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both located in Dronning Maud Land, East Antarctica. Despite their
proximity, Raymond arches are observed at Hammarryggen but are
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necessarily arise from non-steady conditions close to the bed, but may be
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Topographic control on ice anisotropy in Antarctic ice rises
inferred from phase-sensitive radar
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ABSTRACT. The Raymond effect within ice rises and underneath ice divides
of ice sheets arises from the non-linear rheology of the ice and steady-flow con-
ditions. The resulting Raymond arches seen in radargrams have been associ-
ated with crystal orientation fabric (COF) that produces ice optical anisotropy,
detectable with radar. We use data collected with a phase-sensitive radar
across two ice rises, Hammarryggen and Lokeryggen, both located in Dron-
ning Maud Land, East Antarctica. Despite their proximity, Raymond arches
are observed at Hammarryggen but are absent at Lokeryggen. The absence of
Raymond arches does not necessarily arise from non-steady conditions close
to the bed, but may be controlled by the more complex bedrock topography

that reduces ice anisotropy and resulting ice stiffening.

INTRODUCTION

Ice rises are locally grounded features in Antarctic ice shelves and play a key role in buttressing ice discharge
from the Antarctic ice sheet (Matsuoka and others, 2015). Since ice rises are local flow features, each with
a distinct ice divide, they also preserve records of past ice-flow dynamics within their internal structure.
For instance, beneath ice rise divides, ice stiffens due to its non-linear rheology and steady-flow conditions,
resulting in the so-called Raymond effect (Raymond, 1983; Martin and others, 2009a). This mechanism

forms layered arches, known as Raymond arches, and their formation and amplitude are controlled by both

*Present address: Laboratoire de Glaciologie, Université libre de Bruxelles, Brussels, Belgium.

Cambridge University Press

Page 2 of 21



Page 3 of 21 Annals of Glaciology

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

Gillain and others: Ice anisotropy in Antarctic ice rises 2

the mechanical properties of the ice and the stress gradient between the divide and the flanks of the ice rise
(Pettit and Waddington, 2003). Given the strong influence of ice anisotropy on these mechanical features,
Raymond arches provide valuable insight into the processes governing ice flow dynamics and divide stability
(Raymond, 1983; Martin and others, 2009a; Ershadi and others, 2022).

Ice anisotropy develops differently across ice rises, and is mainly controlled by local stress regimes,
which influence the crystalline structure of the ice (Matsuoka and others, 2015; Hills and others, 2025a,b).
The ice divide flow regime is dominated by vertical compression due to accumulation (Weikusat and others,
2017), driving crystal alignment along the principal axis of compression and resulting in stiffer ice fabric
and increased mechanical anisotropy (Alley, 1992; Passchier, 1997). On the ice-rise flanks, larger deviatoric
stresses lead to horizontal stretching, resulting in a redistribution of c-axes within the plane of extension
(Martin and others, 2009a, 2015; Brisbourne and others, 2019). The resulting crystal organization, known
as the crystal orientation fabric (COF), reflects the internal stress history of the ice rise. The COF therefore
constitutes both an archive of past ice flow regimes and a driver of current ones (Alley, 1992).

Exploiting the fabric record, however, requires robust characterization of COF across ice rises (Alley,
1992; Martin and others, 2009a; Ershadi and others, 2022). Ice fabric was historically accessed using
ice cores, which long represented the only source of COF information despite several major drawbacks
(e.g., important logistics, time-consuming processing, and potential crystal rotation within core samples;
Ershadi and others, 2022). Innovative methods, such as seismic measurements, sonic logging of boreholes
and phase-sensitive radars now enable COF characterization with lighter logistics (Ershadi and others,
2022). In particular, depth profiles of COF can be reconstructed from quad-polarimetric phase-sensitive
Radio Echo Sounding (pRES) and inverse modelling, an approach that has gained increasing attention in
recent years (Fujita and others, 2006; Brisbourne and others, 2019; Jordan and others, 2019; Ershadi and
others, 2022; Zeising and others, 2023; Ershadi and others, 2025; Henry and others, 2025; Hills and others,
2025a,b). Inverse modelling relies on variations with depth in the power and phase of the backscattered
radar signal, which arise from changes in the crystal arrangement responsible for dielectric anisotropy
(Brisbourne and others, 2019). Combined, pRES measurements and inverse modelling provide valuable
constraints on ice rheology and ice-flow dynamics (Kingslake and others, 2014). In this framework, ice
cores can now help to calibrate and validate inversion results (Young and others, 2021; Ershadi and others,
2022; Zeising and others, 2023; Ershadi and others, 2025).

