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Abstract Fabrics, also known as textures or crystallographic preferred orientations, reveal information
about the deformation history of the flow of polycrystalline materials, including glacial ice, olivine in the
mantle, and feldspar and quartz in the crust. Ice fabrics can have an order-of-magnitude effect on the ease of
flow in ice sheets. However, due to the choice of ice core drill site locations, the outputs of fabric models have
mostly been compared to observations from the least dynamic regions of the ice sheet (ice divides). Recently,
fabric data from an active ice stream have become available from ice cores drilled at the East Greenland
Ice-core Project (EGRIP). In this work, we present a novel approach that combines satellite-derived velocity
data with the fabric evolution model SpecCAF, a continuum model based on dominant dislocation creep. We
directly compare model output to ice-core observations from EGRIP, allowing us to examine the quantitative
predictions of calibrated fabric models alongside those of active ice streams for the first time. As the model
is calibrated against laboratory experiments, it provides a surrogate to compare the evolution of fabrics under
laboratory and natural conditions. The predictions show good qualitative agreement with the observed fabric
patterns and orientations, suggesting that a fabric between a girdle and horizontal maximum, orientated
perpendicular to the flow direction, is the characteristic ice stream fabric. A discrepancy in fabric strength is
attributed to the lower strain rates of ice sheets compared to laboratory experiments, revealing a significant
strain-rate dependence in the processes controlling fabric evolution.

Plain Language Summary Most materials that comprise the solid Earth, including the ice sheets
and the mantle, flow viscously over long timescales. A key control of this flow is the average orientation of
the crystals which make up these materials. In ice, measurements of this average orientation have to date been
limited to areas where the ice deforms very slowly. Recently, data from an ice stream—a fast-flowing region
in the ice sheet—have become available. In this work, we predict the alignment of ice crystals in an ice stream,
using a model previously tested and validated in the laboratory. Since the model gives good predictions of the
crystal alignment seen in the laboratory, it can be used to compare between laboratory results and ice sheets
for the first time. We predict that the alignment of ice crystals form a pattern that is consistent with what is
measured. However, the strength of the alignment is greater in ice sheets, which deform much slower than
laboratory experiments.

1. Introduction

Understanding the dynamics of polycrystalline materials is fundamental to our understanding of the deforma-
tion behavior of different layers existing in planetary bodies. These polycrystalline materials include olivine in
the Earth's mantle; feldspar and quartz in the crust (e.g., Behrmann & Mainprice, 1987); and glacial ice, whose
dynamics are likely to control sea-level rise over the next decades and centuries (e.g., Shepherd et al., 2018).
Fabrics, also called textures or Crystallographic Preferred Orientations (CPOs), represent the collective distri-
bution of crystal orientations within a region and dictate the mechanical properties. In ice, fabrics can cause
flow rates to vary by an order of magnitude in different directions (Pimienta & Duval, 1987). Yet most ice-sheet
models do not include the evolution of ice fabrics. Additionally, there remain a number of key open questions
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regarding the dominant deformation and recrystallization processes in ice

Experiments used e sheets and how these processes create fabrics.

by SpecCAF
EGRIP (at surface)

[ ) Within crystalline masses, localization of strain is common (e.g.,
Ramsay, 1980). However, the mechanisms underlying this localization remain

GRIP (at surface) enigmatic in many cases. In ice, localization is seen in ice streams: regions

characterized by high-speed flow primarily resulting from sliding at the ice
[J & sheet's base. Ice streams create a dominant control of the large-scale flow of
the ice sheet, being responsible for the majority of mass loss from ice sheets
(e.g., Bennett, 2003). Recently, ice stream fabric data have been obtained from
ice-core drilling expeditions (Stoll et al., 2021; Westhoff et al., 2021) and
[ J radar techniques (Lutz et al., 2020; Smith et al., 2017; Treverrow et al., 2010;
| | Zeising et al., 2023). These studies have revealed a range of patterns in the

10712

10I—10

Strain rate (s 1)

10-8 10—6 10~4 fabric of the ice, generally showing grains having orientations in the plane
perpendicular to the flow direction (to be reviewed in Section 2.3). It remains
an open question whether our current modeling and understanding of fabric

Figure 1. Strain-rate-temperature plot showing differences, primarily in strain  €volution can predict these naturally occurring fabric patterns which develop
rate, between the experiments (Craw et al., 2018; Piazolo et al., 2013; Qi under strain rates that are inaccessible in the laboratory.
et al., 2019) used to constrain SpecCAF (Richards et al., 2021), and the surface

deformations at East Greenland Ice-core Project (EGRIP) (an ice stream) and
Greenland Ice-core Project (GRIP) (an ice divide).

Ice streams contain the highest deformation rates in the Greenland Ice Sheet
at around 10~''—107% s~!, compared to the ice sheet as a whole, where defor-
mation rates lie in the range 107°—10~° s~!. Yet, due to time constraints,
experiments are deformed at faster rates in the range of 1077—10~* s~
There is therefore a large disparity between strain rates of deformations which form natural ice fabrics and those
produced in experiments (Figure 1). It remains a key open question whether fabrics produced across these ranges
in strain rates are the same, and whether the various processes that affect the fabric have significant strain-rate

dependence.

In this contribution, we present the first predictions of the development of ice fabrics within an ice stream compared
directly alongside ice-core observations. Our analysis employs the SpecCAF fabric evolution model (Richards
et al., 2021). The model is based on the assumption that dislocation creep dominates in ice (see Section 2.1) and
is directly constrained against laboratory experiments, being the only model demonstrated to predict the details
of fabrics observed in these conditions. As the model is constrained at strain rates around six orders of magnitude
faster than is typical in ice sheets, we are able to establish the quantitative effects of strain-rate dependence in
fabric evolution between experimental and natural conditions. This has implications not only for ice, but also for
olivine fabrics in the mantle, where fabric models are often constrained against experiments at much higher strain
rates (e.g., Hansen et al., 2016).

