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1 Background

When water freezes under conditions prevailing on Earth’s surface, HoO molecules are arranged in
layers of hexagonal rings. The plane of these rings is called the basal plane and the perpendicular
direction is termed the c-axis. A consequence of the hexagonal crystal structure is that shearing
along the basal plane occurs much easier than the deformation in any other direction (Duval et al.,
1983), causing mechanical anisotropy.

Glacier ice consists of billions of individual crystals, and their orientation strongly affects the
bulk mechanical ice properties. After the initial deposition of snow and its transformation into ice,
the c-axes generally point in random directions, so the bulk property of ice is isotropic. With time
and as a consequence of ice deformation through uniaxial vertical compression and ice flow, the
size, shape and orientation of crystals is altered as atoms escape from one crystal lattice to another
by mechanisms generally summarized as recrystallization processes (e.g. Kamb, 1959; Kamb, 1972;
Azuma and Higashi, 1985; Alley, 1988): Driven by differences in the free energy between adjacent
crystal lattices, larger crystals grow at the cost of smaller ones (normal grain growth), reducing
the free energy of the system. Similarly, the free energy is reduced by transferring molecules from
deformed high-energy grains to low-energy grains. This so-called migration recrystallization leads
to the growth of grains with a preferred orientation at the cost of others. Rotation recrystallization
describes the formation of new grain boundaries caused by the alignment of dislocations through
bending stresses. Lastly, new grains can nucleate in areas where the crystal lattice is highly distorted
and grow by consuming their neighbours. Unlike normal grain growth and rotation recrystalliza-
tion, the processes of migration recrystallization and grain nucleation alter the fabric considerably
and lead to bulk anisotropy of ice, with the c-axes generally pointing in the direction of predominant
compression (Gow and Williamson, 1976; Azuma and Higashi, 1985).

The orientation of ice crystals is directly measured in thin sections of ice with fabric analyzers
(e.g. Wilen et al., 2003; Wilson et al., 2003) and is commonly represented as a second-order ori-
entation tensor, a®, describing the density distribution of c-axes orientations: its eigenvectors, a;,
and the corresponding eigenvalues, A;, describe the orientation and length of the three main axes
(e.g. Durand et al., 2006; Thorsteinsson et al., 1997a; Woodcock, 1977). By convention, the three
eigenvalues are defined as A < Ay < Azand A1+ A + A3 =1.

The crystal orientation fabric (COF) is a product of the accumulated strain, so different defor-
mation regimes in ice sheets cause characteristic fabrics. At ice domes, the predominant strain
comprises vertical compression, which increases with depth. As a result, typical fabric profiles
obtained from ice cores drilled near topographic domes show a transition from roughly isotropic
ice (A1 = Ay = A3) in the top regions of the ice sheet to a vertical single maximum of increasing
strength with depth (A3 > A1 = A2) (e.g. Thorsteinsson et al., 1997a; Azuma et al., 1999; Durand et
al., 2009; Montagnat et al., 2012; Diprinzio et al., 2005). At ice divides, horizontal extension exists in
addition to the vertical compression, which typically results in a girdle fabric, where A1 < Ay =~ A3
(e.g. Wang et al., 2002a; Lipenkov et al., 1989; Faria et al., 2014; Fitzpatrick et al., 2014; Montagnat
et al.,, 2014). Close to the bed, the deformation regime is dominated by simple shear, where a single
maximum fabric oriented perpendicular to the shear plane tends to develop (e.g. Cuffey et al., 2000;
Herron and Langway, 1982; Gow et al., 1997; Thorsteinsson et al., 1997a). This can also be observed
by ice deformation experiments (Bouchez and Duval, 1982; Journaux et al., 2019) and in a few ice
cores retrieved in shear margins (Thomas et al., 2021; Samyn et al., 2008; Gerbi et al., 2021; Monz
et al., 2021), where simple shear also prevails.

Ice cores provide direct and detailed information on the COF, but the logistical cost, technical
challenges, particularly in fast-flowing ice and shear margins, difficulty in reconstructing the ab-
solute orientation of the core and their limitation of being a point measurement make ice cores
impractical for a spatially extensive evaluation of the fabric type. Indirect geophysical methods ap-
plied from or above the ice surface create the link between the small scale of laboratory experiments
and ice—core observations to the large-scale coverage required for ice flow models and the complete
understanding of ice stream dynamics.

We combine different approaches to map the horizontal fabric anisotropy: (i) travel-time differ-
ence of radar reflections from different polarizations applied on airborne RES and ground-based
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PRES data (see Section 2.1 and Section 2.3), (ii) beat-signature analysis of a fabric-induced modula-
tion of the backscattered radar power in airborne and ground-based RES profiles (Section 2.2), and
(iif) numerical modelling of fabric evolution (Section 3). All applied methods yield consistent results
with respect to the spatial distribution of the horizontal fabric difference across and along the ice
stream and are consistent with direct observations in ice cores at the ice stream centre (EGRIP core)
and the southeastern shear margin (S5 shallow core) (Section 2.4).

2 Analytical methods

The propagation of radar waves is determined by the complex relative dielectric constant

* I
& =c¢ waO, (1)
where the real part, €, is the relative dielectric permittivity, and the imaginary part corresponds
to the dielectric loss factor depending on the electrical conductivity, 7, the angular frequency, w,
and the dielectric permittivity of free space, 9. For simplicity, primes are omitted henceforth, and
all ¢ symbols refer to the relative dielectric permittivity, unless stated otherwise. Most englacial
reflections are caused by density contrasts in the uppermost part of the ice column (Robin et al.,
1969) and impurity layers (Paren and Robin, 1975), although reflections can also occur from abrupt
changes in the COF (Eisen et al., 2007; Matsuoka et al., 2012). The conductivity of ice mainly de-
pends on its impurity content and temperatures, so the imaginary part of the permittivity constant
can be assumed to be isotropic for near—vertical incidence. In contrast, the bulk permittivity shows
directional dependence related to the COF.
Ice crystals show uniaxial birefringence, so the real part of the dielectric permittivity tensor of a
monocrystal (superscript m) can be written as

£T_ 0 O
" = 0 grf 0 ’ (2)

00£’W

where ¢ and ET‘T are the relative dielectric permittivities perpendicular and parallel to the crystal
c-axis. At radar frequencies, the dielectric anisotropy of a monocrystal, A" = EW — ¢!, is approxi-
mately Ae™ ~ 0.034 — 0.035 (Matsuoka et al., 1997).

In polycrystalline ice, the permittivity (no superscript) of the bulk tensor relates to the single ice
crystal as follows (e.g. Fujita et al., 2006):

e 00 el + A" Ay 0 0
0 0 &g, 0 0 e +Ae"A,

where ¢y, ¢, and ¢, correspond to the directional permittivities. Here, the coordinate system rep-
resents the principal fabric axes, whose lengths are determined by the COF eigenvalues Ay, A, and
A;. The orientation of the COF in ice sheets is related to deformation through ice flow, but the
ability to determine its strength and type strongly depends on its orientation relative to the radar
wave polarization. To describe these relations, we introduce four coordinate systems (Fig. 1) where
x" and y' are the geographic coordinates, ¥ and  point parallel and perpendicular to the ice flow
direction, £ and § describe the polarization directions of two orthogonal radar waves, and x and y
denote the fabric Figenframe, as mentioned above. For nadir surveys, the radar waves transmitted
at the surface of ice sheets travel vertically through the ice column and are polarized perpendicular
to the direction of propagation. The radar wave speed is essentially determined by the bulk dielec-
tric permittivity in the polarization direction, hence, radio-echo sounding (RES) is only sensitive
toward horizontal variations of the dielectric permittivity:

Ae =gy —ex = A" (Ay — Ay) = Ae"AA. 4)

4
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Figure 1: Coordinate systems used in this study: geographical coordinates are denoted as x’ and
', equaling polar stereographic East and North respectively. Ice flows in ¥—direction, defined from
geographic east counterclockwise by angle B. 0y, is the angle between the flow direction and
eigenvector corresponding larger horizontal fabric eigenvalue. The Eigenframe is denoted by x and
y, whereby x points in the direction of the smaller horizontal eigenvalue. Radar waves at crosspoins
are polarized in £ and § respectively, and related to the Eigenframe by angle 60,,. ¢ is the smaller
angle between the polarization directions. g, is the angle between geographic East and the larger
horizontal eigenvalue.
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We therefore assume the vertical direction, z, is consistent for all coordinate systems and define it
as depth below the ice surface.
The electromagnetic wave speed, ¢, is determined by the complex dielectric constant as follows:

_ %

VN
where cy is the speed of light in free space. Since the real part of the relative dielectric constant of ice
is several orders of magnitude larger than the dielectric loss factor, the latter has a diminishing effect,
so the wave speed primarily depends on ¢. If the dielectric permittivities vary in two polarization
directions, i.e. €z # ¢, the wave speeds and wavelengths of two radar waves polarized in £ and
7 differ slightly. Consequently, the travel time difference, At, between the reflected signal of radar
waves with different antenna polarizations is related to the horizontal anisotropy of the ice.

