10

15

https://doi.org/10.5194/tc-2020-147
Preprint. Discussion started: 16 July 2020 The Cryosphere
(© Author(s) 2020. CC BY 4.0 License. Discussions

Grounding zone subglacial properties from calibrated active source
seismic methods

Huw J. Horgan'!, Laurine van Haastrecht!, Richard B. Alley?, Sridhar Anandakrishnan?,
Knut Christianson®, and Atsuhiro Muto*

! Antarctic Research Centre, Victoria University of Wellington, Wellington, New Zealand

2Department of Geosciences and Earth and Environmental Systems Institute, Pennsylvania State University, University Park,
Pennsylvania 16802, USA

3Earth and Space Sciences, University of Washington, Seattle, Washington 98195, US

“Department of Earth and Environmental Science, Temple University, Philadelphia, Pennsylvania 19122, USA

Correspondence: Huw Horgan (huw.horgan@vuw.ac.nz)

Abstract. The grounding zone of Whillans Ice Stream, West Antarctica, exhibits an abrupt transition in basal properties from
the grounded ice to the ocean cavity over distances of less than 0.5—1 km. Active source seismic methods reveal the grounded
portion of the ice stream is underlain by a relatively stiff substrate (relatively high shear wave velocities) compared to the
deformable till found elsewhere beneath the ice stream. Several kilometers upstream of the grounding zone, layers of subglacial
water are detected, as are regions that appear to be water layers less than the thickness resolvable by our technique. The
presence of stiff subglacial sediment and thin water layers upstream of the grounding zone supports previous studies that
have proposed the dewatering of sediment within the grounding zone and the possibility that ocean water is pumped into the
subglacial system and upstream. The setting enables calibration of our methodology using returns from the floating ice shelf.
This allows a comparison of different techniques used to estimate the sizes of the seismic sources. We find a strong correlation
(coefficient of determination=0.45) between our calibrated method and a commonly used amplitude ratio method, but our
results also highlight the incomplete knowledge of other factors affecting the amplitude of seismic sources and reflections in

the cryosphere.

1 Introduction

Grounding zones mark the transition from grounded to floating ice, standing sentinel over much of the contribution of glaciers
and ice sheets to sea level. Grounding zones are actively built and modified, with sedimentation at grounding zones providing
temporary stabilisation of their position against small increases in sea level (Anandakrishnan et al., 2007; Alley et al., 2007)
and tidal working of the sediments strengthening the bed of the ice (Walker et al., 2013). Ice flux across the grounding zone is

highly sensitive to ice thickness, leading to the potential for runaway grounding zone retreat of marine ice sheets with inward
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sloping beds (Schoof, 2007). The grounding zone transition from limited basal slip beneath an ice stream to zero traction
beneath an ice shelf has proved a challenge to simulate numerically (Barcilon and MacAyeal, 1993; Nowicki and Wingham,
2008) and abrupt transitions occurring over length scales comparable to an ice thickness may require the full Stokes equations
to be solved if grounding zone dynamics are to be accurately simulated (Pattyn et al., 2013).

Here we investigate the grounding zone of Whillans Ice Stream, Siple Coast, West Antarctica (Figure 1). Upstream of the
grounding zone, deformable sediments underlie the Siple Coast ice streams, enabling their fast flow in the absence of high
driving stress (Kamb, 2001; Alley et al., 1986, 1987; Blankenship et al., 1987; Alley et al., 1989; Anandakrishnan et al., 1998).
Regions of high basal drag known as sticky spots balance a significant proportion of driving stress (Alley, 1993; MacAyeal
et al., 1995) and likely correspond with regions of the bed that have relatively less subglacial water than surrounding regions
(Anandakrishnan and Alley, 1994; Winberry et al., 2011; Luthra et al., 2016, 2017). Ice stream beds tend to get smoother
farther downglacier (Siegert et al., 2004) suggesting that subglacial sediment thickness is increasing as the grounding zone is
approached, as sediment is transported downstream englacially and subglacially (Alley et al., 1989) before ultimately being
deposited in the ocean cavity. Observations and modelling of flexure and internal-layer deformation within the ice column
indicate that subglacial sediment may stiffen beneath the grounding zone (Walker et al., 2013; Christianson et al., 2013). Ice
flexure at the grounding zone may also act to draw ocean water into the subglacial system at low tide and force it upstream
at high tide (Walker et al., 2013; Horgan et al., 2013a). Dewatering and stiffening of suglacial material at the grounding zone
is also consistent with a sticky-spot located near the grounding zone identified using geodetic observations of the diurnal
stick—slip cycle of Whillans Ice Stream (Winberry et al., 2011; Pratt et al., 2014).