To begin, we compare predictions against the simple case of an ice divide, where the deformation is unconfined
compression. We then use satellite-derived surface velocity data combined with SpecCAF to predict the fabric
evolution within an active ice stream. The analysis uses velocity data to determine the (Lagrangian) evolution of
fabrics originating from the surface of the ice sheet through to the position of a recently extracted ice core in an
ice stream, from the East Greenland Ice-Core Project (EGRIP) (Stoll et al., 2021), accounting for its changing
deformation history. We compare the model predictions directly against the observational data from the ice core.
The predictions provide us with a surrogate to compare fabrics produced under experimental conditions with
those formed in ice sheets. The method thereby allows us to address the key question of how fabrics formed under
experimental conditions differ from those in ice sheets.

2. Background
2.1. Processes Affecting Ice Fabric Evolution

Ice sheets deform under their own weight through plastic deformation, which can be described as “flow” at large
scales. There is ongoing debate about the dominant mechanisms that facilitate this deformation. The most widely
accepted explanation is dislocation creep (e.g., Paterson, 1999). Dislocations are line defects in the crystal lattice
caused by impurities or a local excess or deficiency of hydrogen atoms (Glen, 1968). Stress on the ice lattice
generates dislocations, which store energy within the ice volume. As differential stress is applied, dislocations
move through the crystalline structure, causing ice deformation.
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Basal

Cc

Prismatic

c Dislocations move along certain slip systems (Figure 2), with basal-slip
deformation dominating due to its lower activation energy in ice. Basal-slip
deformation is approximately 70 times easier than prismatic slip and 180
times easier than pyramidal slip (Duval et al., 1983). The collective orienta-
tion of basal planes, represented by the ¢ axis unit normal, controls mechani-
cal properties, leading to significant anisotropy and variations in deformation
ease by an order of magnitude (Pimienta & Duval, 1987). The collective
distribution of orientations is called the fabric.

Pyramidal In addition to basal-slip deformation, recrystallization processes driven by
dislocation movement contribute to ice fabric formation. Migration recrys-

Figure 2. The figure illustrates the hexagonal crystal structure and the tallization occurs when the difference in dislocation density across a grain

different slip planes along which dislocations move. The c axis, normal to boundary and, consequently, the difference in stored energy, causes the
the basal plane, is also illustrated. Basal-slip deformation is approximately less strained grain to grow at the expense of the more strained grain (e.g.,

70 times easier than prismatic slip and 180 times easier than pyramidal slip

(Duval et al., 1983).

Humphreys & Hatherly, 2004). Grains favorably oriented for basal-slip defor-
mation will accumulate fewer dislocations than other orientations, leading to
growth of these grains.

Rotational recrystallization involves dislocation recovery into subgrain boundaries. These subgrains gradually
rotate away from the orientation of their parent grain, forming new grains as the ice deforms (Drury et al., 1985).
Since dislocations are often concentrated near grain boundaries due to stress heterogeneities (Piazolo et al., 2015),
new grains are more likely to form close to these boundaries (Piazolo et al., 2008). This process results in a more
dispersed orientation of new grains relative to the original grain orientation, which can be modeled as a diffusion
of the orientation of c-axis concentrations in the orientation space (Godert, 2003). It is currently an open question
how this process varies with strain rate.

Grain boundary sliding, another deformation mechanism, involves individual grains sliding relative to each other
to accommodate shape changes under differential stresses, facilitated by diffusion or dislocation glide (Goldsby
& Kohlstedt, 2001). The large-scale dynamics of grain boundary sliding depends on the microscale deformation
mechanism. The rheological flow law for grain boundary sliding (accommodated by diffusion) has a near-linear
relationship between stress and strain rate (Coble, 1963; Herring, 1950), while the commonly adopted exponent
for dislocation creep is &3 (Glen, 1968). Grain boundary sliding alone generates little to no fabric (e.g., Jiang
et al., 2000; Svahnberg & Piazolo, 2010; Warren & Hirth, 2006). It has been suggested that grain boundary
sliding may be either the dominant or a significant mechanism for the stress scales and strain-rates of ice sheets
(Goldsby & Kohlstedt, 2001). However, this is controversial, as strong fabrics are typically observed in cores
taken from ice sheets (Duval & Montagnat, 2002). It remains an open question whether grain boundary sliding is
an important mechanism in facilitating deformation in ice sheets.

2.2. Fabric Evolution Models

Like the modeling of many physical processes, the modeling of fabric evolution necessitates a trade off between
resolving fine-scale details and computational cost. Models exist that resolve interactions between grains (e.g.,
Castelnau, Duval, et al., 1996; Piazolo et al., 2010). These kinds of models give excellent insight into microstruc-
tural processes and have been applied to limited locations in ice sheets, such as a divide (Montagnat et al., 2012)
and for a synthetic ice stream (Llorens et al., 2022). However, these models are too computationally expensive to
run across multiple locations in an ice sheet.

Broadly speaking, there are two physical approaches to modeling ice fabrics without resolving grain interactions
explicitly. The first is to work with grain dynamics but assume all grains experience either the same stress or
strain rate (or a linear combination of the two) so that interactions between grains (and hence the smallest length
scales) do not need to be resolved. The fabric evolution model that is used in Elmer/Ice falls into this category
(Gagliardini et al., 2013). This model attempts to incorporate the affect of stress on the fabric, but only the recent
work of Rathmann and Lilien (2021) includes the effect of recrystallization.

The second physical approach is to consider a continuum theory, motivated by the success of considering a fluid
as a continuum rather than as a collection of particles. Here, a polycrystalline material is considered as a “mixture
of orientations,” and conservation equations for mass, momentum, energy, etc. are considered for both physical
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(a) unconstrained (b) () (d)
X Flow
direction
Girdle Horizontal-maximum Girdle / Horizontal-max Girdle / Horizontal-max
Treverrow et al. (2010)  Smith et al. (2017) Lutz et al. (2020) Westhoff et al. (2020)
Amery Ice Shelf Rutford Ice Stream Ross Ice Shelf EGRIP (Ice Stream)
Antarctica Antarctica Antarctica Greenland

Figure 3. Schematic pole figures showing fabric data obtained from observational studies of ice streams and ice shelves.
Shading represents the concentration of ¢ axis orientations in that direction.

and orientation space (Faria, 2006a). For example, the fabric evolution equation from Faria (2006b) and Placidi
et al. (2010) is derived by considering how grain mass is conserved over the space of possible orientations. It
should be noted that although these two approaches to deriving equations are quite different the resulting equa-
tions are the same with the exception of a few terms.

