

tal shape, and the linear distance from the cut plane such
that all possible crystal orientations can miss the cut plane.
These relationships are illustrated in the Online Resource
(Supplemental Fig. 3). 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 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 crys-
tal shape. The number of crystals of each orientation in the
uncut fabric, N, (per each observed crystal of a given
orientation) is the inverse of the probability of cutting each
orientation from the cut fabric.

1
Nu neut =

)

cut

Because crystal numbers are strictly whole numbers, the
value of N .. is multiplied by 100 and rounded to generate
two significant digits of precision. We choose an uncertainty
threshold of 6=2.5° and apply a three-dimensional Gauss-
ian to blur the inverted orientation slightly. This avoids large
crystal counts of the same orientation. All ODFs generated
from these inversions are produced using kernel halfwidths
all greater than the chosen 2.5° randomization.

What we have detailed above assumes a perfect inversion
scenario. In a natural system, packing effects in a 3D volume
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Fig. 6 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 panels a-c repre-
sent 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 (J,,4i.n)- (b) color map of the 95th percentile tex-
ture index (Jca)- C) the results displayed in panel b, but translated

will affect these probabilities. So, we also allow for some
stochastic variation in the inversion. This imperfect inver-
sion method is accomplished by generating a long vector of
random numbers sampled from a uniform probability dis-
tribution 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 p_, value. The
count of random numbers necessary to satisfy this condition

@ Springer

to Zingg diagram space. S/I=Short/Intermediate. I/L=Intermediate/
Long. Dashed lines represent divisions in shapes: quadrant I: Equant,
1I: Plate, III: Blade, I'V: Prism. d) shape estimates for plagioclase, oliv-
ine, 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)

is taken as N, for the crystal in question. The process
follows as in the perfect inversion scenario, where orien-
tations are randomized using a three-dimensional Gaussian
with 6=2.5° and the ODF is constructed. This process is
repeated (n=1000), with each repetition an imperfect inver-
sion result. Overall, the imperfect inversion process is akin
to bootstrapping (a common statistical analysis method), to
estimate the inherent variation associated with the inversion
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Table 1 Coefficients and associated leading terms of the third-order
polynomial surface fit to J,, gian and J iicar T€SULLS across crystal mor-
phology space, for relatively large sample sets. For crystallographic
space: X=1In(A/C) and Y =In(B/C). For Zingg space: X=S/I, Y=I/L

Term Jmedian (ABC) Jeritical (ABC) Jeritical (Zingg)
C 1.025 1.045 1.359

X 0.00356 0.004331 -0.09895
y 0.00578 0.00669 -0.9557
x2 0.0132 0.01713 0.05316
Xy -0.01182 -0.01535 -0.1547
y? 0.01378 0.01781 1.222

x> 0.002539 0.003433 -0.02731
X2y -0.005917 -0.007667 0.08967
xy? -0.005889 -0.007608 0.09638
¥ 0.00257 0.003501 -0.542
r? 0.944 0.946 0.991

process. Note, that with enough draws, the average of the
stochastic N, values converges towards the 1/p,,, case.
The inversion process is tested on two synthetically gen-
erated crystal fabrics: (1) a uniform distribution (Figs. 7)
and (2) a unimodal (Type-P) distribution (Fig. 8), with the
A-axes aligned preferentially near the horizon and to the

010)

(001)

) — ——
\ AR &

4

Multiples of a Uniform Distribution (MUD)

o
o

Fig. 7 Inversion results for synthetically generated and cut uniform
fabric, for constant crystal shape A: 3, B: 1, C: 1. For ODFs in panels
a)-d) 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) Perfect Inversion.
(d) Imperfect Inversion. (e¢) Fabric quantification, J-index vs. L2, .
(ODF — ODF,,.,) for the inversions of the synthetic uniform ODF
model (A:3, B: 1, C:1, n=3000). The uncut fabric ODF is the Uniform

L2-Error

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 are presented in Figs. 7 and 8§ (panels
a-d in each), and 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 fab-
ric (Figs. 7e and 8e-f). As can be observed in the figures,
for both the uniform and unimodal fabrics, the cut fabric
increases L2 error (ODF_,, — ODF,,.)- In the case of the
uniform fabric, it increases the texture index, though it still
falls below J ;.- The inversion process decreases the asso-
ciated 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 equivalent to an infinitely large sample size,
which affects texture index (Fig. 5). To remove this effect,
a similar sample size uncut fabric (ODFgq) is generated by
randomly sampling from the infinite sample size uncut fab-
ric (ODFgg). Repeating this process (n=1000) allows for

0.25f IE‘
a
0.20 t 1
0.15 1
0.10 } J
i * Imperfect Inversion i
0.05 Perfect Inversion
o Cut Fabric
Uncut Range, S.S.S.
—J

critical

000 L 1 1 1
1.00 1.02 1.04 1.06 1.08
J-Index

ODF, with a J-index of 1. For a similar sample size (n=3000), sub-
sampling 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 similar sample size). 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 uni-
form fabric
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(010)