As introduced in the online methods, radar waves are decomposed in ordinary and extraordi-
nary rays when travelling through polycrystalline ice with bulk anisotropic dielectric properties. In
the following section, we describe the individual methods we use for deriving horizontal anisotropy
from signatures caused by radar wave decomposition.

)

2.1 Travel-time analysis of radar crosspoints

The EGRIP-NOR-2018 radar dataset was recorded as a dense grid across the ice stream with anten-
nas polarized parallel to the flight direction (HH), so at each radar line crosspoint (CP), two radar
traces with different antenna polarizations lie close to each other. The travel-time difference, At,
between two orthogonally polarized waves is related to the horizontal fabric anisotropy through:
2(\/€5 — v/ez
At =ty —ts = le (6)
¥ co

where t; and t; are the recorded two-way travel times in the corresponding polarization directions
% and 7.

2.1.1 Travel-time picking and time-depth conversion

We manually picked t; and t; of prominent reflections observed in the closest traces of crossing
radar profiles with intersection angles of approximately 90°. To account for eventual differences in
the flight height of the aircraft, we shifted time zero to the first break of the air—ice interface. We
moreover used a spline interpolation to increase the temporal resolution from 0.033 us to 0.001 us.

In the EastGRIP ice core, the dielectric permittivity was inferred from Dielectric Profiling (DEP)
by Mojtabavi et al. (2020) and is used here to estimate the electromagnetic wave-speed profile
through the ice column. In the firn layers, the dielectric permittivity is controlled by the den-
sity and increases with depth. Below the transition into pure ice, changes in the permittivity, and
thus also in the electromagnetic wave speed, occur mainly due to the COF. However, the instrument
sensitivity of the DEP device is not high enough to measure these effects (Wilhelms et al., 1998). To
estimate the radar wave speeds while eliminating instrument noise, we assume a firn permittivity
of 1.55 (Mojtabavi et al., 2022) at the ice-sheet surface and extrapolate the smoothed DEP profile
(moving average with 5 m window length) from the core onset (13 m depth) to the surface. Below
the transition into pure ice at ~200 m we assume a constant permittivity of 3.15.

While the DEP-inferred wave-speed profile is a reasonable representation at EastGRIP, we rec-
ognize that variations and inhomogeneities in firn densification can lead to spatially varying wave
speed profiles. While temperature and accumulation rate only vary mildly over distances relevant
in this study, increased deformation accelerates densification in the shear margins (e.g. Riverman
et al., 2019; Vallelonga et al., 2014; Christianson et al., 2014; Oraschewski and Grinsted, 2021). Con-
sequently, the vertical density and electromagnetic wave speed gradients can be expected to be
stronger in the vicinity of the shear margins. Assuming a spatially constant wave speed profile
could therefore affect the analysis of the CPs in the immediate vicinity of the shear margins. Most
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Figure 2: A reflecting interface at depth z and a horizontally anisotropic fabric leads to a travel time
difference (At) of the reflected signal. In this example, the c-axes are predominantly oriented in
x-direction, so the x-polarized wave travels at a slightly slower velocity and the reflection signal is
delayed in comparison to the y-polarized signal.

of the CPs analyzed here are more than 2 km away from the shear zone, though, so the wave speed
assumption is arguably justified in most cases.

The depth of the picked reflections is estimated by converting the average travel times f = 1(t; +
ty) to depth, using the DEP-based wave-speed profile. From Eq. (6) we define a maximum threshold
for the depth-dependent travel-time anisotropy resulting from a horizontal single maximum fabric,
assuming that £’|’|7 = 3.167 and &' = 3.133, i.e. Ae" = 0.034 (Matsuoka et al., 1997). Picked reflections
where At exceeds the corresponding threshold are considered outliers and discarded. We further
remove picked reflections that deviate by more than two standard-deviations from the trend of the
time—depth profile. Crosspoints, where less than five reflections could be clearly identified, are
excluded from further analyses.

2.1.2 Deriving the apparent horizontal fabric anisotropy

The picked two-way travel times (t¢, t) of two waves reflected at the same depth, z, but polarized
in £ and 7 directions respectively, are given by:

2,/€ep(2)

2\/ez v
b= 2V, g gy = T )

co Co
While inferring the depth-varying permittivities from Eq. (7) is possible in theory, it is unfeasible
here due to the relatively large uncertainties on t; and t; (elaborated on below). By replacing ¢; and

¢y with the depth-averaged permittivities £ and g3, Eq. (7) can be linearized so

2\ez 2./¢;
sz =myzz and t; = Y
Co Co

te = z = myz. (8)
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Figure 3: Horizontal fabric anisotropy (AA) from the travel-time analysis at radar crosspoints. The
low anisotropy outside the shear margins is likely associated with the misalignment of radar polar-
ization and fabric orientation.

By determining the slopes m; and m; from a linear regression through the picked travel times, the
depth-averaged apparent horizontal dielectric anisotropy (Ae,;) can be derived from

2
_ _
Ag, =5 — gzzo(m,%—m}%), )

which relates to the apparent difference in the horizontal eigenvalues as follows:

Ag,
Aem’
We emphasize that the apparent horizontal anisotropy (AA,) inferred by this method is not equiv-
alent to the absolute horizontal fabric anisotropy (AA) if the polarization of the two radar traces
does not align with the two horizontal eigenvectors. AA, can thus be regarded as a lower-bound
estimate of the horizontal anisotropy. Figure 3 shows the horizontal anisotropy for all analyzed
crosspoints. The map of horizontal anisotropy of all analyzed crosspoints (Fig. 3) shows that almost
no evidence of anisotropy is obtained for CPs outside of the shear margins. This disagrees with
the results obtained from other methods (i.e. beat-signature analysis and Elmer/Ice fabric evolution
model) and is likely a consequence of the method sensitivity towards the alignment between radar
polarization and fabric orientation. In comparison to the other methods used in this study, the
crosspoint analysis of travel-time anisotropy is regarded to be less reliable outside the ice stream.
To evaluate the robustness of our method, we compare six CPs close to the EastGRIP drill site
that are separated by less than 50 m from each other. Within this distance, fabric variations can
be assumed to be negligible. We investigate the sensitivity to varying depths by employing three

A=Az —Ag = (10)
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linear regressions through different depth points at 0 m, 200 m and 500 m. The corresponding travel
times at 200 m and 500 m are calculated from the &; and g; inferred from the regression through
the origin. The regressions running through 200 m and 500 m result in higher horizontal anisotropy
values due to the higher relative weight of greater depths, where the fabric is likely to be more
pronounced (Table 2). Table 1 shows an example of the analysis for CP3.