Here, we infer COF along two transects crossing the summits of two nearby promontory ice rises in
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Dronning Maud Land, Antarctica, i.e., Hammarryggen and Lokeryggen Ice Rises (Figure 1). We exploit
the mathematical and optical relationships between dielectric anisotropy and the COF (Fujita and others,
2006; Ershadi and others, 2022) using quad-polarimetric pRES point measurements and inverse modelling.
While the Hammarryggen fabric and dynamics have already been described in Ershadi and others, 2025 and
Koch and others, 2024, recent measurements on the nearby Lokeryggen ice rise now allow for an in-depth
comparison of COF evolution. Finally, we discuss the differences between both sites in terms of anisotropy

and discuss the potential role of bedrock topography in their fabric signatures.

METHODS

Study area

Hammarryggen and Lokeryggen are two promontory ice rises located in Dronning Maud Land, East Antarc-
tica, each connected to the ice sheet through a saddle. Quad-polarimetric data were collected across the
centre of both ice rises during the field seasons of 2018-2019 and 2020-2021 (Figure 1; Pattyn and others,
2023; Gillain and others, 2026). Hammarryggen is a triple junction ice rise, where 15 pRES measurements
were acquired along a 5 km transect (~ 70.5°S, 21.8°E) (Figure 1b). Lokeryggen is located ~75 kilometres
to the east, where 21 measurements were collected along a 6 km transect (~ 70.5°S, 24.1°E) (Figure 1d).
For both transects, the measurements were spaced more closely near the divide (100 m apart) than on the
flanks (500 m apart). The summit of Hammarryggen reaches 367 m above sea level with a corresponding
ice thickness of 550 m (Ershadi and others, 2025). During the 2018-2019 field season, an ice core was drilled
at the ice divide (Pattyn and others, 2023; Ershadi and others, 2025). The Lokeryggen summit reaches

350 m above sea level with a corresponding ice thickness of 430 m.

Phase-sensitive radar data collection

The phase-sensitive radar system (Nicholls and others, 2015) uses a Frequency Modulated Continuous
Wave (FMCW) approach, emitting a chirp that propagates through the ice column via the transmitting
antenna and is recorded by a receiving antenna. The transmitted signal varies across a frequency range of
200 to 400 MHz, corresponding to a central frequency of 300 MHz (Nicholls and others, 2015; Hills and
others, 2025b). By comparing the transmitted and backscattered signals, the system determines variations
in amplitude and phase, allowing the detection of internal reflectors. As the radar wave propagates through

the ice, the velocity of the signal is influenced by the dielectric properties of the medium. In a single crystal,
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Fig. 1. Study area. (a) Location of Lokeryggen and Hammarryggen showing the ApRES survey transects. (b-e)
Close-ups of Hammarryggen and Lokeryggen showing the ApRES measurement sites (triangular and circular dots)
and the ice-core location (green dot). Background imagery from the Landsat Image Mosaic of Antarctica (LIMA)
(Bindschadler and others, 2008). Maps were produced using QGIS (QGIS Development Team, 2026).
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dielectric anisotropy arises from uniaxial birefringent properties, the dielectric permittivity along the c-axis
being larger than that in the basal plane (Gerber and others, 2023). In polycrystalline ice, an effective
dielectric permittivity emerges from the combined effects of density, acidity, and COF, which in turn affects
radar signal propagation (Brisbourne and others, 2019). Depending on the crystal orientation relative to
the radar signal, the returned signal varies, resulting in birefringence and anisotropic scattering observable
in radargrams. In particular, the crystal orientation relative to the wave polarization leads to changes in
the amplitude and phase of the backscattered signal, as a function of the antenna orientation (Brisbourne
and others, 2019). This variability can be detected with millimetre precision, and fully captured using
quad-polarimetric measurements (Sun and others, 2019; Ershadi and others, 2025).