To investigate the basal properties beneath Whillans Ice Stream’s grounding zone, and the distance over which the transition
to the freely slipping ice shelf occurs, we use active source seismic techniques that are commonly applied in studies addressing
the basal boundary of glaciers and ice sheets (e.g. Anandakrishnan, 2003; Smith, 2007; Brisbourne et al., 2017; Zechmann
et al., 2018; Muto et al., 2019). These methods require the source amplitude and path effects to be estimated, which is often
challenging due to variability in source and receiver coupling, and strong vertical gradients in density and seismic velocity in
the firn. Acquiring data over the ocean cavity allows calibration of these methods due to the presence of a known reflection

interface. This enables a robust estimate of subglacial properties at a spatial resolution of less than an ice thickness.

2 Data and Methods

Here we present amplitude analysis of data from four transects across the grounding zone of Whillans Ice Stream (Figure 1)
acquired in the austral summer of 2011/2012. Acquisition was composed of an explosive seismic source detonated at approx-
imately 27 m depth, with charge sizes of 0.4 kg (Line 1) and 0.8 kg (Lines 2, and 4) and 0.85 kg (Line 3) at a nominal shot
spacing of 240 m. Each of Line 3’s 0.85 kg charge was composed of one 0.4 kg charge and three narrower 0.15 kg charges.
All other charges were composed of equal diameter 0.4 kg charges. The time between burial and detonation varied but always
exceeded 24 hours. Geophones were buried approximately 0.5 m beneath the snow surface at 20 m spacings, and consisted

of alternating single-string 40 Hz geophones (even channels) and 5-element 40 Hz georods (odd channels, Voigt et al., 2013).
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Figure 1. Location map showing the seismic profiles (white with kilometer annotations) crossing the grounding zone of Whillans Ice Stream.
Radio echo sounding (RES) basal reflectivity from Christianson et al. (2016). Background imagery from MODIS MOA (Haran et al., 2005).

Grounding zone from Bindschadler et al. (2011). Polar sterographic projection (meters) with a true scale at 71° south.

Acquisition used an asymmetric split spread with near and far shot-receiver offsets of 10 m and 1430 m. Seismic imaging and

grounding zone determination at Whillans Ice Stream is presented in Horgan et al. (2013b).
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Figure 2. One dimensional compressional wave velocity profile estimated using the 7-p method.

Following Holland and Anandakrishnan (2009), the amplitudes reflected off of the base of the ice and recorded at our

geophones (A;, where 7 denotes the receiver index) are related to our source amplitude (A4g) by:
Ai = Ao’)/iR(e)Giasi, (1)

where R(6) denotes the angle (6) dependent reflection coefficient at the base of the ice described by the Zoeppritz equations
(e.g. Aki and Richards, 1980). During travel along the path length (s;) from the source to the receiver, amplitudes are modified

by path effects (-y;) and attenuation («), all of which are discussed below.
2.1 Seismic Velocity Model

Tracing seismic ray paths between the source and receivers requires knowledge of the firn and ice column’s seismic velocity.
A one-dimensional (1D) velocity model was estimated using shallow seismic-refraction techniques. During shallow refraction
surveying a hammer source was recorded at 0.5 m intervals with near and far offsets of 0.5 m and 579 m. A velocity model
(Figure 2) was then calculated using first-break arrival times and the 7-p (intercept time—slowness) method (e.g. Shearer, 2009),
which assumes that the velocity monotonically increases with depth. The bottom velocity of the model was estimated using
the temperature—velocity relationship of Kohnen (1974) and an assumed ice temperature of -20°C. Implicit in our use of a 1D

velocity model is an assumption that seismic velocity does not vary laterally within the survey area.
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2.2 Amplitude Picking