Table 1: Example of travel-time anisotropy analysis for CP 3: t; and t; are the travel times picked
from reflections at depth z from £- and §-polarized radar traces, respectively. At is the travel-time
anisotropy (f; — tz). Superscript 0 indicates travel times and travel-time anisotropy from a linear
regression through the origin, superscript 200 m and 500 m denote the corresponding values for
linear regression through 200 m and 500 m points (in italic) respectively. &g, gy and Aeg, at the
bottom of the table are the directional dielectric permittivities and apparent horizontal permittivity
anisotropy derived from the corresponding linear regression.

z te tg At £ £ AR B0 AP0 30 AP
0 - - - 0 0 0 - - - - - -
200 - - - - - - | 2347 2353 0.0063 | - - -
459.8 | 5313 5319 0005 | 5395 5409 0015 | 5397 5412 0.015 - - -
4846 | 5604 5614 0009 | 5686 5701 0.015| 5688 5704 0.016 - - -
500 - - - - - - - - - 5866 5882 0.016
540.9 | 6269 6.283 0.013 | 6.346 6363 0.017 | 6.349 6367 0.018 | 6357 6376 0.019
560 | 6.504 6.500 -0.004 | 6570 6.588 0.018 | 6573 6591 0.018 | 6582 6.602 0.020
7093 | 8272 8267 -0.005| 8322 8344 0.022| 8326 8349 0.023 | 8336 8362 0.025
7357 | 8580 8586 0.006 | 8.632 8655 0.023| 8.635 8.659 0.024 | 8646 8673 0.026
755.8 | 8.813 8.828 0.016 | 8.868 8891 0.024 | 8871 889 0.025 | 8883 8910 0.027
7726 | 9.014 9.025 0.011 | 9.065 9.089 0.024 | 9.068 9.094 0.025 | 9.080 9.108 0.028
7821 | 9133 9132 -0.001 | 9176 9201 0.025 | 9.180 9.206  0.026 | 9.192 9.220  0.028
8075 | 9425 9.441 0016 | 9474 9500 0.026 | 9478 9505 0.026 | 9490 9519 0.029
828.3 | 9.674 9.683 0.009 | 9.718 9744 0.026 | 9.722 9749  0.027 | 9.735 9.764 0.030
851.9 | 9.949 9.968 0.019 | 9.995 10.022 0.027 | 9.999 10.027 0.028 | 10.012 10.043 0.030
931.7 | 10.889 10.917 0.028 | 10.931 10.961 0.030 | 10.936 10.966 0.030 | 10.950 10.983 0.033
981.8 | 11.481 11.511 0.030 | 11.519 11.550 0.031 | 11.524 11556 0.032 | 11.539 11.574 0.035
1030.4 | 12.064 12.080 0.016 | 12.089 12122 0.033 | 12.094 12128 0.034 | 12.110 12.147 0.037
1165.2 | 13.648 13.688 0.039 | 13.671 13.708 0.037 | 13.677 13.715 0.038 | 13.694 13.736 0.042
12225 | 14324 14.369 0.045 | 14.343 14382 0.039 | 14.349 14389 0.040 | 14368 14411 0.044
1916.8 | 22.525 22.608 0.082 | 22.489 22550 0.061 | 22.499 22561 0.063 | 22.528 22.596 0.069
20485 | 24.085 24167 0.082 | 24.034 24.099 0.065 | 24.045 24.111 0.067 | 24.075 24.149 0.073
2166.1 | 25475 25562 0.087 | 25.414 25483 0.069 | 25425 25496 0.071 | 25458 25535 0.077
2674.3 | 31.491 31.580 0.089 | 31.377 31.461 0.085 | 31.390 31.477 0.087 | 31.430 31.526 0.096
£ g Ag, £ gy Ag, € g Ag,
3.093 3110 0.017 | 3.09% 3113 0.017 | 3.104 3.122 0.019

Uncertainties in travel-time anisotropy

Most uncertainties in this method arise from determining the travel times t; and t;. The range res-
olution of the recorded signal corresponds to a temporal resolution of 0.033 ys, but by interpolating
the waveform within the sampling interval, we reduce the picking uncertainty to roughly £ 0.01
us. The compared radar traces were not recorded concurrently in space and time, so differences
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Table 2: Comparison of travel-time analysis at six crosspoins near EastGRIP (Fig. 4). The table shows
the apparent horizontal anisotropy A, inferred from a regression through the origin, AAY, 200 m,
AA20 and 500 m, AAJP. § is the angle between the two crossing flight lines and d(AA,) and §(AA,)
are the mean and standard deviations of AA inferred from the three different regression lines.

CP | AAD  AA200 Ap500 | 5
1 |0435 0448 0488 | 89.9
2 0389 0403 0.443 | 78.0
3 10492 0508 0556 | 86.1
4 0400 0405 0433 |86.6
5

6

0505 0515 0.546 | 89.7
0381 0.400 0.456 | 89.2
a(AA) | 0.434 0.447 0487
5(AA) | 0.054 0.053 0.053

in background noise can arise from variations in weather conditions, flight height or surface struc-
tures and might lead to signal alteration. The distance between the parallel-flow and the across-flow
radar traces is 11.7 m at maximum, so geometrical effects are assumed to be small but cannot be
excluded entirely. Further uncertainties could be introduced from the time-to—depth conversion
and the assumption of a spatially constant electromagnetic wave speed profile.

2.2 Beat-signature analysis

For a transmitted wave whose polarization plane is not aligned with one of the horizontal anisotropy
axes, the electric field can be regarded as the superposition of two components, E, and E,. The dif-
ference in the wave speed leads to a phase shift and hence a polarization rotation, causing extinction
nodes in radar return power (Matsuoka et al., 2012; Fujita et al., 2006). In the absence of anisotropic
scattering, these nodes are most pronounced when the transmitted wave is polarized at an angle of
45° from the horizontal eigenvector a,, and the phase differences are proportional to the radar wave
frequency and the degree of horizontal anisotropy (Fujita et al., 2006). As explained above, the dif-
ference in the horizontal components of the bulk dielectric permittivities Ae defined in Eq. (4) causes
a continuous difference in two-way travel time, Af(z), of the two principle waves, which can also be
expressed as a phase difference ¢(z) = 2wAt(z), where the factor 2 arises from the consideration of
two-way traveling and w = 27tf is the angular frequency of the radar wave with center frequency
f. The change of ¢ with depth gives rise to a continuous modulation of the backscattered power. In
analogy to signal mixing, this can also be considered as a beat or modulation frequency f,,,; from
two superimposed waves at slightly different frequencies or wavelengths, in our cases originating
from the wave speed differences, as expressed in (6). The beat-signature results in destructive in-
terference, a so-called co-polarization extinction node, when the phase difference ¢ between the
ordinary and extraordinary wave is an odd multiple of 7 (Fujita et al., 2006). Neglecting anisotropic
backscatter and approximating Eq. (13) in Fujita et al. (2006) with a Taylor expansion (Jordan et al.,

2019) results in
o(2) = arcf 0 Ae(z ) 27Tf O AA(z
Co Jz 2\/557 \/E}i
where ¢ xy 18 the mean of the horizontal relative permittivities. Assuming a vertically constant fabric
with a constant difference AA and thus permittivities, equation (11) simplifies to

(11)

o(z) = LB ) (12)

Co,/Sxy

10
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Figure 4: a), b) Location and c) travel-time difference of six crosspoints in the vicinity of EastGRIP.
The right panel shows difference in the picked travel times with depth (dashed lines) and the fit
of a first-degree polynomial (solid line) from which the apparent horizontal anisotropy AA, was
derived.

Using the wave number k,,,; of the beat signature to relate the phase difference ¢ to propagated

depth z allows us to write
471, /€%y fmod
$(2) = 2poqz =~z (13)

Here, again, the first factor of 2 arises from the consideration of two-way propagation.
Setting equation (13) equal to (12) finally yields

2
A = Ai’;{ i ’;""’, (14)

thus linearly connecting the horizontal anisotropy to the beat frequency f,,; and the center fre-
quency f of the radar system.

In Eq. (14), we can also use the period T,,,; = fr;old of the beat signal, e.g. directly from a
radargram in the time domain and pick the time difference between neighboring minima/nodes, to

obtain
2eyy 1

fASm Tmod '
Minima in the beat signal are caused if the two waves are out of phase, i.e. if they have a phase
difference of uneven multiples of 7r, A¢p = (2n + 1)7. Considering the beat signal as the image of a

wave in the two-way travel-time domain (as we can see it in the radargram) with phase 6,,,; we can
write

AN =

(15)

cot
6mod = kmods - kmod \;E (16)

with k0 = l bemg the wave number and /,,,,; the wavelength of the beat (or modulation) signal.
The second factor s is the propagated path, which can be calculated from the two-way travel time ¢.
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The travelpath s is twice the actual depth as plotted in a radargram, s = 2z, and therefore
Omod = kaodz- (17)

In the simplest case of two neighboring minima, separated by depth Az, the phases 6,,,; at these
two minima are 27t apart, i.e. A,,,; = 27t. Thus we can write

27
lmod

Abyoq = 210 = 2kypoqAz = 2— Az (18)
which is yields
Linod = 24z (19)

i.e. the wavelength [,,,; of the beat signal is twice the distance between two minima.