To perform quad-polarimetric measurements, the two antennas are separated by 5 m. They are then
rotated into four different polarization combinations: both vertically (VV), both horizontally (HH), vertical-
horizontal (VH) and horizontal-vertical (HV). HH and VV consist of co-polarimetry, while HV and VH
correspond to cross-polarimetry. Together, these four configurations constitute quad-polarimetry and allow
for efficient reconstruction of the signal at any azimuthal orientation (Jordan and others, 2019; Young and
others, 2021). These four polarimetric measurements are jointly processed through the Scattering or
Sinclair matrix S, to derive the full azimuthal variation of both the phase difference and the power of the
backscattered signal at each measurement site (Fujita and others, 2006; Young and others, 2021; Ershadi

and others, 2022):

g Shh  Shv ’ ()

Svh  Svv
where spp, and s, correspond to the intensity of the back-scattered signal in co-polarized configuration,
and sp, and s, correspond to the intensity of the back-scattered signal in cross-polarized configuration
(Jordan and others, 2019). From these measurements, we reconstruct COF with depth using an inverse

model. The model azimuthal reconstruction of the signal was validated against COF measurements from

the EPICA Dronning Maud Land ice core, showing strong agreement (Ershadi and others, 2022).

Inverse model

The inverse model used for this study is fully described in Ershadi and others (2022), and is built on the

forward model of Fujita and others (2006). The model quantifies horizontal anisotropy (AAg) and the
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direction of the strongest horizontal eigenvector (7) in polycrystalline ice, based on the relative magnitude
of the dielectric permittivity tensor horizontal components €, and e'y. Both are derived from the HH, HV
and HHVV coherence phase, under the assumption that the vertical eigenvector is oriented vertically (Fujita
and others, 2006; Ershadi and others, 2025). Following the recommendations on coherence magnitude from
Jordan and others (2019), the inversion for Hammarryggen stops at 400 m, and for Lokeryggen at 350 m,
covering around 70% of the ice column at the divide. Beyond these depths, the coherence between sp;, and

Syy becomes unreliable, introducing major uncertainties in the phase analysis (Ershadi and others, 2025).

Eigenvalues, eigenvectors and second order orientation tensor

To relate the statistical distribution of c-axes in space to radar signal propagation into the ice, Fujita and
others (2006) considered the dielectric anisotropy of a single ice crystal, characterized by two permittivities,
ie., €1 and €|, corresponding to the electric field oriented perpendicular and parallel to the crystal c-axis,
respectively. The COF can be described by an orientation tensor corresponding to an ellipsoid locally
describing the bulk fabric of the ice. The tensor is characterized by its eigenvalues (A1, A2, A3) to quantify
the relative concentration of c-axes along the tensor eigenvectors (¥, s, ¥3). The relation between the

dielectric and the orientation tensor is given by (Fujita and others, 2006)

e, 0 0
=10 ¢ o
0 0 €
(2)
€| + MA€ 0 0
= 0 G/J_ + )\QAG/ 0 ’
0 0 6/L + )\3A6/

where A¢’ = €| — e’H is the magnitude of the anisotropic permittivity. As the propagating signal
is sensitive to the dielectric anisotropy of the ice, represented by its dielectric tensor, birefringence and
anisotropic scattering occur. Consequently, the signal is decomposed into two orthogonal components
aligned with the two principal dielectric permittivity axes, controlled by COF and associated mechanical
anisotropy (Jordan and others, 2019; Ershadi and others, 2022). The three eigenvalues in Eq. 2 sum to 1,

i.e., A\ + Ao + A3 = 1, where A\ < Ay < A3. Their values are obtained from the orientation tensor. The
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Table 1. Summary of fabric types and corresponding eigenvalues.