SpecCAF falls into the second category, and is based on Faria (2006b) and Placidi et al. (2010). Uniquely, this
fabric evolution model has been constrained against laboratory experiments, and yields excellent predictions at
these strain rates of around 10> s~! (Figure 1) (Richards et al., 2021).

2.3. Fabrics Observed in Ice Sheets

Historically, ice cores have been drilled at or near ice divides (a stagnation point in the ice-sheet flow), as
the minimal deformation in these locations yields the most accurate, undisturbed palaeoclimate data (e.g.,
Dansgaard et al., 1969; Gow, 1961; Thorsteinsson et al., 1997). There is a large amount of fabric data availa-
ble from these locations yet this is unrepresentative of the ice sheet as a whole. In contrast, the more limited
data from fast-flowing locations are better suited for analyzing flow processes and fabric dynamics in ice
sheets.

Ice streams are corridors of dynamic ice within ice sheets that flow faster than surrounding ice due to sliding at
the ice-bedrock interface. Ice shelves are similarly fast-flowing regions, owing to effectively zero basal drag along
the ice-ocean interface. In both regimes, the dominant deformation is often extension in the flow direction due to
acceleration along streamlines.

In extension, the fabric expected by considering lattice rotation is a girdle pattern perpendicular to the flow
direction (e.g., Paterson, 1999). Figure 3 presents an overview of the ice fabrics measured from ice streams and
shelves. Treverrow et al. (2010) examined the fabric from drilled ice cores in the Amery Ice Shelf (Figure 3a)
and observed the expected girdle fabric. It should be noted that the orientations of the measured pole figures are
unconstrained because ice cores are free to rotate when drilled. In particular, the information of the orientation of
the girdle relative to the flow direction is normally lost unless attempts are made to reconstruct the core's original
rotation (e.g., Westhoff et al., 2021).

Recently, fabric data have become available from ice streams and ice shelves that do not exhibit the classical girdle
fabric expected from unconfined extension. Smith et al. (2017) estimate that the fabric best fitting seismic data
from the Rutford Ice Stream is a diffuse horizontal-maximum pattern, characterized by a cluster perpendicular
to the flow direction (Figure 3b). Smith et al. (2017) attribute this pattern to compression in the cross-streamline
direction at this location. Lutz et al. (2020) use a similar observational method to estimate the fabric for the Ross
Ice Shelf and find that a combination of a girdle and horizontal-maximum best fits the seismic data (Figure 3c).
However, in contrast to the observations of Smith et al. (2017), the clusters are not aligned perpendicular to the
flow direction. Lutz et al. (2020) therefore suggest that the observed fabric is formed due to deformation by
simple shear, with the shear plane perpendicular to the cross-flow direction. Recently, a deep ice core has been
drilled at the EGRIP site, inside an active ice stream. This has been combined with work which constrains the
orientation of drilled ice cores (Westhoff et al., 2021). The work reveals a fabric below 500 m that lies interme-
diate to a girdle and horizontal-maximum pattern, orientated perpendicular to the flow direction (Figure 3d).
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0 2.4. Modeling of Ice-Sheet Fabrics
-'ﬁ?' Historically, ice fabric evolution models have been applied to simulate
250 - S '%g fabrics at ice divides (e.g., Castelnau, Thorsteinsson, et al., 1996; Montagnat
.-__;ﬁ . et al., 2012), with the VPSC model of Montagnat et al. (2012) giving predic-
500 - r‘r . tions which agree with ice-core observations. It is only recently, with the
_t. availability of fabric data from the EGRIP project and from seismics, that
g' fabric evolution models have been applied to ice streams. Lilien et al. (2021)
. 750 -+ f_s and Llorens et al. (2022) have used a modeled velocity field to predict fabrics
\E/ é' formed in ice streams. Generally, the modeling agrees qualitatively with
5 1000 - observations in a broad sense, predicting a girdle perpendicular to the flow
o, s at ice stream onset, or a horizontal maximum if horizontal shear is present.
8 ﬁ. However, these studies do not directly compare modeling with observations
1250 - .E_' from ice cores.

E. Prior studies have also investigated how quickly fabrics respond to changes in
1500 g deformation. In particular, Lilien et al. (2021) have tried to answer this ques-
H tion in order to inform large-scale approximations (e.g., Graham et al., 2018).
1750 - : They find fabrics respond to changes in deformation over timescales of 1,000

to 10,000 years.
2000 l l l Of the fabric evolution models for ice, the SpecCAF model is the only
0.0 0.2 0.4 0.6 one which has been validated against laboratory experiments (Richards
et al., 2021), reproducing the details of observed fabrics in experiments to
Eigenvalues of A(z) excellent approximation. Therefore, it can be used as a surrogate for compar-
ing fabrics from ice streams to those from experiments, which are deformed
Figure 4. Figure showing the eigenvalues of the second-order orientation at much higher strain rates (Figure 1). This provides an inroad to yield new

tensor calculated from ice cores, with depth into the East Greenland Ice-core

Project (EGRIP) drill site.

insights into ice stream dynamics and ice microstructure.

3. Data and Methods
3.1. Observed Fabric at EGRIP

For our analysis, we introduce here measured fabric data from the upper

1,714 m of the EGRIP ice core (Figure 4); data from the brittle zone at a
depth of ~1,000 m is excluded. Every ~15 m of depth, a 55 cm long ice-core piece was cut into six samples with
typical dimensions of 90 X 70 X 0.3 mm. A total of 744 samples (oriented along the ice-core axis) were analyzed
directly in the EGRIP trench at —18°C. Measurements of ¢ axis orientation were conducted to a 20 pm resolution
using an automated fabric analyzer from Russel-Head Instruments (FA G50) (Wilson et al., 2003). Data were
background corrected, and the CPO derived from digital image processing.