Amplitudes were picked on frequency-filtered and amplitude-scaled shot records guided by common depth point stacked
profiles (Figure 3). On every shot record we attempted to digitize the direct arrival, primary bed return, and first long-path
multiple of the bed return. The low impedance-contrast at the ice-bed interface meant the long-path multiple could not be
reliably picked in the grounded part of the profiles. Amplitude picking selected the zero crossing preceding the side-lobe of
the wavelet. Amplitude extraction was then performed on shot records with only bandpass filtering applied. Amplitudes were
extracted within the wavelet encompassing the first side lobe, the central lobe, and the next side lobe. Within this wavelet, peak
positive, peak negative, and root mean squared (RMS) amplitudes were extracted. We avoided picking bed returns where direct
arrival energy was interfering with the bed wavelet. Our data are from ice thicknesses of approximately 730-790 m and direct
arrivals interfere with the reflection from the base of the ice beyond offsets of approximately 700 m. While the channels with
5-element georods showed better signal to noise ratios for imaging, we here present an analysis of the single-string geophones
as their amplitudes exhibit less channel to channel variability. Our analysis also uses the RMS amplitudes, with the positive
and negative peaks used to define polarity. We tested the use of peak amplitudes and fixed wavelet length approaches and found

both resulted in a greater distribution of source sizes, and less robust estimates of basal reflectivity.
2.3 Path effects

Path effects (;) modify the source amplitude during its propagation to the receiver. We calculate the total path effects as

cosl; [z
vi=—y |2 )
Sq 21

where 6; denotes the angle between the incoming ray and normal incidence, zg, 21 denote the acoustic impedance at the
source and receiver respectively, and s; denotes the path length traveled between the source and receiver. Equation 2 therefore
accounts for the angle at which the incoming ray arrives at the vertical-component receivers (cos6;), amplitude scaling due
to the different acoustic impedance at the source and receiver ( z—‘;, e.g. Shearer, 2009), and geometric spreading along the
ray path (1/s;). We estimate all near-field effects using the 1D velocity model (Figure 2) and the density—compressional-wave
velocity relationship of Kohnen and Bentley (1973). The high vertical gradients in density and velocity in polar firn lead to
a cos#; correction= 1, as 6; ~ 0, and a significant \/é correction (~ \/ﬁ) due to the different source and receiver burial

depths.
2.4 Source size and attenuation

Source size (Ag) is often estimated using the ratio of the primary bed return amplitude (A;) and the long path multiple
amplitude (A,, ;) (e.g. Rothlisberger, 1972; Smith, 1997; Peters et al., 2008; Brisbourne et al., 2017; Zechmann et al., 2018),
as this approach can remove the need for an independent estimate of attenuation. However, low impedance contrast at the bed,
low signal to noise ratios, or closely spaced subglacial reflectors, can all complicate the amplitude ratio method of determining

source amplitude. Here we explore this and other methods for determining the source amplitude because more-accurate source-
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Figure 3. Left panel: example shot record from floating portion of Line 2 (Kilometer 4.8-6.7). Left panel inset shows schematic travel paths
for direct (red), primary (purple), and multiple (red) rays. Right hand panels show wavelets and picks for the direct arrival (top), primary

return (middle), and multiple return (bottom).

amplitude estimates will enable improved investigation of the rapid spatial transitions in basal properties resolved by the seismic
surveys. These methods fall into three categories: (1) primary—multiple amplitude ratios, (2) direct arrival amplitudes, and (3)
known reflector amplitudes. We present the results for each of the four profiles individually as three different source sizes and

configurations were used (Figure 4, Table 1).
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Here primary—multiple amplitude ratio methods for estimating Ay follow Holland and Anandakrishnan (2009). The first

method requires near-normal incidence returns but does not require knowledge of attenuation («):

A? 1
Aoi = 5 3)
T A 2y
and the second method requires close to normal incidence returns and an estimate of attenuation:
2 .
AO = Az Ym,i ea(?difdm,i), (4)

T A 297

where d; and d,, ;, and ~y; and y,, ; denote the path length, and path amplitude factor (Equation 2) for the primary and
multiple bed returns respectively. A is then calculated as the average Ay ; for each shot. Equations 3 and 4 give near iden-
tical Aq estimates with root mean squared differences ~0.1%. Henceforth for the amplitude ratio method we report only the
results from Equation 4 with an angle cut off of <10° and assuming an attenuation o = 0.27 +0.13 km~! (following Horgan
et al., 2011). Holland and Anandakrishnan (2009) note that Equation 4 is weakly dependent on uncertainties in .. Long-path
multiples from shots in which the primary reflections were from the interface between ice and seismically thick (> 5 m, see
Section 4) water resulted in 60, 19, 9, and 24 estimates of A for Lines 1-4, respectively (left column Figure 4, Ag 4g columns
Table 1).