Young et al. (2021) exploited this effect along shallow airborne radar profiles over the eastern
shear margin of Thwaites Glacier to deduce the bulk anisotropy in the upper part of the ice sheet. We
apply the same approach here to derive the vertical fabric variations, as described in the following
subsections.

2.21 Manual determination of horizontal anisotropy from birefringence-induced power loss

To investigate the possibility of depth-variable fabric asymmetry (or to evaluate the limitations of the
assumption of a depth-constant fabric asymmetry), we employ the semi-manual methods of Young
et al. (2021) over a representative subset of radargrams aligning both parallel and perpendicular
to the ice-flow direction. For each radargram frame, the birefringent minima are manually traced
following a two-dimensional convolution with window dimensions of 138 x 344 m? and 87 x 278 m?
for the UHF 750 MHz and AWI-UWB 195 MHz radargrams, respectively. The resulting traces are
then automatically aligned to and smoothed over the “true’ locations of the nearest birefringent
minima using a Gaussian-weighted moving average algorithm with a 500 m window. Examples for
two profiles perpendicular to ice flow and near the EastGRIP drill site are shown in Fig. 5 (UHF
system with 750 MHz) and Fig. 6 (AWI-UWB system with 195 MHz). The method, in principle, also
allows to determine the variation of the fabric with depth, averaging over the vertical distance of
two nodelines.

2.2.2 Semi-automatic determination of horizontal anisotropy from beat frequency

Although the manual determination of the fabric resolves vertical variations of the beat frequencies
—i.e. the distance between node lines — to derive the variation of the horizontal fabric difference, the
applicability to large data sets is limited as it is a very time-consuming process. We therefore devel-
oped an automated approach, which extracts the beat frequency f,,,s from radargrams by spectro-
gram analysis. The AWI UWB radargrams, which have been processed in the standard processing
chain (see Franke et al., 2022), are further processed by a bandpass filter (100-750 kHz), time cutting
the upper section to remove the surface multiple and the lower section with the bed reflection and
strong folds, and a second application of the same bandpass filter. The remaining part of the radar-
gram contains backscatter variations mainly caused by internal layers, most of which are of volcanic
origin (Mojtabavi et al., 2022) and the beat-frequency modulation of the backscattered power caused
by horizontal anisotropy. All pre-processed traces of a radargram are then concatenated to obtain
one long time series. We use the MATLAB™™ spectrum function to calculate a continuous spec-
trum of the time series, using frequency limits of 100 to 750 kHz, default segmentation with 50%
overlap of neighbouring segments for spectral estimates. This results in a spectrogram of the radar
return power in the range of 100-750 kHz along the radar profile. Depending on the location, the
spectrograms clearly show modes originating from the beat frequency (Fig. 7). In a next step, we
automatically extract the frequency of those dominating modes as a function of position, which is
then manually checked for consistency and corrected for artefacts. Finally, we obtain a distribution
of the dominating beat frequency, which is converted to AA by Eq. (14) (see Fig. 7 for an example).
The approach is very efficient, as the radargrams can be processed automatically. We estimate the
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Figure 5: Radargram recorded with the UHF Mills Cross system (Yan et al., 2020) with a center
frequency of 750 MHz. The profile runs from EastGRIP (right) towards the north, perpendicular to
ice flow and across the shear margin, with a turn at the end (left). The signature in the upper 700 m
shows an artifact from the source chirp, the bed reflection is visible around 2700-2800 m. Between
700 and 1200 m depth, beat signatures are highlighted. The horizontal fabric anisotropy is derived
from the distance of neighboring node lines and is indicated by color, using the approach of Young
et al. (2021) . Lower panels indicate surface zs (black) and bed z, (red) elevation along radargram
transect from BedMachine and surface velocity us (black) and lateral shear strain 7y, (red) along
radar transect derived from ITS LIVE surface velocities (Gardner et al., 2021).

uncertainty in AA to be around 0.05, i.e. 5% of its theoretical maximum. However, the limitations
are in parts ambiguities in the spectral analysis, for instance, if internal layers are spaced at an equal
vertical distance comparable to the beat signatures. The approach is, therefore, most applicable in
regions where the horizontal anisotropy is spatially changing, i.e. along radar profiles perpendicu-
lar to the flow field and across the shear margins. The results are best suited for the interpretation
of the overall spatial distribution of the anisotropy rather than depicting the fabric at a particular
location without taking the spatial distribution into account.

2.2.3 Forward modelling of birefringence induced anisotropy

To demonstrate the effect of modelled polarimetric radio signal propagation through an ice column,
we use the Fujita et al. (2006) matrix-based model for a frequency of f = 195 MHz. Each model case
in Fig. 8 shows the effect of a slightly different horizontal anisotropy within the ice column defined
by increasing the difference between the two horizontal eigenvalues (AA). The other parameters
in the models, including the anisotropic scattering (set to zero) and fabric orientation, remain con-
stant. More details about the features in the forward model and the effect of other parameters are
explained in Ershadi et al. (2022).
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Figure 6: Radargram recorded with the AWI UWB radar system with a center frequency of 195 MHz.
The profile crosses NEGIS, with EastGRIP in the center, from southeast (left) to northwest (right),
perpendicular to ice flow and across both shear margins. The part northwest of EastGRIP is close
to the ground-based radar profile shown in Figure 5. The horizontal fabric anisotropy derived from
the distance of neighboring node lines is again indicated by color, using the approach of Young et al.
(2021).

2.3 Travel-time analysis of polarimetric pRES measurements

In general, the analysis of the horizontal fabric anisotropy from the polarimetric pRES measure-
ments follows the method described in section 2.1. First, we calculate the vertical travel-time dif-
ference between the HH- and the VV-polarized measurements from the cross-correlation of the
amplitude- and the phase-profiles. This method is widely used to derive vertical strain from re-
peated pRES measurements (e.g. Stewart et al., 2019; Varikova et al., 2020; Zeising and Humbert,
2021) and is described in detail in Stewart (2018). Before calculating the cross-correlation, we apply
the time-depth conversion and divide the HH-polarized measurement into segments of 6 m depth
with 3 m overlaps, starting at a depth of 20 m. The cross-correlation between the HH- and the
VV-polarized measurements are then calculated for each segment. A first coarse range difference
with a resolution of > 5 cm is derived from the lag with the largest amplitude-correlation value
for segments with a correlation coefficient higher than 0.8. However, a low signal-to-noise level
prevents the estimation of the coarse-range difference from a depth of roughly 1500 m and deeper.

In order to derive the fine-range difference with millimeter-resolution, we use the phase shifts
from the cross-correlation of the phase profiles. Here, we manually track the vertical distribution
of the minimum phase-shift nearby the coarse-range differences. We finally derive the vertical
distribution of the range difference (Az) and the corresponding travel-time anisotropy (At) from the
selected lag and phase shift of each segment.
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Figure 7: Example of spectrogram analysis for UWB profile 20180512-02-006 (x-axis: trace no., y-
axis: sample no.): in the original radargram (top) filtered and cropped (middle), before applying
the spectral analysis. From the spectrogram (bottom, relative power spectral density in colour) we
obtain a manually checked and corrected distribution of f,,,; (red line) from which the horizontal
anisotropy is calculated using Eq. (14).
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Figure 8: Synthetic calculation of power anomaly for HH polarization in a horizontally anisotropic
medium for AA ranging from 0.001 to 1 (x-axis) for an ice thickness of 2700 m (y-axis). Each of the 22
columns shows the power anomaly for a rotation of the polarization from 81 to 100°. The extinction
nodes caused by birefrigence corresponds to the black nodes (i.e. lower power). Connecting nodes
for a fixed polarization would yield the extinction node lines as see in radargrams (e.g. Figs. 7, 6 and
5). For very low AA = 0.001, no node is present. For AA = 0.01, the first node extends over the full
ice column, for AA = 0.05 two nodes appear, etc. The calculations were done with a matrix-based
model (Fujita et al., 2006; Jordan et al., 2019), closely following the approach by Ershadi et al. (2022).