Figure 4 shows the variation in the eigenvalues of the second-order orientation tensor A at EGRIP with depth.
When calculating A from grain samples, the orientation tensor is defined as a weighted sum over the grain angles:

N
Ay =) wiekc (1)

g=1

where w# is the weight (i.e., the estimated volume), and c# is the measured ¢ axis orientation of grain g. We
observe a relatively fast transition from a weak fabric near the surface to eigenvalues of approximately 0.7, 0.3, 0
below 600 m. The data show small-scale oscillatory variations with depth in the intermediate and largest eigen-
values below 550 m. Analysis of the grain orientations from the ice core (Stoll et al., 2021) show that the grains
are orientated to produce a girdle fabric below 350 m, which intensifies in strength down to the last glacial at
1,300 m. Below this depth, a girdle/horizontal-maximum fabric was observed.
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3.2. Fabric Evolution Model: Equations and Assumptions

To model the fabric, we employ the SpecCAF model (Richards et al., 2021), which provides a fully constrained
continuum model for the fabric evolution, based on a mathematical framework of Placidi et al. (2010), that is
constrained using laboratory data. The fabric is described by the orientation mass density p*(x, n, t), representing
the mass fraction of crystallites with ¢ axes orientation toward orientation angle n near a region of ice at position
x. We work with SpecCAF in dimensional form, with governing equation

Dp*
Dt

+ PV u= =V [P0+ AV () + DT~ (D))’ @)

where V is the gradient operator over position space, V* is the gradient over orientation space, and D/Dt = d/ot +
u -V is the material derivative. Inside the term —V*- [p*v*], where

vj = Wijnj — (Dijnj — ninjm D) ©)

is the orientation transition rate. For an individual grain, v} describes how deformation due to basal-slip rotates
the grain's c-axis. However, in our continuum model, this term represents the transition of mass from a certain
orientation to a neighboring orientation on the unit sphere (Placidi et al., 2010). The parameter ; controls the
magnitude of the effect of basal-slip deformation on the fabric. The tensors D and W represent the symmetric
and antisymmetric parts of the velocity gradient tensor. The term AV*2(p*) represents the effect of rotational
recrystallization, where 4 is a parameter controlling the magnitude of the effect. The term g(D* — (D*))p*, where

_s (Dijn;)(Dixng) — (Dijnjng)?
DmﬂDnm

D* “

and
(D*):/ L D dn )
s2 P

represents the effect of migration recrystallization on the fabric (forming an orientationally dependent source
term). The parameter f controls the magnitude of the effect. More details and explanation of the terms in the
equations, alongside discussion of the model assumptions can be found in Placidi et al. (2010) and Richards
et al. (2021, 2022).

Within the context of the continuum theory, the orientation tensor (defined in a discrete sense in Equation 1) is
given by

Aij = (min;) =/ 2 pin; dn (6)
s2 P

We use the same values for the nondimensional parameters as determined in Richards et al. (2021, 2022), 1 and
. which were normalized by the strain rate y = /D;; D;; /2. The dimensional forms of these parameters are

A=AT)yy, B=PBT)y M

With the functions A(T') and §(T') determined via regression against experiments, SpecCAF has been shown to
give accurate predictions for fabrics produced in laboratory conditions (7 ~ 1073 s71). Thus, by applying the
model and parameters to an ice stream, we are able to generate comparisons between fabrics produced under
laboratory and ice-sheet conditions. This equation is solved using spherical harmonics as in Richards et al. (2021,
2022), however here we use the Specfab numerical solver (Rathmann & Lilien, 2021; Rathmann et al., 2021).

3.3. Estimating the Deformation of an Ice Divide

As a preliminary test case, we compare SpecCAF's predictions at an ice divide with GRIP fabric data
(Thorsteinsson et al., 1997). For this, a simple model is used, like in Castelnau, Thorsteinsson, et al. (1996)
and Montagnat et al. (2012), though our method differs slightly. It is assumed the core is drilled at a perfect
ice divide, such that it only experiences unconfined compression. The vertical shear rate is assumed to follow

RICHARDS ET AL.

6 of 18

3SURO | SUOWILLOD dAITER1D) a(qedl(dde ayy Aq pausenob ae sapiie YO ‘8sn Jo SajnJ 10y AfeiqiT auluQ A1/ UO (SUO N IPUOD-pUe-SLLLIBY/WOD" AB | IM Aeiq 1 RUI|UO//:SNY) SUORIPUOD pUe SWB | 83U} 88S *[7202/20/02] uo Afiqiauliuo Ao 9b1pbuoy 1a Aq Syz/20arez0z/620T 0T/10pwod /o 1m Afeiq i puljuosgndnBe//sdny wouy papeojumod ‘TT ‘€202 ‘9SE669T2



A7oN |

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2023JB027245

—1500
340.0 .
_1550{ ®
302.2
—1600
264.4
267 . 16907 B
s § 1700 Ig
1889 ¢ 2 Y
o= g
L1511 & 5 —17501 =
g Z L 24 &
- 1133 —1800 A
-16
F 756 —1850
LGRIP g
-37.8 ~1900 4
—L 0.0 ; — —0
200 300
Easting (km)

Figure 5. Map of Greenland in (a), showing the velocity magnitude calculated from Joughin et al. (2018) and a
magnification in (b), which shows the tracked plan-view path upstream of the East Greenland Ice-core Project (EGRIP)
ice-core location. The location of the GRIP core is also shown.

a Dansgaard-Johnson profile (Dansgaard & Johnsen, 1969), being constant for the upper two-thirds of the ice
divide, and then decreasing linearly to zero at the ice-bedrock interface. The only input parameters for this method
are then the ice thickness at the divide, which for GRIP is 3,029 m; the accumulation rate, which sets the vertical

1

velocity at the surface, is 0.23 a~!, and the data for the temperature profile is given by Johnsen e al. (1995).

3.4. Estimating the Deformation of an Ice Stream

To apply SpecCAF for fabric prediction at EGRIP, we must estimate the three-dimensional path, deformation,
and temperature history of the ice along the vertical depth of the drilled ice core. This means that, unlike experi-
ments, and the theoretical exploration of general two-dimensional flow regimes in Richards et al. (2022), the ice
parcel undergoes a changing history of deformations as it moves through the ice sheet.

We use velocity data from Joughin et al. (2016, 2018) to determine the velocity field, and velocity gradients at
the surface of the ice sheet. First, we use the velocity fields to calculate the horizontally two-dimensional surface
particle path (Figure 5) backwards from EGRIP. To estimate the velocity gradients within the ice sheet, we apply
the Shallow Stream Approximation (SSA) (MacAyeal, 1989), under which ow/ox, ow/dy are neglected compared
to other strain-rate components on the basis of the thinness of the flow, and the horizontal flow in the upper
section of the ice sheet forms an approximate plug flow with negligible vertical shear. In other words, horizontal
velocities measured at the surface are applied into the ice sheet to first order.