Fabric type Eigenvalues

Isotropic A =Xy = A3
Single maximum Az > Ay & A\

Girdle )\3 X Ag > Al

three eigenvectors represent a three-dimensional Cartesian coordinate system, in which 73 is assumed to
point vertically (Ershadi and others, 2022). 05 and ¥ are horizontal vectors and the direction of ¥, is given
by the georeferenced orientation of the horizontal anisotropy AAy (Fujita and others, 2006; Ershadi and
others, 2022, 2025). Defining the orientation from the c-axis distribution, the eigenvalues and eigenvectors
can be retrieved and used to determine the type of fabric, i.e., isotropic, single maximum (also referred to
as cluster), or girdle.

In the absence of stress, ice is isotropic and the c-axes are uniformly distributed in all orientations,
resulting in equal concentration along the three eigenvectors: A1 &~ Ay ~ A3. In the case of compaction,
c-axes progressively orient themselves in the direction of the applied force, leading to a single maximum
fabric (Alley, 1992). If a vertical stress is applied, c-axes are concentrated along ¥3, as represented by a
greater value of A\g: A3 > Ao ~ A1. The last case is a girdle fabric, defined by A3 &~ Ay > A1, so the c-axes
are spread in the plane determined by U5 and v, (Woodcock, 1977; Fujita and others, 2006). All fabric
types are summarized in Table 1.

The inversion model follows a top-to-bottom approach by estimating the reflection ratio r» and the
horizontal anisotropy AAp to reconstruct the eigenvalues evolution with depth. The reflection ratio results
from the division of the real part of the complex amplitude reflection coefficients I'; and I'y, parts of the I'
matrix. The reflection ratio r is calculated based on anisotropic scattering, caused by changes with depth
in fabric, leading to differences in reflection and amplitude in the backscattered signal (Eq. 6 in Ershadi
and others, 2022). AMpy is proportional to the local phase gradient (Egs. 10-11 in Ershadi and others,
2022), resulting from changes in COF and associated dielectric anisotropy. The birefringent nature of the
ice affects the polarization of the backscattered signal. The signal is split into two orthogonal waves whose
orientation depends on the relative orientation of the signal sent by the radar to the direction of the c-
axes. Because of the dielectric anisotropy of the ice, the two components propagate at different velocities,
inducing a phase shift (birefringence). As birefringence and anisotropic scattering can coexist, rotating

the transmitting and receiving antennas enables the observation of the changes in phase and amplitude in
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the returned signal (Brisbourne and others, 2019). Using the inversion to estimate r and A\, it is then
possible to reconstruct the three eigenvalues, assuming an isotropic material lying at the surface (Eqs. 20-24

in Ershadi and others, 2022).

Horizontal anisotropy, ANg

Alternatively, AAg can be expressed directly from the eigenvalues as Alg = As — Ay, where A1 and Ao
represent the concentration of c-axes along #; and 5. A large value of AAy indicates c-axes strongly
concentrated along ¥s, while a low value reflects a more distributed fabric between the two horizontal
eigenvectors. Since the orientation of the receiving antenna is known, the direction of ¥ can be determined

and used as a proxy of the ice flow direction (Fujita and others, 2006; Ershadi and others, 2025).

Vertical anisotropy, Ay

Similarly, the vertical anisotropy, defined by AAy = A3 — A, refers to the degree to which c-axes are
concentrated along the vertical eigenvector v3 relative to the horizontal plane. Large values indicate a
vertical clustered fabric, while low values reflect c-axes distributed between the vertical and horizontal

planes (Ershadi and others, 2025).

Woodcock parameters, K and C

The Woodcock parameters are ratios of eigenvalues used to determine the type of fabric, K and the degree

of fabric development or fabric intensity, C' (Woodcock, 1977):

_ In(A3/\2)
In(A2/A1)’

om0, @

Values of In(K') > 0 indicate a single maximum fabric, while In(K') < 0 indicates a girdle fabric (Henry

K

and others, 2025). The fabric type is further complemented by its intensity. Values of C' > 2 indicate a

well-defined fabric, while lower values suggest a less pronounced one (Ershadi and others, 2025).
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Vertical strain rate, €,

The vertical strain rate, €,., depicts the local rate of deformation. By repeating pRES measurements at
the exact same locations across successive years, the downward displacement of internal reflectors relative
to the bed can be tracked from phase changes in the backscattered signal, allowing the determination of
averaged vertical velocities (Kingslake and others, 2014; Ershadi and others, 2025).