Fig. 8 Inversion results for synthetically generated and cut unimodal
fabric, for constant crystal shape A: 3, B: 1, C: 1. For ODFs in panels
a-d 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 fig-
ure. (b) Cut fabric, with an apparent fabric that differs from the true,
uncut fabric, with A-axes preferentially aligned sub-vertically. (c) Per-
fect Inversion. (d) Imperfect Inversion. The inverted ODFs return a
good approximation of the uncut fabric. (e) J-index vs. L2 . (ODF
— ODF .- 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

the construction of a 90% confidence interval for both the
texture-index (J), and L2 error (ODFgg - ODFggg). These
regions are plotted in blue in Figs. 7e and 8e.

Additionally, for the unimodal, Type-P fabric, the pre-
ferred orientation of the inverted fabric can be statistically
compared against that of the input fabric (Fig. 8f). The fab-
ric-cut effect induces an apparent (100) preferred orienta-
tion inclined roughly 55° from the horizon. The inversion
process recovers the uncut fabric orientation reasonably
well, with imperfect inversion confidence intervals deter-
mined via directional quantile envelope (Kong and Mizera
2012), including the uncut fabric mode.
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180°
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. (f) A-axis mode orientation, plotted in an upper hemi-
sphere stereographic projection. Dashed concentric circles represent
10° zenith contours. The uncut fabric (red star) is approximately ori-
ented 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

Application to a natural sample

We apply the preceding tools to an oriented sample from
a feeder dike associated with the Columbia River Flood
Basalts. In this system, 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.
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Columbia river flood basalt dike

The Columbia River Flood Basalts are Earth’s young-
est example of flood basalts (Barry et al. 2013). The main
phase of these flows was 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, ~2 m wide dike, located along
the “Rattlesnake Gulch” portion of Highway 129 in South-
eastern 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 is aligned along the horizon.

Early primary phases within PR-1-165 are roughly
equal proportions of plagioclase (<1 mm) and pyroxene
(<250 pm), generally displaying a subophitic relationship.
These phases represent roughly 40% of the sample. The
remainder of the sample is very fine-grained (near the opti-
cal limit) mesostastic assemblage of plagioclase, pyroxene,
iron-titanium oxides, and apatite. Secondary, subsolidus
hydrothermal products are observed as amydules and frac-
ture fill. Given the relatively large size of the plagioclase,
the narrow width of the dike, and the location of the sample
along the margin 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.

Thin sections were prepared with a probe-quality pol-
ish, followed by an EBSD polish that removes any crys-
tallographic 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 Wiscon-
sin-Madison. The analyses were montaged, large area maps,
with an accelerating voltage of 30 keV and specimen tilt of
70 degrees. The step size was 15 pm, with a resulting pixel
area of 225 um?. The EBSD dataset was processed using
the MTEX toolkit (Bachmann et al. 2010). While data rep-
resenting a suite of phases was collected, we focused solely
on plagioclase (indexed utilizing the pattern of ‘Oligoclase-
An28’). 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 cal-
culated, 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 (J=1.344). As an aside,
the utility of this automated approach is highlighted by the
robustness of these datasets, with the dataset comprised of
several thousand crystals (n=2927). The grain boundaries,

represented by a polygon, are measured using principal
components.

These measurements are input into ShapeCalc to esti-
mate crystal morphology (L: 3.8, I: 2.2, with A=L, C=I).
This crystal shape estimate allows for comparison of fab-
ric strength against J ;.. Utilizing Eq. 6 and coefficients
from Table 1. With this shape as input, J icq = 1.063
(using A=L, C=1, and column 2 of Table 1), and J ;.. =
1.0583 (using values of L and I, column 3 of Table 1). The
measured ODF J-Index of the fabric exceeds J ., for the
estimated crystal shape, indicating that the uncut fabric is
non-uniform.

The ODF derived from EBSD analysis of PR-1-165
results in a smeared pole/partial girdle associated with the
A-axis (Fig. 9a). Using A=L and C=I1 for an elongate,
tabular crystal shape, the inversion process results in a hori-
zontally inclined partial girdle along the A-axis, (100), and a
vertical pole along the B-axis, (010) (Fig. 9b-c).

The mode for A-axis, (100) orientations of the inverted
ODF (Fig. 9d) reveal a dense grouping imperfect inversion
results clustered around the perfect inversion result. This
dense grouping falls near the horizon, aligned subparal-
lel to the dike strike. This is notable, considering the raw
EBSD-derived ODF results in a nearly vertical mode. This
difference between measured fabric and inverted fabric
could result in vastly different interpretations of the system,
specifically: was magma flow vertical (uncorrected EBSD
data), or lateral (inverted EBSD data)?