Here two methods are also used to estimate source amplitude from the direct arrival amplitudes (B;). Direct arrivals have
successfully been used to determine source size (Muto et al., 2019) and to normalise shot records (Brisbourne et al., 2017).
Following Holland and Anandakrishnan (2009):

B; = Aovaie” *, &)

where B; denotes direct arrival amplitude at receiver index 7, and s4; and 7,4, are the direct arrival path lengths and path
amplitude factors. We first estimate A using the direct-path pair method of Holland and Anandakrishnan (2009) (Figure 4B,D;
Table 1). This method uses receiver pairs where the ratio of path lengths ss/s; = 2, and where the depth averaged attenuation
can be assumed the same. This negates the need for an independent attenuation estimate. Our acquisition geometry did not result
in pairs where s2/s1 = 2 exactly so an acceptance distance (x1) was set such that pairs were used if so >=2s1 — 21 A s <=
251 + x1. We set 1 = 14 m through trial and error, looking for the minimum z; that would result in multiple estimates of Ag
for all shots. This resulted in a mode of 8 pairs per shot (mean of 7.7, standard deviation of 3.7). Ay direct pair estimates are
shown in Figure 4 (centre left column) and Table 1 (Agpp columns).

We also investigate A, estimation using all direct arrival amplitudes by fitting the observed B; values to Equation 5 and
minimizing the misfit to determine optimal Ay and « values (Figure 4C,D; Table 1). We refer to this method as the direct path

linear intercept method, because

B,
In— = —asq;+1nAg
Yd,i

shows that in In % versus —s; space every shot record should exhibit a common gradient (), and independent y-intercepts

representing In Ay. Despite this linear form we solve for best fitting parameters directly from Equation 5 using non-linear
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Table 1. Source size (Ao) estimates. Line 1 used a single 0.4 kg charge. Lines 2 and 4 used two 0.4 kg charges in a vertical configuration.

Line 3 used one 0.4 kg charge and three 0.15 kg charges in a vertical configuration. See Section 4 for discussion.

Line Source Aoar Aoar  Aoar Aopp Aopp Aopp Aorr AorLr Aorr Aok r Aoxkr  Aokr

Size (kg Median Mean Std Median  Mean Std Median Mean Std Median  Mean Std

1 0.40 1097 1076 299 229 260 131 232 288 195 420 430 61
2 0.80 1312 1424 413 171 176 93 150 188 128 606 629 164
3 0.85 691 744 288 202 220 123 197 249 169 353 367 34
4 0.80 1200 1259 242 258 290 101 239 295 167 552 544 74

Table 2. Seismic velocity and density assumed at the ice shelf base.

Vp Vs 4

Ice 3860 1930 917
Water 1440 0 1020

regression. We restrict our direct arrival analysis to returns from offsets greater than 450 m, and testing up to an offset limit of
> 800 m did not result in significantly different Ay and « estimates. A direct linear intercept estimates are shown in Figure 4
(centre right column) and Table 1 (A ; columns).

Reflections from a known impedance contrast, in this case the floating ice shelf overlying the ocean cavity, allow another
method of determining Ay. We estimate a best fitting A, for each ice shelf shot by minimizing the root-mean-squared misfit
between the Zoeppritz equation reflection amplitudes for the seismic properties in Table 2, and the observed bed reflection
amplitudes after correction for path effects and attenuation. This results in the same number of Ay estimates as the amplitude
ratio method. The method is insensitive to our assumption that o = 0.27 £0.13 km ™~ as the same « used to determine Ay is
later used to determine the basal reflection coefficient. We refer to this method as the known reflector method and the resulting

Ay estimates are shown in Figure 4 (right column) and Table 1 (Agx r columns).
2.5 Choosing the best Ag