Values of the vertical strain rate are expected to be negative and of larger magnitude at the surface at
the ice rise divide, where ice dynamics are dominated by compaction of snow and firn. Closer to the bed,
they are expected to be smaller in magnitude due to cumulative vertical compression over time (Kingslake
and others, 2014). Due to the Raymond effect, a local increase in the magnitude of the vertical strain rate
can be observed at depth, reflecting the greater stiffness of the ice at the divide, which reduces vertical

velocities.

RESULTS

Vertical clustering, )3

At both Hammarryggen and Lokeryggen, A3 increases with depth along the transect (Figure 2). At
the divide, )\glam is consistently higher than )\%Ok throughout the ice column, indicating stronger vertical
clustering at Hammarryggen. On the flanks, values of A3 are similar between the two ice rises. At
Lokeryggen (Figure 2d), A3 increases more rapidly with depth on the west flank than at the centre and on
the east flank, while the east flank shows the lowest values throughout the ice column, suggesting stronger
fabric development on the west side of the ice rise.

The value of A\y increases with depth similarly at both ice rises (Figure S1). On the flanks, values
are nearly identical between the two, though slightly higher at Hammarryggen, with larger values on the
west flank than on the east flank. At the ice divide, however, A)\{/I“m is significantly larger than A)\‘L/Ok
throughout the ice column, reflecting stronger vertical clustering at Hammarryggen. At Lokeryggen (Figure
S1d), as for A3, the west flank shows larger values than at the centre and the east flank, indicating greater
concentration of c-axes along the vertical axis.

Values of Ay vary similarly with depth at both ice rises, with good agreement from the surface to
approximately 0.3 of the ice column (Figure S1). Both show a pronounced peak at around 0.35—0.4 across

the transect, and at 0.7 at the divide. However, A)\%am remains larger and shows more pronounced peaks
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Fig. 2.

Comparison of eigenvalues A3 with depth at the flanks and the centre of Lokeryggen and Hammarryggen.
Panel d displays Lokeryggen A3 profiles.
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than A)\Iﬁf’k throughout the transect. These local maxima indicate local predominant horizontal c-axis
alignment along the ¥ direction, suggesting bands of lateral extension at the same depth in both ice rises
(Ershadi and others, 2025). At Lokeryggen, good agreement in the upper part of the ice column is reached,
but the values diverge below 0.3 (Figure Slg). Peaks are observed at approximately 0.4 across all positions,

while a second deeper peak appears near the bed at the east flank and the divide.

Fabric strength, K & C

For both ice rises, K increases more rapidly above the single maximum threshold (In(X) > 0) on the west
flank and the divide than on the east flank, indicating a faster transition from isotropic material to single
maximum (Figures 3a and c). Profiles from both ice rises follow similar trends, with comparable K values,
suggesting broadly similar fabric types across the two structures.

Besides the fabric type K, the fabric intensity C' displays a similar pattern (Figures 3e and g) for both
ice rise flanks. In contrast, at the ice divide (Figure 3f), Hammarryggen exhibits significantly higher C
values than Lokeryggen, pointing to a sharper single maximum fabric. This pattern is consistent with
the results observed for A3 and A\y, which together suggest that c-axes are more closely clustered in the

vertical direction at the Hammarryggen divide than at Lokeryggen.

Vertical strain rate, <.,

Figure 4 presents profiles of vertical strain rates, ¢€,,, derived from repeat pRES surveys conducted during
the 2018 and 2019 field seasons. Since the resulting profiles are somewhat noisy, smoothing within discrete
depth windows of the ice column (1-0.8, 0.8-0.7, 0.7-0.6, 0.6-0.5, 0.5-0.4 and 0.4-0.3) has been introduced,
following Kingslake and others (2014) and Ershadi and others (2025). Near-surface values of ., are large
in magnitude (between —1.3 x 1073 and —2.0 x 1073 a~!), reflecting rapid compaction of the shallow ice
(Kingslake and others, 2014). In contrast, near the bed, ¢,, magnitudes are smaller, though remaining
larger on the Hammarryggen flanks than at the divide, indicating slower downward motion of ice layers
at the divide compared to the flanks (Figures 4a, b and ¢). Comparing the two Hammarryggen flanks, we
observe larger magnitudes of £,, on the east flank, as we observed lower values of C and A3 on that same
flank (Figure 2c¢; Figure 3g). This lowered deformation rate can suggest weaker fabric on this side of the ice
rise. However, the differences between the flanks and the centre are consistent with increased ice stiffness at