16



313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

Next, we calculate the horizontal fabric anisotropy from the two-way travel-time difference. In
contrast to the crosspoint analysis of the airborne radar survey, the high vertical resolution of At
obtained from pRES allows the estimation of the depth-varying permittivity. Thus, we determine
the slopes m:(z) and my(z) (see Eq. (8)) as a function of depth by calculating the average slopes
of the travel-time difference in a 200 m moving window, after smoothing with a 24 m moving
median. Finally, we derive the difference in horizontal dielectric anisotropy and the difference
in the horizontal eigenvalues from Egs. (9) and (10). An example from the measuring site 31 km
upstream of EastGRIP is shown in Fig. 9.
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Figure 9: Analysis of the difference in horizontal eigenvalues from HH- and VV-polarised pRES
measurements. The pRES measurements showed here were performed in the ice stream center,
31 km upstream of EGRIP. (a) Comparison of amplitude profiles of HH- (blue line) and VV-polarised
(red line) measurement as a function of depth. (b) Cross-correlation (|x|) of both measurements as
a function of lag and depth. Blue dots mark the lag of best correlation of the segment for those
exceeding the correlation value of 0.8. (c) Phase shift as a function of lag and depth. The blue dots
are the same as in (b). The blue line marks the tracked minimum phase shift. (d) Difference in
two-way travel time between both measurements at the same depth. (e) Difference in horizontal
dielectric anisotropy Ag,. (f) Difference in horizontal eigenvalues AA,.

2.4 Ice core analysis

Observational fabric data was retrieved from two ice cores: the deep EastGRIP ice core and a
close-by shallow core in the southeastern shear margin of NEGIS called S5. The preparation and
measurement of the samples follow the same principles. All analyzed samples are vertical to the
ice-core axis and have dimensions of about 90x70x0.3 mm?3. The sample surfaces were carefully
polished with a microtome knife in the EastGRIP trench at —18 °C. After one hour of controlled sub-
limation, c-axes were measured with an automated fabric analyzer by Russel-Head Instruments (FA
G50). The data was background corrected before processing, and the COF was derived via digital
image processing. Here, we use the COF observations to validate our observations and modeling
results. The COF information from the EastGRIP ice core stems from depths of 1830 m, 2024 m,
and 2087 m, as shown in Westhoff et al. (2021), and shows a vertical girdle with a superimposed
horizontal single maximum. Three samples at a depth of 68 m in the S5 shallow core show a strong
horizontal single maximum fabric.
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3 Fabric-evolution models

We used two fabric evolution models to produce a more spatially complete map of fabric that can
be compared to measurements.

3.1 Elmer/Ice

Elmer/Ice is an open source, full-Stokes ice-flow model using the finite element method. It solves
the combined problems of ice flow, heat flow and fabric evolution, thus accounting for both, the
fabric evolution due to temperature and deformation as well as the effect of the fabric on the me-
chanical properties of ice.

3.1.1 Model equations

Ice flow is described by the incompressible Stokes equations.
V-u=0, (20)

where u is the velocity, and
V-o+pg=0, (21)

where o is the Cauchy stress tensor, p; the density of ice, and g the force of gravity. These equations
are linked using a nonlinear extension to the General Orthotropic Linear Flow Law (Gillet-Chaulet
et al., 2005) that, by analogy to Glen’s flow law, introduces nonlinearity through the second invariant
of the deviatoric stress tensor (Ma et al., 2010):

3
T =10 Z ntr (M, - €)dev(M,) + 1,43dev(é - My, + M, - €) (22)
r=1

where 171,”6(01(2)) are six dimensionless viscosities as a function of the fabric, tr denotes trace, dev
the deviatoric portion of a tensor, M;_3 the structure tensors that are the dyadic products of the
fabric’s symmetry axes (i.e. of the eigenvectors of a(?)), and 79 = (7} ~")/2A(T), with 7, the second
invariant of dev (o). A(T) is the temperature-dependent prefactor from Glen’s flow law, and n the
flow-law exponent (taken to be 3). The 171”,6(01(2)) were found using a visco-plastic self-consistent
model (Castelnau et al., 1998), assuming that ice with a single maximum fabric deforms 10 times
more quickly than isotropic ice given equal shear stress while it compresses 2.5 times more slowly
along the direction of the fabric maximum.

The model is solved along flowtubes, so Egs. (20) and (21) are modified to account for a param-
eterized, flow-transverse coordinate #. In a coordinate system with ¥ along flow and z vertical,

J0%s " d0%2 n Ozz — Oy OW (%)
0% Jz W(x) 0%

=0 (23)

and
00z, 00y N 0z, OW(X)

o oz W@ oz P8 @)
for a flowband with width W(X) (e.g. Hvidberg, 1996).
Fabric evolution was assumed to occur solely by lattice rotation so that

Da®?
Dt

where W is the spin tensor (anti-symmetric portion of the deformation), : is the double inner prod-
uct, and

=W-a? —a® . Ww—(c-a®+a?.C)+2a%:Cc+D (25)

C=(1-a)é+ak AT/ 1T (26)

where « is an interaction parameter controlling the relative importance of bulk stress and strain in
causing fabric evolution and D is used for regularization. We take & = 0.06 (Ma et al., 2010). The
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term 2a® : C in (25) is approximated using an invariant-based fit to a parameterized ODF to get
a¥ as a function of a? (Gagliardini and Meyssonnier, 1999; Gillet-Chaulet et al., 2006). We use the
regularization

In(10)T (2) e .
1—-3a;:")||C fi=

D <a(2)) = geln(ll(;)T( (2”)1] INICl2 ifi=j , 27)

2" (—=3aD)llcll,  if i #

with & = 2.0 x 1073,
The temperature was determined using the standard advection-diffusion equation,
oT

piq g%—u-VT =V-(xVT)+Y, (28)

where g and « are the heat capacity and conductivity of ice, respectively, and ¥ = o : € is the strain
heating.

Horizontal shear is large in much of the NEGIS catchment, and occurs out of the plane of the
2.5-D model used here. €z; is therefore parameterized in the fabric evolution equations. The portion
of horizontal shear experienced in the model plane is

. lou u
€xj = Eaig o (29)

where 7 is the radius of curvature of the flowline. We assume that the intensity of shear at depth
scales with the along-flow velocity so
ou _ dusu(z)
9y 9y us

(30)

where u; is the surface velocity. Combining (29) and (30), the horizontal shear strain rate in model
coordinates can be approximated as

ear() =~ (%”;”ff) - ”(Z)) . (1)

r

We neglect the contribution of €z, to the fabric evolution, since that term can be shown to be
small (Reeh, 1988). In addition, we neglect the effect of the horizontal shear upon the effective
viscosity but include it in the temperature evolution. Before each simulation, we calculated r and

%”;75 for each model domain from a multi-year INSAR composite (Joughin et al., 2018), smoothed to

2-km resolution, and these remained fixed throughout the model runs.

3.1.2 Simulations

We ran the model along a set of 31 flowlines in the upper catchment of NEGIS. At closest approach
to the EGRIP core site, model domains were separated by 2.5 km across flow (leading to a total
width of 75 km spanned by the domains). Each model domain is 2.5D, i.e. a flowband, following a
flowline while accounting for transverse convergence/divergence. We found W by tracing particle
paths upstream in the measured InSAR velocities (Joughin et al., 2018), starting from a flowband
half-width of 2.5 times the ice thickness (total flowband width ~12.5 km) near the EGRIP core
site. Flowbands are wide enough to average out some of the effects of small-scale topography that
can detrimentally affect flowline models (Sergienko, 2012), but overlap with each other at some
points (Fig. 10). Note that convergence towards the ice stream leads to significant narrowing of the
central flowbands, while outer bands experience little effect from the extra half dimension. The ice
surface and bed elevations defining the model geometry were determined using the average values
in the across-flow directions from ArcticDEM (Porter et al., 2018) and Bedmachine v3 (Morlighem
et al., 2017), respectively. In order to perform all calculations in ice-equivalent thickness, surface
elevations were modified by subtracting 18 m everywhere to account for the firn-air content as
estimated from RACMO 2.3.1 (Ligtenberg et al., 2018). Each model domain used a triangular mesh
with 100-m vertical and 250-m horizontal resolution. For each flowband, we ran a 5-kyr transient
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Figure 10: Model domains of the Elmer/Ice flow model. Every other domain across flow is plotted.
Background from RADARSAT (Joughin et al., 2016). Inset shows location in Greenland, plotted
atop ice-flow velocities (Joughin et al., 2018).

simulation, after which changes in fabric in the areas of interest were negligible. Initial conditions
were reasonable guesses for fabric and temperature, but simulations were long enough that there
is no sensitivity to the exact choice. Time stepping used a second-order backwards difference with
variable time steps of 0.01-1.0 years.