The known reflector method provides our best estimate of Ag as judged by its potential to recover accurate estimates of basal
reflectivity, and its narrow normal distribution (Figure 4, Table 1). The narrow distribution indicates low source size variability,
consistent with a uniform firn—ice profile, a consistent drilling depth and geophone placement, back filling all shots, and
allowing at least 24 hours before detonation. We use the average amplitude for each line, which is approximately equal to the

median, and adopt the standard deviation as our uncertainty.
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Figure 4. A source size estimates for Whillans Grounding Zone Lines 1-4 (rows) using four methods (columns). Left column: Ag estimates

using the primary—multiple amplitude ratio method. Centre left column: A direct pair estimates. Centre right column: A linear intercept

estimates. Right column: Ao estimates from known reflection coefficient method assuming ice overlying water. (See Figure 1 for line

locations.)

Both our direct path methods show large standard deviations (Table 1) and correlate poorly with our known reflector esti-

mates (12 (coefficient of determination) of 0.1 for the direct pair method and 0.04 for the linear intercept method, Figure 5).

The linear intercept method resulted in an average v = 1.4+ 0.5 km~! (mean and 1 standard deviation of the combined results

for all 4 lines). Individual line average values range from 1.0-1.6 km~—!. These « estimates are an order of magnitude greater
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Figure 5. A estimates comparisons. Left: Ag estimates from known reflector method (abscissa) against Ag estimates from amplitude ratio
method (ordinate) (coefficient of determination (r?) of linear regression = 0.45). Middle: Ao estimates from known relectivity method
(abscissa) against Ao estimates from the direct pair method (ordinate) (r?=0.10). Right: Ag estimates from known reflector method against

Ay estimates from linear intercept method (r?=0.04).

than commonly used published estimates and are not used in our analysis. The amplitude ratio method correlates well with the
known reflector method (r2=0.45, Figure 5). Linear regression of the known reflector estimates with the amplitude ratio esti-
mates results in a best fitting gradient of 2.0 with an intercept of 200. However, this relationship is dependent on our estimate

of o and our + estimates, and will be discussed in Section 4.
2.6 Estimating subglacial properties

Using each line’s average A values from the known reflector method (Table 1, Figure 4A) we calculate the angle dependent bed
reflection coefficients for each shot gather (R(6), Equation 1). We present these in Figures 67 as both average values within
10 degrees of normal incidence (Ry10) and as intercept values (Ryr,:) calculated from linear regression through each shot’s
observed R(#) values (Figures 6A, 7A). We then calculate the optimal combination of subglacial seismic velocities (V,,, V5)
and density (p) (Figures 6— 7B-D) by fitting each shot’s complete R(6) to the Zoeppritz equation while imposing reasonable
bounds for subglacial material following Zechmann et al. (2018), expanded to allow for an ice/water interface (Table 3). During
optimisation we impose the additional constraint that the optimal V}, and V; must result in a realistic Poisson’s ratio of 0.25-0.5
(Hamilton, 1979). Optimisation minimises the root mean squared misfit between the observed amplitudes for each shot and
those modelled by the Zoeppritz equations using the finincon algorithm in MATLAB®. This optimisation uses a trust region
approach resulting in rapid convergence. Finally we group our results using K-means clustering (Hartigan, 1975) into three

groups based on each shot’s Ry19, V), and p values (Figures 6-7B-D). We exclude V; from this clustering analysis due to its

10
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Table 3. Seismic velocity (V,, V), density (p) and Poisson’s Ratio (o) bounds used for Zoeppritz fitting.

Lower Limit ~ Upper Limit

Vp (ms™h) 1440 2300
Ve (ms™") 0 1150
p (kgm™3) 1000 2500
o 0.25 0.5

high spatial variability, the cause of which we discuss in Section 4. We estimate our uncertainties by repeating our R; estimates

and the optimisation of V},, Vs, and p values using R(¢) values estimated from our A, uncertainty bounds.