To determine three-dimensional particle paths that intersect the EGRIP site, we choose different initial locations
on the surface particle path, shown as a black curve in Figure 5. Different initial locations along this trajectory
will create particle paths that intersect EGRIP at different depths along the ice core. For a given location upstream
on this plan-view path, the vertical velocity can be found through the kinematic condition:

w, = —i+u 2l ®)

N
with @ the accumulation rate, u, the surface velocity in the streamline direction and 0h/ds the change in surface
height along the streamline, calculated from surface height data (Morlighem et al., 2017). The accumulation rate
is chosen such that the final age and depth of an ice parcel at EGRIP match the measured age-depth relationship
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Figure 6. Evolution of fabric tensor eigenvalues at Greenland Ice-core Project (GRIP) with depth for both the experimental
parameters (SpecCAF), reduced diffusion to give the correct prediction at here (A" = 0.25]) and measurements from GRIP
ice cores (data points).

from Gerber et al. (2021). The vertical velocity and, in turn, the three-dimensional particle path can then be found
by integration in time. These paths are shown in Figure 7, with the streamline tangent being along the x axis. Pole
figures showing model predictions are also shown in this figure, to be discussed in Section 4.2.1.

Data from Prior-Jones et al. (2021) show that the temperature at EGRIP is approximately —30°C to a depth of
1,400 m. As the fabric data used here extend only to a depth of approximately 1,600 m, a temperature of —30°C
is used throughout. At this temperature the parameters in the model are ; = 1.17 (controlling lattice rotation),
J = 0.236 (controlling the effect of rotational recrystallization through diffusion) and f = 1.14 (controlling the
effect of migration recrystallization) (Richards et al., 2021). For these conditions and parameter settings, migra-
tion recrystallization is negligible within the model.

As snow accumulates, the ice crystal orientations are initially random, that is, the fabric is isotropic. As the snow
compacts into glacial ice, there is a significant component of vertical compression arising from the change in
density. This transition is shown by the one larger eigenvalue and two equal-valued smaller eigenvalues at around
110 m in Figure 4, indicative of a vertical single maximum. We include this effect using density profiles with
depth from (Vallelonga et al., 2014). This results in a contribution to fabric evolution from the term p*V - u in
Equation 2.

4. Results
4.1. Application to an Ice Divide

We first compare model predictions with ice-core data from the GRIP ice divide in Figure 6. The figure compares
the eigenvalues of the second-order orientation tensor, which are shown as functions of depth, alongside a range
of point measurements from drilled ice cores. As the deformation here is unconfined compression through-
out the depth, the fabric forms the expected single-maximum fabric—seen by one larger eigenvalue and two
equal-valued smaller ones—orientated vertically.
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Figure 7. Figure showing streamline paths along the horizontal streamline upstream of East Greenland Ice-core Project
(EGRIP). Pole figures are also shown at their corresponding locations, highlighting the fabric development from initially
isotropic to what is predicted at the EGRIP drill site. Pole figures are shown with their coordinate system, s representing the
tangent to the horizontal streamline direction, z the vertical, and n the normal to the streamline tangent. The brown region
represents basal topography.

A perfect single maximum fabric has eigenvalues of 1,0,0. As the single maximum diffuses the eigenvalues tend
to 1/3, 1/3, 1/3, which represents an isotropic fabric with no preferred orientation. As can be seen in Figure 6, for
the SpecCAF model, using parameters constrained against laboratory experiments, the predictions agree with the
general form of the fabric seen at GRIP: a single large eigenvalue indicating a vertical single maximum, which
increases in strength with depth. However, SpecCAF predicts a fabric that is more diffuse than observed from the
GRIP ice core, because the eigenvalues of the SpecCAF predicted fabric are all closer to 1/3.

Because rotational recrystallization is modeled as a diffusive process, which affects only the fabric strength but
not the fabric pattern, in contrast to the process of basal-slip deformation and migration recrystallization, we
hypothesize that the effect of rotational recrystallization (controlling diffusion in the model) is strain-rate depend-
ent. As mentioned above, at T = —30°C, the model parameters, as constrained by experiments, are 1 = 1.17
(controlling lattice rotation), 4 = 0.236 (controlling the effect of rotational recrystallization through diffusion)
and f = 1.14 (controlling the effect of migration recrystallization). For these values, migration recrystallization
does not significantly affect the fabric. Thus, we propose that the disparity in fabric strength can be attributed to a
dependence of the rate of rotation recrystallization, measured by 1, on the strain rate. We sought to find the value
of 1 which gives good predictions for this simple case. The reduced value of

1=0257 Q)

was found to give the best fit at the GRIP divide, as can be seen in Figure 6. With this new parameter setting, the
model accurately predicts the strength of the vertical single maximum fabric observed there. The result indicates
that the effect of rotational recrystallization is reduced by a factor of 0.25 under the characteristic strain rates of
ice-sheet flow compared to the strain rates typical in the laboratory.

We note that the strain rates are similar at both GRIP and EGRIP. The mean vertical strain rate at GRIP
is ~#2 x 10712 571, while mean horizontal strain rates at EGRIP are =1 X ~10~!! s~!, a similar order of magnitude.
Therefore, if our hypothesis of strain-rate dependence is correct, the value of 7 proposed for natural ice defined
by Equation 9 can be anticipated to apply to the context of an ice stream at EGRIP below.
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Figure 8. Variation of fabric tensor eigenvalues at East Greenland Ice-core Project (EGRIP) with depth for both the
experimental parameters (SpecCAF), reduced diffusion to give the correct prediction at Greenland Ice-core Project (GRIP)
(' = 0.25]) and measurements from EGRIP ice cores (data points). The data points corresponding to the pole figures shown
in Figures 9 and 10 are highlighted with a cross.

4.2. Application to an Ice Stream
4.2.1. Predicted Fabric Development and Evolution

Results are presented comparing the predictions of the model with the eigenvalues obtained from ice cores at
EGRIP, for both the original experimentally calibrated parameters, and the set that includes the adjusted value of
7 given by Equation 9. As the deformation is changing upstream of EGRIP, the fabric pattern changes and there
are three characteristics we can compare between observations and model predictions: (a) the fabric pattern (cf.
Figure 3); (b) the orientation of the fabric pattern (constrained recently in observations for the first time (Westhoff
et al., 2021); and (c) the fabric strength measured by the eigenvalues of the second-order orientation tensor.