the divide, which limits vertical deformation and produces the upward-arching layers, or Raymond arches
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of Lokeryggen and Hammarryggen. Panels d and h display Woodcock parameters for Lokeryggen.
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Fig. 4. Comparison of the vertical variation of the mean vertical strain rate, €., in Hammarryggen and Lokeryggen.

(Martin and others, 2009a; Kingslake and others, 2014). For Lokeryggen, repeat measurements are only
available at the divide, preventing a spatial comparison with the flanks (Gillain and others, 2026). Values
of €., at the divide follow the same pattern as observed at Hammarryggen, but are consistently larger in

magnitude throughout the ice column (Figure 4b).

DISCUSSION

The rheology of these Dronning Maud Land ice rises has previously been studied. For instance, Hammar-
ryggen has been analysed using low-frequency radio-echo sounding (Matsuoka and others, 2012; Pattyn
and others, 2012), ice core fabric analysis, and phase-sensitive radar data (Pattyn and others, 2023; Koch
and others, 2024; Wauthy and others, 2024; Ershadi and others, 2025). In this paper, we compare these

results to pRES data from a neighbouring ice rise. Given their geographic proximity and shared classifica-
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tion as promontory ice rises, and a presumably similar ice dynamic history (Favier and others, 2016), we
expect Hammarryggen and Lokeryggen to exhibit similar rheological characteristics. However, our results
show that this is not entirely the case: while the Raymond effect is present under Hammarryggen, it seems
absent at Lokeryggen.

The inverse model we used to infer the ice fabric relies on two main assumptions: (i) U3 is vertically
oriented and (ii) the material at the surface is isotropic, allowing the fabric to be reconstructed in a top-
to-bottom approach (Fujita and others, 2006; Ershadi and others, 2022, 2025). As explained in Ershadi
and others (2025), although the first assumption can be relaxed (Rathmann and others, 2022), several
factors suggest that the inverse model is applicable at both Hammarryggen and Lokeryggen. The vertical
compression regime occurring in ice rises enhances c-axes to orient in the direction of the compression (Alley,
1992; Ershadi and others, 2025). Additionally, the absence of a triple junction geometry at Lokeryggen
makes it potentially more suitable for such an inversion than Hammarryggen, since this type of geometry
leads to complex ice flow dynamics and related fabric (Ershadi and others, 2025). Regarding the second
assumption, the presence of snow at the surface likely provides a more isotropic medium than deeper
ice. However, the uncertainties linked to this assumption remain unconstrained due to the absence of
ice core fabric analysis at Lokeryggen. Consequently, the inverse modelling approach seems suitable for
Lokeryggen, owing to its favourable geometry and compression-dominated flow regime. Therefore, the
differences observed between Hammarryggen and Lokeryggen may reflect genuine rheological distinctions
between the two ice rises.

At each site, the joint patterns of €,,, A3 and AAg provide a multi-proxy signature of the underlying
flow regime and the strengthening of the ice (Ershadi and others, 2025). At Hammarryggen, a local
minimum in magnitude of €., around 0.4-0.3 of the ice column coincides with maxima in A3 and AAg
beneath the divide, Figures 5b and d. These patterns converge toward a stronger single maximum fabric
at the centre of the ice rise compared to the flanks, leading to stiffer ice at the divide and the formation of
anticlines (Martin and others, 2009b; Ershadi and others, 2025). The development of the Raymond effect
and associated arches at Hammarryggen is confirmed by airborne radar images (Koch and others, 2024;
Ershadi and others, 2025). At Lokeryggen, the vertical profile of ¢,, follows a similar trend to the one
at Hammarryggen, although with a consistently larger magnitude. The absence of flank measurements of
the downward movement of ice layers at Lokeryggen prevents a comparison between the flanks and divide

values, limiting our ability to determine a spatial pattern across the transect. However, local maxima in
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Fig. 5. Comparison of the vertical variation of AAgy (top) and Ag (bottom) along the measurement transect at
Lokeryggen (left) and Hammarryggen (right), together with the corresponding bedrock and surface elevations.