3 Results
3.1 Reflection Coefficients and Basal Properties

Line 1 (Figure 6) exhibits generally slowly varying R; values upstream of the grounding zone, before an abrupt change at the
grounding zone (Figure 6). This change occurs over less than 500 m at approximately kilometer 9. V,,, V; and p values retrieved
from Zoeppritz fitting exhibit a similarly abrupt change at the grounding zone. Our clustering analysis results in the grounded
portion exhibiting three substrate groups, dominated by one group (Group 1, Figure 6, Table 4). The floating portion of Line
1 is composed of one group (Group 2), with estimated V), and p values consistent with water. Retrieved V values are variable
upstream and downstream of the grounding zone, with most Vs values beneath the ice shelf equal to those expected for water.
Both kilometer 3—4, and the grounding zone of Line 1 (kilometer 9) exhibit retrieved V; and p values similar to those expected
for water, but [?310 and V), estimates suggest otherwise.

Line 2 (Figure 7, left panel) exhibits similar patterns in R; and retrieved seismic properties to Line 1. An abrupt transition
is observed at the grounding zone (kilometer 4), and the grounded and floating portions are dominated by distinct groups
(Groups 1 and 2 respectively, Figure 7, Table 4). Upstream of the grounding zone two retrieved estimates exhibit properties
similar to those of water (kilometer 0-0.5); however, neither are unambiguous. V; estimates are again more variable than other
parameters, with most floating shots exhibiting V; values typical of water. Line 3 (Figure 7, middle panel) shows both rapid and
gradual changes in basal properties along the profile. Rapid changes are observed either side of kilometer 7-8 where a narrow
bed feature exhibits V), and p estimates typical of subglacial water. Kilometer 2—4 displays a gradual change in R; while the
associated transition in V}, and p occurs abruptly over <500 m. V estimates are variable along the profile, and exhibit scatter
within regions thought to be both grounded (kilometer 0-3) and floating (kilometer 3.5-6). Line 4 (Figure 7, right panel) is

dominated by R, V), and p estimates typical of ice over water (kilometer 1-7). The transition from these values occurs over a

11
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Table 4. Seismic properties from Zoeppritz fitting.

Line, Group Vp (m s Vi(ms™h p (kg m?)

Line 1, Group 1 (N=28) 1850+90 680+340  1710+120
Group 2 (N=62) 15304100 180+300 1030160
Group 3 (N=7) 2210£150 3304560 116090

Line 2, Group 1 (N=12) 1800170 6904430 1670+90
Group 2 (N=20) 1540190 320£380  1080+120
Group 3 (N=1) 2170 0 1000

Line 3, Group 1 (N=11)  1890+110  670+£470  1720£170
Group 2 (N=16) 1520+£110 3404390 1040490
Group 3 (N=6) 1980+180  560+610 1070+90

Line 4, Group 1 (N=6) 1920+140  600+£540  1640£190
Group 2 (N=25) 1480140 2904330 105070
Group 3 (N=4) 18404250 0£0 1000+ 0

distance of <1 km. As with the other profiles the estimates of V; are variable but most often the floating portion of the profile

(kilometer 1-7) exhibits V; estimates typical of water.

4 Discussion
4.1 Subglacial properties beneath Whillans Ice Stream’s grounding zone

5 Subglacial material beneath the grounded ice stream exhibits p and V), values in the range of dilatant till, but with most Vj
values typical of those observed in dewatered tills (Figure 6— 7, Table 4) (Zechmann et al., 2018). Our estimates of V;, and p for
all lines are close to those estimated by Luthra et al. (2016) in their active source seismic study of a major sticky spot beneath
Whillans Ice Plain. V estimates from the grounding zone are greater than those estimated by Luthra et al. (2016), although
they overlap within uncertainties. When compared with estimates from upstream on Whillans, where Blankenship et al. (1986)

10 measured V; of 150410 m s—!, our results indicate significantly stiffer till beneath the grounding zone. Compression and
dewatering of subglacial till due to ice flexure within the grounding zone has been hypothesised by Walker et al. (2013), and
was invoked by Christianson et al. (2013) as the cause of the enhanced internal deformation evident in radio echo sounding
profiling across the grounding zone. Our finding of dewatered till is consistent with this hypothesis.