The predicted paths upstream of EGRIP and the fabric evolution along those paths are shown in Figure 7 for the orig-
inal parameters, where the x axis is the distance s along the horizontal streamline path shown in Figure 5. This allows
the change in fabric pattern through different deformation regimes to be visualized. At the surface, the fabric at the
beginning of each path is initially isotropic. Far upstream, the model initially predicts the development of a vertical
single-maximum fabric, attributable to dominant vertical compression in this region where there is comparatively less
acceleration causing horizontal velocity gradients. For all but the highest streamlines, the model predicts that either
horizontal maximum or girdle fabrics develop subsequently under the combined effects of acceleration in the flow
direction and cross-flow shear. The highest (shortest) streamline shown predicts a vertical single maximum fabric at
EGRIP; this can be attributed to the dominant vertical compression in this region due to densification of the firn layer.

4.2.2. Comparison With Ice-Core Data From an Ice Stream

Using our approximations for the flow fields, we compare our model predictions to observations from the EGRIP
ice core (Stoll et al., 2021) (Figure 8). As in Figure 6, the figure compares the eigenvalues of the second-order
orientation tensor with depth against ice-core measurements. We show predictions for both the original,
laboratory-calibrated parameters, and the adjusted set that includes the reduced value of the recrystallization coef-

ficient <Z’ =0.25 Z) proposed in Equation 9. We also show pole figures showing fabrics in the firn-influenced
layer (Figure 9), and at two deeper depths (1,048 m and 1,499 m in Figure 10). These are chosen to illustrate the
range of fabrics observed at EGRIP, and are highlighted in Figure 8 by crosses. The observed fabrics from EGRIP
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Figure 9. Pole figures at the shallow depth of 146 m, for (a) the original model, (b) the model with the effect of rotational
recrystallization reduced, and (c) from c axis orientations measured from a single ice-core sample. At this shallow depth, the
vertical single maximum is produced due to densification in the firn layer. The J index (Equation 10) is also shown.
(a) Pole figures at 1048 m
(i) SpecCAF (ii) A’ = 0.25A (iii) EGRIP ice core data
J=134 J =336 =3.15
0.00 0.44 0.89 0.00 1.38 2.76 0.00 1.54
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(b) Pole figures at 1499 m
(i) SpecCAF (i) A’ = 0.25A4 (iii) EGRIP ice core data
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Figure 10. Pole figures at a depth of (a) 1,048 m and (b) 1,449 m, for (i) the original model, (ii) the model with the effect
of rotational recrystallization reduced, and (iii) from c axis orientations measured from a single ice-core sample. The East
Greenland Ice-core Project (EGRIP) pole figures have been rotated to match the girdle angle of 125° found by Westhoff
etal. (2021). The J index (Equation 10) is also shown.
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in Figure 10 are also rotated to the average orientation over the depth found by Westhoff et al. (2021), allowing
the fabric orientation to be compared as well. The J index is also calculated from the pole figure data, defined by:

W\ 2
J=/ (”_) dn (10)
s2\ P

This is a measure of fabric strength ranging from 1 for isotropic fabrics to co for perfect single maximum fabrics
(Bunge, 1969).

We first examine the fabrics in the upper 300 m at EGRIP, where a vertical single-maximum is predicted by
both sets of model parameters, and is also observed in the ice core. As noted above, this fabric can be attributed
to compaction in the firn layer (V - u # 0), where the snow is compressed into ice. Pole figures showing both

the experimental parameters (SpecCAF), the reduced set (Z’ =0.25 Z) and an orientation distribution function

produced from the measured c-axis orientations in the ice core are shown in Figure 9. The experimental param-
eters (Figure 9a) accurately predict the vertical single maximum observed (Figure 9c), showing densification
can explain these fabrics to leading order. However, processes occurring in the firn layer are likely to be quite
different from the rest of the ice sheet.

Below the firn layer, fabric evolution is dominated by incompressible deformations inside the ice sheet. The
modeled eigenvalues in Figure 8 show that below a depth of approximately 500 m, the fabric becomes mostly
invariant with depth. Both sets of parameters and ice-core data show two larger eigenvalues and one smaller one,
particularly for the ice-core observations and the reduced parameter set, where the smallest eigenvalue is close to
zero (Figure 8). This pattern of eigenvalues is indicative of a girdle fabric, which can be seen in the pole figures
from the predicted and observed fabrics (Figure 10).

Figure 10 shows that there is good agreement between observations and both sets of parameters for the orientation
of the fabric, which is perpendicular to the flow direction. The fabric pattern at 1,048 m (Figure 10aiii) is close to
a perfect girdle, whereas the observed fabric pattern at 1,499 m (Figure 10biii) is closer to a horizontal maximum.
This variation is likely due to changes in deformation with depth not included in our leading-order flow model.
The experimentally calibrated parameters predict a fabric pattern that is closer to a horizontal maximum. The

parameter settings with the reduced recrystallization coefficient (Z/ =0.25 Z) forms a more defined horizontal

maximum. Consequently, the model achieves a partial agreement with EGRIP when comparing the fabric pattern.

The fabric strength can be measured more precisely by the J index, calculated for the pole figures in Figure 10,
than the eigenvalues. While the experimental parameters result in an underprediction of the fabric strength, the
fabric strength of the second set of parameters agrees with observations at EGRIP.

In summary, of our three metrics (orientation, pattern, and fabric strength), the model agrees well for the fabric
orientation, and partially for the fabric pattern. This shows that our current understanding of fabric evolution
through dislocation creep, encapsulated by the model, can work in ice streams. The model under-estimates the
strength of the fabric, but this can be rectified by reducing the effect of rotational recrystallization in the model.
Our results have therefore revealed both a key quantitative difference between fabrics produced in the laboratory
and in ice sheets, whilst demonstrating that the continuum theory can be modified to yield better agreement with
observations following a simple reduction in the rotational recrystallization parameter J.

