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Supplementary Methods

SM1 Velocity analysis
SM1.1 Stacking velocity

The determination of the stacking velocity is a crucial component of the data processing proce-
dures. We conducted the stacking velocity analysis using an automated constant velocity stacking
method. We tested numerous NMO corrections for a broad range of velocities spanning from 3000
to 5000ms~! with 10ms~! intervals. We divided the TWT into segments of 20ms with 10 ms
overlap. For each segment, we identified the optimal stacking velocity based on the stack with the
highest amplitude.

Next, we estimated the stacking velocities of the ice base, of the base of geological features
beneath the ice, and of the bed. The stacking velocity at the ice base was calculated from the
average of three TW'T segments encompassing the ice base. A similar procedure was applied for
the geological features. To determine the stacking velocity of the bed, we averaged the velocities
of five TWT segments situated approximately 250 ms beneath the ice base or beneath geological
features, respectively. For ice and bed, we averaged the stacking velocities over a wide range of
500 CMP gathers and for geological features over 50 CMP gathers.

Supplementary Figure 14 shows the stacking velocity analysis of the ice base derived from
CMP gathers at the crossing of the two profiles in along- and across-flow direction. The derived
stacking velocity from the CMP gather of the along-flow profile is Vg = 3760ms~!. Conversely,
the obtained stacking velocity at the same CMP from the across-flow profile is Vg = 3920ms™?,
indicating a difference of 160 ms~!. However, the basal return is found in both stacked traces at
the same TWT, suggesting that the p-wave velocity in the vertical direction is consistent. This
finding indicates that anisotropy exerts a significant influence on the horizontal component of the
propagation velocity.

Supplementary Figures 12 and 13 show the velocity analysis of the two profiles in along-flow and
across-flow direction. The average stacking velocity for the along-flow profile, is 3780 30ms~!
(mean  standard deviation) and exhibits no trend along the profile (Supplementary Figure 12b).
In contrast, the average stacking velocity of the across-flow profile, is 3900 100ms~! (Supplemen-
tary Figure 13b), and thus significantly higher. Near the eastern shear margin of Thwaites Glacier,
the estimated stacking velocity reaches its maximum of 4130ms~'. Inside the shear margin, the

velocity significantly decreases and reaches low values of 3621 ms™! outside the glacier.
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SM1.2 Interval velocity

Due to the ice crystal anisotropy, which influences stacking velocities, it is not possible to directly
translate stacking velocities to ice interval velocities. To align with airborne radar-derived ice
thicknesses, we estimated the interval velocities to be approximately 3770 35ms~! (along-flow
profile, Supplementary Figure 12c) and 3770 50ms~! (across-flow profile, Supplementary Figure
13c). The interval velocities of sedimentary basins, tails of crag-and-tails and transparent zones

were determined based on the Dix-Diirbaum-Krey equation:

1 _
o (VR (Vi)
Vn - tn tn—l

0 0

(1)

where V,, represents the interval velocity of the n-th layer, V4 denotes the stacking velocity of the
n-th and N 1-th layers, and their respective zero-offset travel times ty. We estimated the interval
velocity for a large sedimentary basin to be 2680 440ms~! (along-flow profile, Supplementary
Figure 12c) and for the transparent features to be 1960 420ms~! (across-flow, Supplementary

1

Figure 13c) We assumed a constant interval velocity of the bed of 4000ms~'. These interval

velocities were used in the processing for migration and depth conversion.