Upstream of the grounding zone several regions (e.g. Line 1 kilometer 3—4; Line 2, kilometer 0-0.5; Line 3 kilometer 7-8)

15 exhibit properties that indicate the presence of subglacial water, although not without ambiguity. This ambiguity likely results

12
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Figure 6. Line 1 (A) Seismic basal refectivity at normal incidence estimated from the average value within 10° (Rp10, black) and using the
linear intercept method (Rprn¢, red). Blue line shows radar basal reflectivity from Christianson et al. (2016). (B-D) V,,, V; and p estimated
using Zoeppritz fitting. (E) Stacked active source seismic reflection profile with ice flow from left (grounded ice stream) to right (floating ice
shelf). Shot ghost denotes the short-path multiple generated by the ray path from the source to the ice-air interface then down. For location

see Figure 1.

from water column thicknesses that are less than one-quarter the dominant seismic wavelength for our data, \/4 ~ 5 m. Visual
inspection of shot records shows that in these regions the thin-layer effects detailed by Booth et al. (2012) result in constructive
and destructive interference of our basal wavelet, leading to best-fitting parameter combinations that are not representative of
the contrast in properties. A similar phenomenon likely results in the anomalous estimated values at the grounding zone of Line

5 1 (Figure 6, kilometer 9) and for kilometer 7-7.5 of Line 3 (Figure 7). However, no similar attribution is possible for the V;
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Figure 7. Lines 2 (left), 3 (middle), and 4 (right).(A) basal refectivity at normal incidence estimated from the average value within 10°
(black) and using the linear intercept method (red). Blue line shows radar basal reflectivity from Christianson et al. (2016). (B-D) V,,, V;
and p estimated using Zoeppritz fitting. (E) Stacked active source seismic reflection profile. Line 2 is plotted flowing from grounded (left) to
floating (right). Lines 3 and 4 are plotted with flow into the page. Shot ghost denotes the short-path multiple generated by the ray path from

the source to the ice-air interface then down. For locations see Figure 1.

outliers in the floating portions of all lines, which instead appear to correspond to low signal to noise ratios apparent in visual
inspection of the shot records.

The transition in basal properties at the grounding zone of Whillans Ice Stream is abrupt in both longitudinal lines (Lines 1—
2), occurring over distances of less than 500 m. This is less than the ice thickness of 730-790 m. The transverse lines (Lines 3—4)
exhibit less abrupt transitions but still show change over distances of less than 1 km. The rapid transition in basal properties

indicates that the full Stokes equations are likely to be needed to be solved if the ice flow velocity field is to be accurately
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modelled (Pattyn et al., 2013). The radio echo sounding (RES) results of Christianson et al. (2016) provide additional insights
(Figures 6A, 7A). Lines 1,3,4, which all sample the embayment in the grounding zone to the grid north (Figure 1), all exhibit
a drop in RES basal reflectivity of approximately 3—5 dB as the grounding zone is crossed from the grounded ice stream to
the floating ice shelf. This change occurs over similar length scales to the seismically detected transition. In contrast, Line 2,
which crosses the peninsula to the grid south exhibits a gradual increase in RES basal reflectivity of approximately 10 dB after
the ice goes afloat, over a distance of approximately 3 km. Christianson et al. (2016) attributes the differences in the RES-
detected transitions to the presence of basal roughness (fluting) and entrained debris in the ice shelf in the embayment, and a
basal interface that is becoming smoother and losing the basal debris zone due to basal melt at the peninsula. The insensitivity
of seismic methods to the presence of low levels of entrained debris and fluting is evident in the abrupt transition in basal
properties observed at the Line 2 transition (Figure 6). Our seismic records lack evidence of englacial reflectivity near the bed
that could be attributed to sufficiently abundant englacial debris (Bentley, 1971). The contrast between the RES and active

source seismic views of the grounding zone highlights the different and complementary sensitivities of the two methods.
4.2 Estimating Ag