5. Discussion
5.1. Characteristic Fabrics of Ice Streams

The results provide some of the first direct comparison between fabrics from an active ice stream and model
predictions. Further, our results provide new direct quantitative comparisons between observations and an exper-
imentally calibrated model surrogate, thereby allowing the gap between fabrics produced under experimental and
observational strain rates to be bridged.

Outside of the upper depths influenced by the compaction of the firn layer, the fabric pattern observed at EGRIP
and predicted by the different model parameters is, to leading order, invariant with depth and lies between a
horizontal maximum and a girdle, which is always orientated perpendicular to the flow direction. These fabric
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patterns can be explained by different deformation regimes. The girdle pattern will be produced by dislocation
glide along the basal plane under a deformation of unconfined extension, with the plane of the girdle perpendic-
ular to the direction of extension. In contrast, a horizontal-maximum pattern is likely caused by a component of
simple shear across the streamline. These patterns have been fitted to seismic data taken from ice streams and
shelves (Kufner et al., 2023; Lutz et al., 2020; Smith et al., 2017), although Kufner et al. (2023) finds other possi-
ble fabrics also fit their data. Thus, we consider this girdle/horizontal-maximum pattern orientated perpendicular
to the local flow direction to be the characteristic fabric of ice streams, just as a vertical single maximum or tight
girdle fabric is characteristic of ice divides (Faria et al., 2014).

5.2. Utilizing Modeling for Comparing Experiments and Ice Sheets

Richards et al. (2021) showed that the model employed here accurately predicts fabrics at experimental strain
rates (approximately 1073 s~!). The strain rate at EGRIP is of order 10~!! s~!, and the strain rate at GRIP is of
order 10712 s~1. It is an open question how fabrics vary across this range of strain rates, not only for ice but
for materials such as olivine where natural strain rates are likewise much lower than can be reached in experi-
ments. Our findings reveal that the fabric predicted with the experimental parameters is significantly weaker than
observed in the geophysical setting. For example, the J index predicted by the experimental parameters at EGRIP
is around 1.35, whereas observations show a J index of around 3.4 (Figure 10). Therefore, we can conclude that
fabrics are stronger at the lower strain rates seen in ice sheets compared to the faster strain rates in the laboratory,
for the same applied strain. This trend can also be seen over the range of experimental strain rates (Figure 3 in
Richards et al. (2021)).

Our analysis highlights both the benefits and drawbacks of laboratory experiments. Although the fabrics gener-
ated in experimental environments generally exhibit similar patterns and orientations to those found in nature,
as demonstrated by the qualitative agreements shown here, our results demonstrate a disparity in fabric strength
between the two settings. Conducting laboratory experiments at strain rates comparable to ice streams is not
feasible, as it would necessitate decades to complete a single experiment. The disparity between experimental
and geodynamic strain rates is yet more extreme for olivine, where experiments also take place at around 107 s~!
(e.g., Hansen et al., 2016), but the mantle deforms around 107'® s~1. As such, modeling serves as a crucial tool
to bridge this gap.

Better agreement between the predictions and observed fabric strength for both the ice stream and divide is found
by reducing the coefficient controlling rotational recrystallization (modeled as a diffusion in orientation space)
by a factor of ~4. This suggests that the process of rotational recrystallization is strain-rate dependent. Other
processes that act to strengthen the fabric may also be relatively more active at lower strain rates. This includes
grain boundary migration driven by surface energy, rather than dislocation density, which will result in grain
growth. Post deformation grain growth has been shown to produce stronger fabrics (e.g., Piazolo et al., 2010).

5.3. Implications for Microstructure Deformation Mechanisms in Ice Stream Flow

While experiments provide rich data sets to determine the microstructural processes occurring, such as dislo-
cation creep or grain boundary sliding, it is more difficult to observe this in nature. In ice, it remains an open
question whether ice-sheet flow can be entirely explained by dislocation creep (incorporating basal-slip defor-
mation, rotational recrystallization, and migration recrystallization), as represented by the fabric model utilized
in this study, or whether other processes, such as grain boundary sliding, play a significant role. Goldsby and
Kohlstedt (2001) posited that grain boundary sliding is the primary deformation process in ice sheets. Although
this is unlikely to be entirely accurate (Duval & Montagnat, 2002), recent evidence has emerged supporting
the occurrence of grain boundary sliding in laboratory experiments (e.g., Craw et al., 2018). Deformation by
grain boundary sliding alone does not produce a fabric (Duval & Montagnat, 2002; Zhang et al., 1994), and an
increased contribution of grain boundary sliding to deformation would result in a weaker fabric. The modeling
in this paper reveals that the ice stream fabrics are stronger than expected from laboratory experiments. Given
that grain boundary sliding weakens the fabric, the results indicate that deformation in ice streams and ice sheets
as a whole is predominantly governed by dislocation creep. Grain boundary sliding may be active at laboratory
strain rates where the observed fabric is weaker than ice sheets. This is contrary to the proposal of Goldsby and
Kohlstedt (2001) that grain boundary sliding dominates at low strain rates and dislocation creep at higher rates.
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5.4. Timescales for Fabrics to Adjust to New Deformations

The duration for which fabrics retain their “history,” that is, the speed at which fabrics adapt to changes in defor-
mation and the extent to which upstream deformation must be considered, is currently an open question, with
estimates only available on the local scale (e.g., McCormack et al., 2022). While providing a robust measure of
this duration is beyond the scope of this paper, the tracking of ice parcels in this work allows insights for the case
of EGRIP. The observed fabric at EGRIP, as well as the model predictions using the experimental parameters, do
not vary significantly for depths below approximately 500 m. The streamline that ends at this depth starts 150 km
upstream and takes a total time of around 4,000 years to travel from the surface to EGRIP (as calculated through
streamline integration). We have assumed the vertical variation in the deformation is negligible over the depth
examined.

Therefore, the depth of a parcel of ice at EGRIP is a proxy for the total time that it has experienced deformation.
As fabrics below a depth of 500 m at EGRIP, corresponding to a time of 4,000 years, show no change in final
fabric, we can say that any deformation history older than 4,000 years is irrelevant for the case of EGRIP under
our modeling assumptions. Lilien et al. (2021) found that changes in deformation might impact fabric for approx-
imately 1,000 to 10,000 years, which broadly aligns with our results. These timescales will change with the rate of
deformation undergone with the fabric, such that this result can only be applied to EGRIP. Furthermore, we have
assumed that the ice stream remains constant over time. Franke et al. (2022) however suggest the NEGIS (the ice
stream EGRIP is within) has shifted during the Holocene (within the last 11,700 years).