SM2 Amplitude analysis
SM2.1 Primary basal amplitude

We used an algorithm to determine the amplitude A; of the prime basal reflection for small offsets
from CMP gathers. First, we identified A; candidates (local maxima, lyax 3) that were larger
than 50% of the maximum amplitude in a window of 40 to +10ms around the ice base. Next,
we formulated four criteria to determine A; based on the characteristics of a Ricker wavelet as
observed with the direct wave. These criteria include the two local maxima, namely lyax 1 and

Imax,2, which are positioned above lnax, 3, and Inax 4 situated below lyax 3:

1. The candidate |, ax 3 has the opposite polarity to the local maximum above and below:

Imax,? Imax,S < 0 and Imax,3 Imax,4 <0

2. The absolute amplitudes of lnax 1, Imax,2 and lyax 3 increase with depth:

jlmax,lj < jlmax,2j < jlmax,?)j-

3. The absolute amplitude of ly,ax 3 is larger than lyax 4

jlmax,Sj = jlmax74j~
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4. The absolute amplitude of lyyax 4 is larger than lyax o:

jlmax,4j = jlmax,Qj-

5. The increase in absolute amplitude from lpax,2 t0 Imax,3 is significant:

(jlmax,Qj jlmax,lj):2 < (jlmax,3j jlmax,2j)~

We defined A; as the shallowest candidate that satisfied at least four of these five criteria (Sup-

plementary Figure 15).

SMZ2.2 Source amplitude

To determine the source amplitude, we utilized the multiple bounce method [1]. This method de-
rives the source amplitude from the amplitude decay between the primary (single bounce amplitude
A1) and first multiple reflections (double bounce amplitude Ay):

At 1.

Ag= -1 .
T A2,

(2)

For this purpose, we selected 21 shot gathers with a pronounced multiple reflection of the ice base
in 7 areas distributed along both profiles (Supplementary Figures 16, 17). From these, we extracted
the amplitudes A; and Ay for small offsets < 750 m (angle of incidence < 10°), and subsequently
determined the range of Ay (Supplementary Figures 16¢, 17c). After removing outliers, the average
source amplitude Ay was determined to be 0:8  0:4 10

To assess the consistency of the source power, we calculate the amplitude of the direct wave
(Ap) for all shots and offsets. For each offset, we determined the relative deviation from the mean
across all shots (Ap=Ap). We then smoothed the amplitudes based on a running mean with a
window of 3km and averaged the relative deviation across all offsets. The results demonstrate
small deviations on smaller scales, but indicates trends on larger scales (Supplementary Figures
16¢, 17¢). Deviations from the mean of up to 50% are consistent with the observed variability of

Ao. Consequently, in further processing we use a relative power dependent source amplitude Ag:

— Ap
0 =Rogx (3)

The direct wave amplitude of the along-flow profile exhibits a trend from lower amplitudes in the
downstream region to higher amplitudes upstream. This trend may be attributed to changes in

surface conditions with increasing surface elevation from 810 to 1360 m (Supplementary Figure

16a).
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SM2.3 Attenuation

To estimate the basal reflection coefficient from the observed amplitudes, we must account for
power loss due to seismic wave attenuation within the ice. The attenuation can be quantified
using the quality factor Q, which describes the efficiency with which a material stores and dissipates

elastic energy:

f

- 4

ov (4)
where T is the frequency of the seismic wave, and Vv is the seismic wave velocity.

To estimate Q, we use the frequency-dependent amplitude decay between the prime A, and

multiple A,,, basal reflection, following the spectral ratio method:

In(A,(F) In(A,(F)) = %f + constant (5)

[2, 3], where At is the travel time difference between the prime and the multiple basal return. Q
is obtained by a linear regression of In(A,,(f)) In(A,(F)) against frequency, with a gradient of

At=Q. First, we selected 75 shots of along-flow profile with a strong multiple and stacked the
traces or the prime and multiple after windowing with a Blackman-Harris window (Supplementary
Figure 18a,b). We then computed the frequency spectra of the stacked primary and multiple
reflections (Supplementary Figure 18¢,d) and subtracted their natural logarithms to obtain the log
spectral ratio: In(A,,(F)) In(A,(Ff)) (Supplementary Figure 18¢). Next, we calculated the gradient
of the log spectral ratio over the upper  40% frequency range of the sweep after filtering (110
190 Hz) and obtained Q = 451  23. To estimate the attenuation, we used the centroid frequency
of the power spectrum of f = 146 25 Hz and the interval velocity of ice Vice = 3770ms ™', giving

an estimated attenuation of = (2:7 0:5) 107*m™%.
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o« Supplementary Tables

Supplementary Table 1:

Vibroseismic measurement meta data.

parameters of the two along- and across-flow profiles.