However, comparing the resulting large spread of the
confidence interval in PR-1-165 (Fig. 9d) against the rela-
tively tight confidence interval of controlled synthetic sam-
ples (Fig. 8f), suggests fundamental differences between
these two systems. While addressing this further is beyond
the scope of this contribution, the inversion methodology
utilized here is built on the assumption that the population
of crystals is fit by a singular crystal shape. In the syntheti-
cally derived samples, constant crystal shape is controlled
for, while in natural samples may significantly depart from
this condition.

Overall, the results show that the fabric cut effect can
be significant for EBSD datasets of magmatic systems. In
igneous systems, fabric tends to be relatively weak—signifi-
cantly weaker than in metamorphic systems (Satsukawa et
al. 2013). Indeed, much of the EBSD investigations of igne-
ous systems have focused on characterizing and interpreting
systems where magmatic fabric is well-developed, such as
layered mafic intrusions and cumulate-rich systems (Hol-
ness et al. 2012, 2017; Cheadle and Gee 2017; Vukmanovic
et al. 2018, 2019; Bertolett et al. 2019), and fluxion gabbros
deep within ophiolite sections (Jousselin et al. 2012; Henry
etal. 2021). However, these are exceptional cases, and igne-
ous systems that have crystallized primarily under static
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Fig. 9 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. (¢) Imperfect Inversion. (d) A-axis mode orientation
for PR-1-165, plotted in an upper hemisphere stereographic projection.
Dashed concentric circles represent 10° zenith contours. Values for the

conditions may have little to no crystal alignment. Alter-
natively, shearing under granular conditions may result in
complex fabrics strongly developed along bands but weakly
developed in bulk (Fu and Dafalias 2010). In these systems
in particular, carefully correcting for fabric-cut effect can
impact the scientific interpretation in terms of the fabric
strength and the 3D crystal orientation patterns.

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 the fabric-cut effect
can be decoupled with the shape- and size-cut effect) using
the EBSD data. We anticipate that this fabric-cut effect is a
significant source of bias in systems with weak fabric (e.g.,
magmatic fabric), or seemingly strong fabrics at low sample
size (Fig. 5), but is present to some extent in all EBSD ori-
entational data. If meaningful interpretations of dynamic
processes are to be made from EBSD-derived orientations,
then the fabric-cut effect needs to be corrected quantita-
tively to remove this bias.
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inverted fabrics (black dots and blue circle) depart significantly from
that of the cut fabric, represented here by EBSD data (red square). The
bulk of the imperfect inversion A-axis mode orientations and the per-
fect inversion (blue circle) are roughly in the horizontal plane, aligned
nearly parallel to dike strike. However, the confidence interval is large,
and thus, the true fabric of the rock is poorly constrained

Towards a comprehensive, open source textural
toolkit

However, as we apply the inversion method to natural
samples, we need to be strongly cognizant of the inherent
assumptions in the traditional textural analyses that cor-
rect for the different cut effects independently. For exam-
ple, 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-dis-
tribution-cut effects, CSDCorrections: Higgins 2000). As
a first approach towards investigating the fabric cut effect,
we have followed an approach motivated by similar exist-
ing methodologies in this study. We solve for the fabric
cut effect independently of the other cut effects and thus
assume that the different cut effects are sequentially sepa-
rable. Therefore, mathematically the assumption is that the
full cut effect correction (f) can be represented as a series of
sequential functions:

f (shape, orient.) = f, (shape) x f, (shape,, orient.) X f. (6)

Where f, is the shape cut effect, {; is the fabric cut effect
with shape fixed, and f, is the size and size distribution cut
effect with shape and orientation fixed. In natural datasets,
other effects may also need to be considered. For example,
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the spatial interdependence of multiple particle populations
leads to correlations and constraints on particle orientation
so as to not physically overlap. However, for simplicity,
the analysis tools assume that the data represents a single
coherent population (as chosen by the user) and these spatial
variations can be ignored in the inversion process.

We consider a shape-disperse synthetic example as an
example of how these assumptions affect the results in sam-
ples with multiple overlapping crystal populations. Three
different crystal morphologies are chosen such that the long
axis of the crystal is tied to a separate crystallographic axis
for each subpopulation (Al: 3, B1: 1, C1: 1; A2: 1, B2: 3,
C2: 1; A3: 1, B3: 1, C3: 3) yet the overall crystal aspect
ratio remains constant (i.e., L: 3, I: 1, S: 1). The cut-plane
samples each population of crystals in equal proportions
(n1 =n2=n3=1000). The orientations of each population
of crystals are sampled from the uniform ODF (Fig. 10a).