5.5. Predicting Fabrics in Nature: Future Work in Ice and Other Polycrystalline Materials

Since the model used here, SpecCAF, does not explicitly include the microstructure and only tracks changes in
the fabric distribution function within an empirically calibrated model, we can only interpret, rather than know
precisely, what microstructural deformation and recrystallization processes are taking place. Models that directly
solve for the ice microstructure do exist (e.g., Llorens et al., 2022). Although these models are more computa-
tionally demanding and cannot accommodate changing deformations as easily as models like the one used here
or in Lilien et al. (2021), they can provide another benchmark, alongside observations, for the model utilized in
this study by simulating grain interactions directly.

In this work, we estimated the upstream ice deformation with a simple flow line model of ice dynamics combined
with satellite data, in contrast to other work which couples fabric evolution to an ice-sheet simulation (Gerber
et al., 2023). In particular, we have a vertically invariant deformation over the depth examined (although the
deformation experienced by an ice parcel moving through the ice stream does of course change). We have also
assumed that the temperature is approximately invariant over the depth examined, consistent with observations.
Although the observed fabric at EGRIP is mostly invariant with depth (Figure 8), these assumptions mean this
work cannot represent the detailed features seen at depth in ice-core observations, such as the slight increase in
the largest eigenvalue ¢, at 1,200 m. These features, which have only a small effect on the observed fabric, may
be caused by features not included in this study such as folding in the ice. This remains an open question for
future study.

In this work we have assumed that any change in the effect of recrystallization on the fabric with depth is
driven by changes in the temperature and strain-rate/stress experienced by the ice parcel at that depth. Other
physics, such as the effects of grain size or impurities present in the ice sheet may also affect the activity of
different recrystallization processes, and significant depth dependence has been observed from ice cores (Alley
etal., 1986; Azuma et al., 2000; Lipenkov et al., 1989; Thomas et al., 2021). Examining these processes is beyond
the scope of the current model.

We attempted to find a set of parameters that gave the correct girdle fabric pattern and fabric strength observed at
EGRIP. However, we found that there was not a set of parameters that provided a good fit over the entire depth.
This highlights that modification of the model equations may be needed. One possible area for improvement is
in modeling the effect of basal-slip deformation. Placidi et al. (2010) and Richards et al. (2021) assume a linear

relationship between this effect and the deformation tensor D, whereas in ice the stress may play a significant

i
role in determining the basal-slip deformation (Lebensohn et al., 2004).

Ice makes an excellent model material for studying the evolution of fabrics in general (Wilson et al., 2014). The
approach of tracking particle paths to coincide with observations provides a method to constrain fabric evolution
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models in natural conditions. This presents a pathway for including fabric evolution models into large-scale flow
models in geodynamics (e.g., Bangerth et al., 2022; Mansour et al., 2020). Further work is required to extend
the mathematical equations to multiple slip systems necessary for modeling the fabrics of many polycrystalline
materials.

6. Conclusions

In this study, we have presented the first attempt to predict ice fabrics directly from real-world ice stream velocity
data in order to compare to ice-core observations. By using the SpecCAF model, which is constrained against
laboratory experiments, we have both tested the predictions of the model as well as used the model as a surrogate
to compare between laboratory experiments and natural fabrics, formed at much lower strain rates, thereby bridg-
ing the gap in interpreting experimental and observational fabrics.

The method of combining satellite data with fabric modeling allows us to accurately predict the fabric pattern
and orientation in the ice stream. As this method does not require coupling to flow simulations, it can be readily
applied to other ice-sheet locations.

Our results indicate that fabrics are stronger at natural strain rates, which are several orders of magnitude smaller
than those seen in the laboratory. This has implications not only for ice, but for olivine in the mantle, where
models are also constrained against experiments. By using modeling as a surrogate, we compare the change in
different processes like rotational recrystallization across the strain-rate range, bridging this gap. We find that
reducing the effect of rotational recrystallization to a quarter of the laboratory-calibrated value agrees with ice
divide observations. Furthermore, the fact that fabrics are stronger at lower strain rates suggests that dislocation
creep dominates deformation in natural ice conditions.

For EGRIP, our model predicts the development of a horizontal-maximum fabric, oriented perpendicular to
the flow, when run with an adjusted recrystallization parameter. This fabric is seen in other ice streams such as
Rutford (Smith et al., 2017). However, this predicted pattern does not precisely agree with the girdle/horizontal
maximum observed at EGRIP. Further work needs to be done to capture the precise details of this fabric, but our
current modeling captures its leading-order form.

The modeling also allows new insights into the formation of fabrics in strain localized zones like EGRIP. Approx-
imately 6,000 years of deformation history is required to yield accurate predictions, with changes in deformation
older than this having little effect. A quantitative (modeling) approach, rather than a qualitative interpretation of
local deformation and fabric patterns, is necessary in order to interpret ice fabrics undergoing changing defor-
mations reliably. The methodology presented in this paper provides a new means to test and constrain fabric
evolution models in dynamic, natural conditions.

Data Availability Statement

The EGRIP eigenvalue data are available on PANGAEA, https://doi.org/10.1594/PANGAEA 949248 (Weikusat
etal., 2022). EGRIP density data with depth was digitized from Vallelonga et al. (2014). The GRIP eigenvalue data were
digitized from Thorsteinsson et al. (1997). GRIP temperature data with depth is available at https://doi.org/10.1594/
PANGAEA.89007 (Johnsen, 2003). Code which can reproduce the figures in this paper is available at https://doi.
org/10.5281/zenodo.10020144 (Richards, 2023), which contains code to extract the relevant data from velocity maps
of Greenland at https://doi.org/10.5067/QUASQI9SVMSIG (Joughin et al., 2016) and from surface height data, https://
doi.org/10.5067/FPSUOVIMWUBG6 (Morlighem, 2022). The EGRIP age-depth relationship is taken from the supple-
ment of Gerber et al. (2021). The pole figure data from EGRIP are available at https://doi.org/10.5281/zenodo.8015759
(Stoll & Weikusat, 2023). The Specfab fabric solver is available at https://github.com/nicholasmr/specfab.
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