3.1.3 Boundary Conditions

At the surface, we simply impose zero normal stress. The accumulation rate is taken to match the
1970-2016 mean from RACMO2.3 (Noél et al., 2015). At the basal boundary, we use the pattern
of basal melt inferred from radar and 1-D modelling from MacGregor et al. (2016), with freeze-on
zeroed out. In addition, we scale the overall pattern of basal mass loss in order to achieve mass
balance (requiring a reduction of up to 50% compared to the published values), so that final ice
thicknesses remained realistic.

At the downstream end of the domain, within the ice stream, we impose that the horizontal
velocity matches the surface velocity at all depths, i.e. we force all motion to take place via sliding.
Because we expected significant sensitivity to this assumption within a few ice thicknesses of the
boundary, the model domains were designed to extend sufficiently far so as to isolate these effects
from the area of interest. When motion is purely the result of sliding, Eq. (20) implies that vertical
strain rate is constant, so the vertical velocity varies linearly with depth. We assume that the down-
stream boundary is at its steady state thickness, so impose that the vertical velocity varies linearly
from the accumulation rate, i.e. u3(S) = —a, at the surface to the melt rate at the bed.

At the inflow boundary, we impose a depth-variable horizontal velocity scaled to match obser-
vations at the surface (Joughin et al., 2018). Assuming that ice is isothermal, isotropic, and flows

20



435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

purely by internal deformation, the velocity can be shown to follow Raymond (1983)

Uin(z) = Us,in [1 - <H1H; Z>n+1] , (32)

where Hi, is the ice thickness at inflow, and we take n = 4 as an ad-hoc fit to the weakening from
fabric and temperature found at depth within the model domain at n = 3.

To reasonably match observed surface velocities, the model requires a variable basal velocity. We
imposed a spatially variable basal drag using the results of inverse modelling using a 3-dimensional
model of the upper catchment of NEGIS, determined in the same manner as Holschuh et al. (2019)
but updated to suit the region of interest here. We used a linear Weertman sliding law, i.e. 7, = Bu",
where m = 1 and B was determined from the inverse results. In the final 2 km of the domain, the
inversion-determined B was linearly tapered to zero to ensure a smooth transition to the plug-flow
boundary condition we used there.

We assume that the surface ice is isotropic, while at the upstream end we impose the profile from
the NorthGRIP ice core (Wang et al., 2002b), though the results are insensitive to this choice since
memory of this condition is erased before the area of interest. For temperature boundary conditions,
the surface is held at the 1970-2013 2-m temperature from RACMO 2.3 (Noél et al., 2015) and the
geothermal heat flux at the base is taken from a global gridded product (Davies, 2013).

3.1.4 Results

Before analyzing results, we define the coordinate system to have flow at angle B counter clockwise
from North Polar Stereographic east, and the largest fabric eigenvalue at 08¢ (Fig. 1). Note that
for the fabric, angles are equivalent mod(180°), since c-axes do not have a direction, but we choose
to define them to be in the range 0° < 08°° < 180°. The depth-averaged horizontal eigenvalue
differences are shown in Fig. 11. The range of AA is 0-0.9, with 95% of values in the range 0-0.67.
The very high values (AA > 0.6) imply a horizontal single maximum, intermediate values (AA ~0.3-
0.6) generally indicate a vertical girdle, and low values provide little information (vertical single
maxima, weak vertical girdles, and isotropy all have weak horizontal anisotropy). At every point
in map view, the depth-averaged AA hides vertical structure; fabrics are universally isotropic in the
surface, and are generally vertical single maxima near the bed, though in some regions the basal
fabric is partway between a vertical girdle and vertical single maximum.

Horizontal shear causes rotation of the horizontal eigenvectors away from the model’s & and
vectors (Fig. 11c), and generally leads to a horizontal single maximum near the ice-stream shear
margins. The single maximum is stronger in the northwest margin than the southeast one, despite
the northern margin being more diffuse. However, since the fabric results from the integrated strain
history, this difference is unsurprising; due to residence times in the margin, the total horizontal
shear experienced by a flowline is larger in the northwest margin. In geographic coordinates, the
direction of the largest eigenvector is highly variable, as it is influenced both by shear and the flow
direction, but it retains a notable transition at the shear margins (Fig. 11b).

3.1.5 Limitations

Though this is arguably the most advanced coupled model of fabric and flow, it still has a number
of shortcomings, particularly for dynamic areas. First, the fabric evolution considers only lattice
rotation; a number of studies suggest a role for dynamic recrystallization in the evolution fabric in
warm ice, and even in colder ice when stress is high (see Faria et al., 2014, and references therein).
While the full stress state is included the parameterized half dimension, the model is not fully
three dimensional. As a result, the across-flow resolution is very coarse (effectively 2.5 km), and
the horizontal shear stresses must be imposed. Imposing the horizontal stress requires smoothing
of remotely sensed velocity products to obtain reasonable strain rates, which may degrade sharp
gradients in the fabric. While the model assumes isotropic ice at the surface, ice cores often show
anisotropic fabrics near the surface (Stoll et al., 2021; Westhoff et al., 2021). Despite these limitations,
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Figure 11: Results from anisotropic flow modelling. a The horizontal eigenvalue difference, AA. b
The rotation of the largest horizontal eigenvector from Polar Stereographic x’. ¢ The rotation of the
largest horizontal eigenvector from model x.

the model matches the pattern of fabric inferred from radar and measured by ice cores well enough
to provide a reasonable estimate of the fabric between data points.

3.2 Downstream fabric evolution modelling with ‘Specfab’

Radar-inferred horizontal anisotropies over NEGIS decrease downstream of EGRIP. The model do-
main of our Elmer/Ice flow model simulations extends, however, only approximately 40 km down-
stream of EGRIP due to loss of numerical stability associated with higher down-stream ice flow
velocities. Hence, the fabric evolution downstream cannot be validated with the ice flow model.
Instead, we use the spectral fabric model for polycrystalline materials by Rathmann et al. (2021) to
simulate the fabric evolution of an ice parcel along the flow line passing through EGRIP. The model
is a kinematic model in the sense that c-axes rotate in response the velocity gradient field (apparent
strain-induced rotation of c-axes), and not stress or temperature.

Specifically, we consider an ice parcel seeded at EGRIP with a girdle-type fabric that matches
the average fabric measured in the ice-core (Westhoff et al., 2021),

00 0
a? =10 06 0|, (33)
0 0 04

and let it travel downstream along a flow line derived by the MeASUREs multi-year surface velocity
field (Joughin et al., 2018). The flow line is divided into segments of distance travelled in one
year. For each segment, the strain-rate tensor, ¢, is derived from surface velocities in a curvelinear
coordinate system following the flow line under an assumption of negligible vertical shear and
incompressibility:

] ou . v ) )

€xx = FY % €y = B_g' €2z = —€xx — €yy, (34)
, 1/0u oJv\ | .
€y = 5 <_8y” + _af) €x; = €5z = U. (35)
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In addition, the spin is assumed to vanish, as the flow line is relatively straight:
1/ & \T
> <Vu — (Vu) ) — 0. (36)

For each one-year time-step, the Lagrangian update to the parcel’s fabric is given by the strain-
rate and spin tensors over the traversed flow-line segment. The end of the flow-line corresponds
to 2000 years downstream of EGRIP. Figure 12 shows snapshots of the corresponding normalized
c-axes distribution (orientation distribution function) at intervals of 1000 years. The initial girdle is
found to slowly evolve into near-isotropic ice at the downstream end of the flowline. We emphasize,
however, that the fabric evolution model is a linear partial differential equation. As such, any
unaccounted, superimposed mode of deformation would lead to a corresponding superimposed
imprint on the modelled c-axis distributions. For example, if vertical simple shear is present (not
modelled here), a superimposed vertical single-maximum is to be expected that has little-to-no
horizontal anisotropy. Such contributions to the total fabric pattern are, however, not detectable by
our radar methodology which requires horizontal anisotropy to be present.

a) 1year b) 1000 years c) 2000 years

E— NS A ———

0.00 0.25 0.50 0.00 0.25 0.50 0.00 0.25 0.50
w/N (ODF) w/N (ODF) w/N (ODF)

Figure 12: Fabric evolution along a downstream flowline starting at EGRIP. The EGRIP-type girdle
in a) transforms rapidly into a weaker girdle shown in b) before it dissolves almost entirely into
near-isotropic ice in c). The fabric was calculated using the "specfab’ model developed by Rathmann
et al. (2021), with strain-rate tensors derived from the surface velocities (Joughin et al., 2018).