Fig. 10 Synthetic model results
for three merged subpopula-

These chosen crystal shapes, system, and fabric paral-
lel the constant crystal shape model illustrated in Fig. 3b-d.
After imposing the fabric-cut effect for this mixed popula-
tion of crystals, a weak structure appears (Fig. 10b) with
three approximately equivalent inclined girdles along each
crystallographic axis, with each girdle circumscribing the
vertical. This pattern is strikingly different from the pattern
that emerges when the crystal shape is constant (Fig. 3b-d).

In addition to sampling orientations of the cut crystals,
the widths and lengths of the 2D crystal intersection poly-
gon were measured (bounding box method). From these
measurements, a reasonably accurate estimate of crystal
shape is provided by ShapeCalc: a long axis of 3.2 and an
intermediate axis of 1, and a coefficient of determination of
0.997. This result is not unexpected. Current crystal shape
algorithms do not utilize 3D crystallographic data, and dis-
regarding crystallographic axes, the crystal subpopulations
are identical in morphology (i.e., L:3, I: 1, S: 1). However,

(100)
tions defined by different crystal o
shapes. Each population is equal
in the number of sampled, cut
crystals (n=1000), the same
orientation sampling space (i.e.,
the uniform ODF), and with ’
crystal shapes equivalent to those
in Fig. 3b-d, (L: 3, I: 1, S:1). The
colorbar is kept constant for both
ODFs, and is equivalent to the
scale used in Fig. 3. (a) The true
fabric of the system (uncut fabric)
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tying this crystal shape estimate to any permutation of crys-
tallographic axes invariably results in an incorrect inversion,
where a horizontal girdle for the chosen crystallographic
long axis, and two vertical poles for the intermediate and
short axes. This effect is illustrated in Fig. 10c, following
our earlier convention of A=L, C=1.

While this modeled system is arguably unrealistic in
specifics, these results clearly illustrate that the a priori
assumption of a single population and independent sepa-
ration of full cut effect correction (f, Eq. 6) into a series
of sequential functions may only sometimes be valid for
natural settings. A potential signature of this issue could
be that in the Columbia River dike sample above, we find
results that differ from what would be expected from the
controlled conditions of synthetic fabric inversions i.e., a
reasonably large confidence interval (Fig. 8f). Furthermore,
in the inverted ODFs presented in Fig. 9b-c, a vertical pole
is present along the B-axis. This result, if correct, is surpris-
ing since it doesn’t match with the expectation of particle
orientation dynamics in viscous flowing fluids within an
open fracture (e.g., Vachon et al. 2021). Alternatively, our
inversion process, which assumes a constant crystal shape,
may not be correct due to an unconstrained dispersive crys-
tal shape and fabric across size populations in the sample.

Overall, the results shown in the paper and the synthetic
results show that the fabric-cut effect may not be fully
decoupled in a multiplicative manner (i.e., Eq. 6). This indi-
cates some critical challenges with full inversion of under-
lying 3D rock texture using existing stereological methods
and revisiting the methods. Although the geoscience com-
munity, especially petrology, has been very good at devel-
oping codes for stereological analysis of thin sections, some
key issues remain, while new issues are on the horizon.

e Currently, each stereographic inversion is performed in
a piecemeal fashion, through a variety of freely avail-
able texture inversion algorithms. There is presently a
need for fully integrated software capable of holistically
analyzing textural information.

e A clear description of assumptions utilized in texture
inversion algorithms is generally unavailable, leaving
ambiguity about whether results accurately represent
sample textures, thus decreasing confidence in results.

e Source code for texture inversion algorithms is gener-
ally not available. Thus, it is challenging to assess which
particular shape descriptors are best suited for stereo-
logical correction (e.g., best-fit ellipse, Feret diameter,
bounding rectangle, crystal area, perimeter, circularity
or some subset of them together).

e The lack of available source code also poses challenges
to extending the modeling frameworks to include more
information such as spatial distribution of the crystals
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and orientations (in 2D as well as orientation data from
EBSD) when performing stereological corrections/in-
versions. Consequently, significant barriers to entry ex-
ist for non-experts to use these methods correctly and
modify the codes for different applications. This is criti-
cal for applications where the underlying assumptions
may only partially be valid and sensitivity analysis is
necessary to show the robustness of the results.

These considerations motivate future work toward an inte-
grated textural toolbox that is: (1) capable of addressing
a variety of textural analyses, (2) modular and extensible
to suit specific use cases, and (3) publicly available, with
open-source code that is well-documented and thoroughly
benchmarked.

Conclusion

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 a 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 must be accounted
for to accurately represent any quantification of fabric col-
lected using EBSD data.

The proper correction for realistic systems is tied to the
shape-size-orientation, three-dimensional probability distri-
butions. We have shown the effects in simplified models,
but there is no inherent reason for these simplifying assump-
tions to be true. We conclude by suggesting that a more
robust correction for these cut effects, will require simulta-
neous correction.
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