A3 and AApg beneath the Lokeryggen divide are absent, suggesting softer ice and the absence of Raymond
arches (Figures 5a and c). Our observations are consistent with the absence of clear upward-arching ice
layers at Lokeryggen (Figure S2).

The absence of a Raymond effect may arise from non-steady conditions close to the bed, which reduce
ice anisotropy and resulting ice stiffening (Raymond, 1983; Nereson and others, 1998; Martin and others,
2009a; Drews and others, 2015; Matsuoka and others, 2015; Wearing and Kingslake, 2019). Another possible
reason is a local migration of the divide that leads to a displacement or an asymmetry of the Raymond
arches. In the case of fast or stochastic migration, arches can be totally erased (Nereson and others,
1998; Martin and others, 2009a,b). However, tilted, relict or multi-generational arch structures induced by
migration are not observed (Figure S2). Instead, the internal layer architecture and surface topography

closely follow the bedrock topography, without the presence of clear Raymond arches. As can be seen from
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Figure 5, Hammarryggen presents a relatively flat bedrock, allowing steady-flow conditions for stiffening of
the ice and formation of anticlines and amplification of their amplitude (Pettit and others, 2007). However,
the summit at Lokeryggen coincides with an underlying bedrock bump (Figure 5 and Figure S2), consistent
with the bedrock topography exerting a control over the internal layer architecture. Previous studies have
reported such control, preventing the formation of visible arches and in others altering their amplitude and
shape (Kingslake and others, 2014; Fudge and others, 2023; Goel and others, 2026). Together with the lower
anisotropy and softer ice fabric inferred from pRES measurements inversion (A3, A\g, Aly, K, C and
£,), the bed-surface topography coincidence supports our hypothesis that the bedrock most likely controls
the expression of the Raymond effect at Lokeryggen, through its influence on ice flow dynamics. The
irregular bedrock may also weaken the validity of the model first assumption, as a dynamical component
may develop near the bed and cause v5 to be deviated from its assumed vertical orientation. Nevertheless,
our observations are restricted to 5 (Hammarryggen) and 6 km-long (Lokeryggen) transects. Confirming
the impact of uneven bedrock topography on ice fabric would require longer profiles or flow simulation

using Lokeryggen bedrock geometry.

CONCLUSIONS

We analyse the rheological properties of two ice rises in Dronning Maud Land based on pRES measurements
to reconstruct ice fabric and vertical strain rates. While the ice fabric is in overall agreement between the
two ice rises, we observe a lower anisotropy at Lokeryggen, suggesting a lower degree of ice stiffening
compared to Hammarryggen. We attribute this lower anisotropy to the effect of the bedrock, due to the
alignment of internal layers underneath the Lokeryggen summit with the observed bedrock high. Apart
from previously proposed explanations of ice rise age and divide migration, our analysis suggests that
bedrock topography may also exert a control on the development of Raymond arches.

While inferring fabric in ice sheets is traditionally obtained using ice core analysis, the inversion of a
single pRES dataset allows for the reconstruction of multiple fabric parameter profiles, demonstrating the

potential of pRES as a logistically efficient and powerful tool for investigating ice rheology.

SUPPLEMENTARY MATERIAL

The supplementary material for this article can be found at link Supp Mat.
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Fig. S1. Variation of A\y and AMg with depth. (a—c) Comparison of A)y between Lokeryggen (circles) and

Hammarryggen (triangles). (d) Comparison of AAy between the flanks and the centre of Lokeryggen. (e—g) Com-
parison of AAy between Lokeryggen and Hammarryggen. (h) Comparison of AAg between the flanks and the centre
of Lokeryggen.
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Fig. S2. Radargram across the centre of Lokeryggen, collected during the 2008-10 field seasons (Pattyn and others,
2012; Matsuoka and others, 2012). Dots indicate the pRES measurement points.