4 Flow enhancement factors

To evaluate the effect that the inferred crystal fabric has upon ice flow, we calculate the bulk
directional enhancement factors following Rathmann et al. (2021) and Rathmann and Lilien (2021),
defined as the anisotropic-to-isotropic strain-rate ratio (Thorsteinsson, 2001)

€
Evw = ;Tu;/ (37)
ow
where vw indicates the component (direction) of interest, and €, is the corresponding component
of the bulk strain-rate tensor. While the denominator in Eq. (37) can be replaced by Glen’s isotropic
flow law, the numerator requires an anisotropic rheology that depends on the fabric state. The
latter can be estimated by averaging a transversely isotropic monocrystal rheology over all grain
orientations, with monocrystal rheological parameters chosen such that observed, bulk directional

enhancements are reproduced (Rathmann et al., 2021; Rathmann and Lilien, 2021). For this purpose,
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a linear-viscous monocrystal rheology has previously been suggested to suffice upon carefully se-
lecting a polycrystal stress—strain-rate homogenization scheme (Rathmann and Lilien, 2021). We
refer the reader to Rathmann and Lilien (2021) for details, but find it instructive to write out the
bulk strain rate resulting from assuming a pure stress homogenization:

_E -1

3(Ece —1) — 4(E; — 1)
7

2

e=(&(1) =A"7 T (NI + T (c*)

+ (Efy —1)(t-(®) + (%) - T)|, (38)

where T is the bulk deviatoric stress tensor, E/, and E/, are the monocrystal strain-rate enhancements
for compression and extension along the c-axis and shearing along the basal plane, respectively, 1
is the identity, and A’ is an isotropic rate factor. From this simple model (38), it is clear that the
bulk enhancements effectively depend on the second and fourth-order structure tensors, (c?) and
(c*), defined as the average over the second and fourth outer product of the individual crystal
orientations (c;):

N
a? = () = Ilv[i)ci ¢ (39)
and

1 N
i

In the more complicated mixed stress—strain-rate homogenization scheme used here, the resulting
enhancements also depend on the fabric as quantified by a® and a® (not shown).

Notice that due to division in Eq. (37), the enhancement factors are independent of A" and the
magnitude of the stress tensor. The same applies, in principle, to other isotropic contributions to
the viscosity, such as temperature and impurities, insofar so they can be captured by modifying A’.

Finally, we note that in the case of a single-maximum or girdle fabric, the principal fabric direc-
tions can be taken without ambiguity to be the eigenvectors of a(®). If one eigenvector is aligned
with the vertical z-direction, a(?) can be written in its eigenbasis as

Ax 00
a?=10 A, 0]. (41)
0 0 A

4.1 Estimating the second-order structure tensor from horizontal anisotropy

Our observatioal methodologies allow for inferring the difference in horizontal eigenvalues only,
AA = Ay — Ay. However, by applying a few assumptions about the fabric type to be expected over
the different regions of NEGIS, guided by ice-core fabric observations from EGRIP and its shear
margin, a? can be reconstructed from AA:

1. Inside the ice stream: both the fabric evolution model and the EGRIP ice core indicate the
presence of a girdle in the ice stream centre, so that A, ~ 0. If combined with the definitions
Ax+ Ay +A; =1and AL = Ay — Ay, it follows that:

Ay =0,
Ay = AA, (42)
A, =1-A),
or equivalently
0 0 0
a® =10 ar 0 . (43)
0 0 1-AA
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2. In the vicinity of the shear margins: Ice cores and our fabric evolution modelling indicate the
formation of strong horizontal single-maximum fabrics in the shear margin and its vicinity,
with the largest-eigenvalue eigenvector pointing approximately perpendicular to the shear
margin. We thus propose that A, =~ A;, from which it follows that

Ae ), e 150

> (44)
 142AM
Ay ~ +3 4
and therefore
173A)L 0 0
a@ =1 o L2 o |, (45)

1-AA
0 0 ===
3. Outside the shear margins: In this regime, we lack direct observations from ice cores. Mod-
elling results suggest that A, is small, but not zero. We therefore assume the more relaxed
condition A, =~ 0.1, from which it follows that

Ay = 0.1,
Ay =01+ AA, (46)
A, = 0.8 — AA,
and therefore
0.1 0 0
a® =10 01+AA 0 . (47)
0 0 0.8 — AA

4.2 Estimating the fourth-order structure tensor from the second-order tensor

In order to estimate the directional enhancement factors, both a(? and a® must be known. Al-
though our methodology is restricted in providing only a® from radar observations, a'*) can be
calculated from correlations with a(z), derived from ice-core fabrics and fabric modelling, as elabo-
rated on in the following.

The structure tensors, Egs. (39) and (40), can be calculated from the second- (I = 2) and fourth-
order (I = 4) complex expansion coefficients of the orientation distribution function (ODF) (Rath-
mann et al., 2021)

o
ODEF(8, ¢) = Z Z Y'Y (8, 9), (48)
where Y/" are the spherical harmonic expansion functions, depending on the co-latitude ¢ and
longitude ¢, and ¢;" are the complex expansion coefficients. In the case of a perfect single-maximum
or girdle fabric (as considered here), the independent expansion coefficient reduce to just two real
numbers. This follows immediately from the fact that if the fabric is rotated into a frame where
it is horizontally symmetric, only ¢9 and ¢J can be nonzero (only the modes Y} are rotationally
symmetric around the z axis). As a consequence, if a correlation can be constructed between 13 and
), then a® can be constructed from a(® for single maximum and girdle fabrics since a'?) depends
exclusively on 95" (Rathmann et al., 2021).

Figure 13 shows a scatter plot of measured correlations (markers) between ¢9 and ¢, calculated
from published c-axis data from ice cores drilled at domes and extentional/flank flows sites (refer-
ences provided in the figure text). Note that all c-axes distributions have been rotated into a frame
where they are approximately rotationally symmetric around the z-axis for this method to work;
of course, once the correlation has been applied to determine ¢, the resulting ODF can be rotated
back into its original orientation.
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Figure 13: Correlation between the forth-order spectral coefficient, 1}, and the second-order coeffi-
cient, l[)g, for fabrics with a horizontal isotropy. Ice-core girdle fabrics from EGRIP (Westhoff et al.,
2021) and SPICE (Voigt et al., 2017) follow the model-predicted correlation for unconfined extension
(full brown line). For single maximum fabrics, ice-core data (Thomas et al., 2021; Thorsteinsson
et al., 1997b; Treverrow et al., 2016) and deformation tests (Fan et al., 2020; Qi et al., 2019) tend to
fall slightly below the modeled correlation line predicted for unconfined compression (full green
line) and simple shear (dashed green line), possibly due to the influence of discontinuous dynamic
recrystallization (DDRX) or rotation recrystallization (CDRX) (modelled effects indicated by red and
black paths, respectively; see main text). Both cores taken in our survey area (red markers), how-
ever, agree well with the modelled correlation. Grey regions indicate nonphysical eigenvalues for
horizontally isotropic ODFs.