Setup and acquisition

Along-flow profile

Across-flow profile

Profile number
Start date

End date

Start coordinates

End coordinates

20230551

31 Dec 2022

13 Jan 2023
75:98°S, 107:56° W
77:83°8S, 109:24° W

20240551

31 Dec 2023

09 Jan 2024
76:44°S, 108:06° W
76:35°8S, 102:99° W

Profile length 210 km 134 km
Number of CMPs 16822 10729
Sweep frequencies 10 — 250 Hz 10 — 200Hz
Sweep length 10s

Taper length 0:5s

Peak Force 60 %, 40 kN

Shot interval 75m

Group interval 25m

Number of receiver groups
Minimum offset
Maximum offset

CMP interval

Fold of coverage

Sampling interval

Maximum time

43m
1518 m
12:5m

0:5ms
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Supplementary Table 2: Overview of subglacial media parameters. P-wave velocities V),
densities , reflection coefficients R; and acoustic impedance Z; for subglacial media at normal

incidence [4].

Lithology / hydrology V, (ms™!) (kgm=3) Ry Zy (kgm~2s71)
éf;;f;i;ee(ﬁgﬂ;/l . 3000 — 6200 2200 — 2800 0:33 — 0:68 6:60 10°—17:36 106
Consolidated sediments 2000 — 2600 1600 — 1900 0:02 - 0:20 3:20 106 —4:94 106
Unconsolidated sediments 1700 — 1900 1600 — 1800 0:10 — 0:01 2:72 106 - 3:42 106
Dilatant till 1600 — 1800 1600 — 1800  0:13 — 0:01 2:56 105 — 3:24  10°
Water 1450 — 1498 1000 — 1020 0:39 — 0:37 1:45 106 - 1:53 106

Supplementary Table 3: Overview of bed classi cation. Basal conditions are classified into
three categories (soft, intermediate, and hard bed) based on inferred resistance to deformation,

using acoustic impedance (Z;) as a proxy for ice-bed interaction.

Impedance thresholds are

defined by the overlapping ranges of dilatant till and unconsolidated sediments. The intermediate
bed class represents a mechanically unresolved basal regime arising from limited sensitivity of

small-offset seismic measurements.

Bed class Ice-bed interaction

Zy, (kgm~2s71)

Hard bed Sliding—dominated basal motion

Intermediate bed Ambiguous deformation regime

Soft bed Till-deformation—dominated basal motion

>3:24 10
2:72 109 -3:24 106
<2:72 106
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Supplementary Figures

€ -600

= 800 2
Q <
<3 -1000 &
s -
@ -1200 5
o -
s 1400 3
8 -1600

©

76°S  78°S

o
:gs

MoSEHE MoSOH

elevation (m)

0 250 500
surf. vel. (m a™)

€6l ;i é% i EE I%H - Egﬁ_ lithified

2 4+ s = s = * B consolidated

© - 1

=} . P = - - ) unconsolidated
22 o 5 7 ¢ @ Tow ¥ % | diatanttil
~0 I I I I I I I I I I I water

N 73 78 83 88 93 98 103 108 113 118 123 128

distance to grounding line (km)

Supplementary Figure 1: Region | and Il of the along- ow pro le. a Map view of bed
elevation (WGS 84) from Bedmap3 [5, 6] and swath airborne radar [7] in lateral direction. b
Kirchhoff poststack time migrated vibroseismic section with a vertical exaggeration VE = 10. ¢
Map of Thwaites Glacier with location of vibroseismic section (blue line). Details are presented
in Fig. le. d Basal slope my in ice flow direction, calculated from a mean gradient over twice the
Fresnel zone radius ( 220m). e Basal reflection coefficient R;. f Basal acoustic impedance Zy.
The shown profiles are a function of distance to grounding line. Ice flow from right to left. Error
bars indicate uncertainties in the reflection coefficient and acoustic impedance, as described in the
Methods.