Our preferred method of estimating source size is only possible when a portion of the survey area contains a known reflection
interface. Comparison with other methods used to estimate Ay demonstrates the efficacy of the commonly employed amplitude
ratio method (Figure 5). A estimated using the amplitude ratio method was, however, approximately twice that estimated using
our known reflector method (Figure 5). The discrepancy between the methods indicates that attenuation («) and path amplitude
factors () remain areas of uncertainty, overcome here by our use of a known reflector. In the absence of reliable Ag estimates,
other attributes of the amplitude reflection curve such as the angle of phase change (e.g. Anandakrishnan et al., 2003) can be
effective predictors of subglacial geology. Direct path methods for Ay estimation have been successfully employed elsewhere
(Muto et al., 2019), and greatly simplify R(6) recovery. Muto et al. (2019) presented data where the sources were buried
at 40-50 m depth, compared to our 27 m, and their signal to noise ratios are high as evident in their imaging of englacial
seismic reflectivity. The poor correlation between our known-reflector and direct-path Ay estimates (Figure 4) shows that
further investigation of direct path methods is warranted. Both the direct path methods we present would benefit from a greater
offset distribution, and the direct pair method would benefit from a greater number of path combinations where s5/s1 = 2
than was available to us. Also, the path effects (7;) experienced by the direct ray are likely to be inadequately captured by our
approach due to the possibility of unaccounted for energy loss and more complex travel paths than those predicted within the
firn.

Our Zoeppritz fitting methodology is skilled at recovering both V,, and p as demonstrated in the floating portions of all lines
where the recovered values are those expected for water (see Table 4 Group 2 estimates). The methodology is less skillful at
recovering V5, likely due to the weaker dependence of the shape of the R(6) curve on V; for the angles we observe. We recover
the near zero V; typical of water for 73 of the 112 floating shots in our survey. Estimating V, along with p allows the shear
modulus to be estimated, which can be used to calculate the effective pressure in the till (Luthra et al., 2016). This provides a

more direct link between seismic observations and till properties than is otherwise possible from estimates of reflectivity (Ry)
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alone. An acquisition geometry that covered greater angles would improve our ability to estimate V;; however, limitations due
to interference from direct arrivals would still exist. These limitations could be overcome by observing much greater offsets,
where direct arrivals no longer interfere with the bed return, or surveying in regions of greater ice thickness.

Using multiple charge sizes and configurations also highlights the importance of source configuration. Line 3, which con-
sisted of the largest charges by weight (0.85 kg) resulted in the lowest Ag estimates calculated from both the known reflector
method and the amplitude ratio method. The charges for Line 3 were made up of a stack of a single 0.4 kg charge, and three
narrower 0.15 kg charges. These narrower charges were likely less well coupled with the shot hole wall, and the longer linear
configuration resulted in a less effective source. A shorter interval between shot loading and detonation may have also been a

factor here as Line 3 was shot within 1-2 days of loading.

5 Conclusions

Subglacial material beneath Whillans Ice Stream’s grounding zone is relatively stiff and is seismically more similar to a
subglacial sticky spot than to deforming till. Thin water bodies are detected upstream of the grounding zone. While our methods
are not able to determine the process of stiffening at the grounding zone and ponding upstream, our observations are consistent
with Walker et al. (2013), who model the tidal deflection of a viscoelastic beam (the ice stream—ice shelf) pivoting around a
fulcrum at the grounding line. This model predicts both the strengthening of subglacial material at the grounding zone, and
subglacial pressure gradients that would promote the flow of water upstream of the grounding zone. The seismically determined
transition in bed properties is abrupt, occurring over distances of 500-1000 m. This differs from the transition imaged using
RES, which detects both an abrupt transition and a gradual one at the embayment and promontory respectively Christianson
et al. (2013).

Our comparison of methods used to determine source size (Ag) shows that the commonly employed amplitude-ratio method
correlates well with the known reflector method available to us. However, our comparison also highlights that path effects (y;)
are incompletely modelled by the methods employed here and elsewhere. Our findings also reinforce the need for consistency
in source placement, configuration, and time between burial and detonation. Overall our methods are skilled at retrieving basal
properties at relatively high spatial resolution where the thickness of the subglacial material is sufficient to prevent thin film
effects (> A/4). Both V}, and p are reliably retrieved, while V; is recovered but less consistently. While we are currently unable
to accurately recover seismic properties for what appear to be thin water layers, our methods also show promise here. These
thin layers are pertinent for ice flow, and techniques such as full waveform inversion are likely to prove useful here. These
methods, which invert not just for a single amplitude of the basal return but the full time series, have been successful applied
to other environments where thin layers with large contrasts in seismic properties have been investigated (e.g. Pecher et al.,

1996).
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