The full lines in Fig. 13 show the corresponding modelled effect of lattice rotation (strain-induced
rotation of c-axes) using the model by Rathmann et al. (2021), shown here for unconfined extension,
leading to a perfect girdle, and for unconfined compression, leading to a perfect single maximum.
Although the observed correlation for single-maximum fabrics falls slight below the model line,
fabric samples from the EGRIP ice core (red squares) agree well with the modelled correlation,
as does the NEGIS shear margin ice core (red triangles). In this work, we therefore assume that
the correlation between 9 and ¢ is given exactly by the modelled correlation (full line). We
find, however, that the effect of discontinuous migration recrystallization (DDRX; dotted light grey
line) and continuous recrystallization (CDRX; dashed dark grey line) might explain the discrepancy
between observed and modelled correlations elsewhere.
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Figure 14: Enhancement factor Ey, (pure shear along ice flow). Panel (a) shows the enhancement
factors derived from the radar measurements (both from the crosspoint analysis and beat frequency
anisotropy analysis). Panel (b) and (c) show the enhancement factors derived from the Elmer/Ice
fabric modeling. Note that Panels (a) and (b) represent the enhancement factors with respect to the
eigenframe and panel (c) with respect to the flowframe. The respective stereographic projections of
the c-axes and enhancement factors derived from the two ice-core locations (EastGRIP main core
and S5 shear margin core) are shown in (d).
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Figure 15: Enhancement factor Ey, (pure shear perpendicular to ice flow). Panel (a) shows the
enhancement factors derived from the radar measurements (both from the crosspoint analysis and
beat frequency anisotropy analysis). Panel (b) and (c) show the enhancement factors derived from
the Elmer/Ice fabric modeling. Note that Panels (a) and (b) represent the enhancement factors with
respect to the eigenframe and panel (c) with respect to the flowframe. The respective stereographic
projections of the c-axes and enhancement factors derived from the two ice-core locations (EastGRIP
main core and S5 shear margin core) are shown in (d).
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Figure 16: Enhancement factor E,, (simple shear along to ice flow). Panel (a) shows the enhance-
ment factors derived from the radar measurements (both from the crosspoint analysis and beat
frequency anisotropy analysis). Panel (b) and (c) show the enhancement factors derived from the
Elmer/Ice fabric modeling. Note that Panels (a) and (b) represent the enhancement factors with
respect to the eigenframe and panel (c) with respect to the flowframe. The respective stereographic

projections of the c-axes and enhancement factors derived from the two ice-core locations (EastGRIP
main core and S5 shear margin core) are shown in (d).
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5 Equivalent enhancement due to temperature

Temperature is, besides the fabric effects, the most important factor controlling the ice viscosity. To
evaluate the potential significance of either effect, we estimate the equivalent temperature difference
required to obtain a similar enhancement in the corresponding direction from the enhancement
factors provided above. Modified to the effect of temperature, Eq. (37) becomes:

(T, T, A(T)t"

po énh) _AG)T (49)

e(t,Ty) A(Ty)T"
At temperatures below -10°C, the temperature dependence of the creep parameter A can be de-
scribed by a simple Arrhenius relationship

Agexp(—=2)T"
£ Ao p( Rgz) ~ exp <§ <;_;>>, (50)
oexp(—¢p)T" 1 2

whereby the prefactor Ay and the stress tensor " cancel out and R is the universal gas constant.
Field measurements and laboratory measurements show that the activation energy Q is approxi-
mately 60 kJmol~! for temperatures below —10°C (Weertman, 1983).

The temperatures T, T, are given in Kelvin, and can be expressed as AT = T, — T;. Equation
(50) can thus be re-written as
7§ In(E)

AT = — = ———.
1-T§In(E)

1)

Here, we assume that the reference temperature T; equals —20°C. We find that the resulting
temperature anomaly relevant for the obtained enhancements is relatively insensitive toward the
choice of Tj, as long as the ice is colder than —10°C (Fig. 17). For higher temperatures, however,
the assumed value of the activation energy Q no longer holds, implying that similar enhancements
could be achieved by smaller temperature anomalies in the presence of temperate ice. While this
could possibly be relevant in the shear margins, we believe that temperate ice is unlikely to be
found in major parts of the ice column inside and outside the ice stream. Fig. 18-20 show the tem-
perature anomalies (AT) which would be required to obtain similar viscosities as for the directional
enhancements due to fabric (Fig. 14-16).

6 Characteristic time
The characteristic time for a viscous response is defined as

_ 242 (52)

Tehar E

where the Poisson ratio y in ice can be assumed to be 0.325, and the Young’s modulus E is ap-
proximately 10° Pa. An enhancement of 0.1, equivalent to the viscosity 7 being ten times larger
than for isotropic ice, would imply that the characteristic time is ten times smaller. Ergo, a viscous
deformation happens ten times faster in ice that is harder for pure-shear deformation along-flow in
comparison to isotropy.
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Figure 17: a) Temperature difference AT for varying enhancement factors E and a given reference
temperature T7. b) Sensitivity of AT on the choice of the reference temperature T;. For temperatures
below -20°C the activation energy Q is assumed to be 60 kJmol~! whereas for temperatures above
-10°C Q=152 kJmol ! is assumed, leading to a stronger effect on the flow enhancement for smaller
temperature variations than for colder ice. Within the two temperature regimes the sensitivity to T;
is minor.
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Figure 18: Temperature anomaly AT which would be required to obtain an (isotropic) flow en-
hancement as suggested by the fabric for pure-shear deformation along flow (E.y). Akin to Fig. 14,
panel a) shows the temperature anomalies equivalent to the enhancements obtained from radar ob-
servations, b) and ¢) those for the modeling results in eigenframe and flowframe respectively, and
d) correspond to the observations in the two ice cores. Temperature anomalies are calculated for a
reference temperature of —20°C.
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Figure 19: Temperature anomaly AT which would be required to obtain an (isotropic) flow en-
hancement as suggested by the fabric for pure-shear deformation perpendicular to flow (E,;). Akin
to Fig. 15, panel a) shows the temperature anomalies equivalent to the enhancements obtained
from radar observations, b) and c) those for the modeling results in eigenframe and flowframe re-
spectively, and d) correspond to the observations in the two ice cores. Temperature anomalies are
calculated for a reference temperature of —20°C.

33



Eigenframe Flowframe

36°0'W

Elmer/ice
| model fabric
evolution

Radar beat
frequency and
travel time
anisotropy

Elmer/ice
model fabric
evolution

36°0W

d EastGRIP S5 shear margin enhancement temperature equivalent AT (°C)
main core shallow core

-20 -15 -10 -5 0 5
flow velocity (m a™1) A EGRIP main core

[E— 4 m (® S5 shear margin core

o (oon) o (eon) 0 20 40 60 80 === NEGIS outline
A AT =268°C @ 2T=664C

Figure 20: Temperature anomaly AT which would be required to obtain an (isotropic) flow enhance-
ment as suggested by the fabric for horizontal simple-shear deformation (Ey,). Akin to Fig. 16, panel
a) shows the temperature anomalies equivalent to the enhancements obtained from radar observa-
tions, b) and ¢) those for the modeling results in eigenframe and flowframe respectively, and d)
correspond to the observations in the two ice cores. Temperature anomalies are calculated for a
reference temperature of —20°C.

34



a3 7 Notation (not exhaustive)

ai23

A1,2,3/ /\x,y,z

%

£, &

Y

K

644 w
& e

sW, el

Ae™, Ae

Ag,

f mod /Tmod
k

geographic east, north

direction parallel, transverse to ice flow

flow-parallel, flow perpendicular radar antenna polarization

direction of smaller, larger horizontal eigenvalue

depth below ice sheet surface

angle between ice flow direction and largest horizontal fabric eigenvector
angle between geographic east and largest horizontal fabric eigenvector
angle between radar polarizatiosn and horizontal fabric eigenvectors
angle between geographic east and ice flow direction

second, fourth order fabric orientation tensor

fabric eigenvectors

fabric eigenvalues of increasing size, in X, y, z direction

complex dielectric constant

relative dielectric permittivity, permittivity of free space

electrical conductivity

thermal conductivity

angular frequency

dielectric permittivity tensor for monocrystal, polycristal

dielectric permittivity parallel, perpendicular to the c-axis

dielectric anisotropy of a monocrystal, polycrystal

horizontal mean of relative dielectric permittivity of a polycrystal

apparent horizontal dielectric anisotropy between radar polarization directions ¥ and ¥

apparent difference in horizontal eigenvalues between radar polarization directions

difference in horizontal eigenvalues
electromagnetic wave speed, speed of light
electromagnetic wave components in principal fabric directions x and y

two-way travel time for £, § polarized wave reflection

mean, difference of two-way travel time between waves with different antenna polarization

depth-averaged directional permittivities

phase difference between ordinary and extraordinary wave
centre frequency of radar system

power modulation frequency, period

wave number
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u, v, w ice flow velocities flow-parallel, flow-transverse, vertical

o Cauchy stress tensor

p; density of ice
g force of gravity
T deviatoric stress tensor
M3 structure tensors
n  flow law exponent
A flow-law prefactor
T temperature
W(%) width of flowband
W spin tensor
€ strain rate tensor
" Y strain heating
r  flowline curvature
H ice thickness
1 ice viscosity
g heat capacity
E,w flow enhancement factor in direction vw

E/., E/, enhancement of a monocrystal along the c-axis, basal plane
¢; c-axis orientation of monocrystal
Y complex spectral expansion coefficient
Y™ spherical harmonics expansion function
R universal gas constant

Q activation energy
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