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A dynamic saline groundwater system mapped
beneath an Antarctic ice stream

Chloe D. Gustafson®?*, Kerry Key', Matthew R. Siegfried®, J. Paul Winberry®, Helen A. Fricker?,
Ryan A. Venturelli®, Alexander B. Michaud®

Antarctica’s fast-flowing ice streams drain the ice sheet, with their velocity modulated by subglacial
water systems. Current knowledge of these water systems is limited to the shallow portions near the ice-
bed interface, but hypothesized deeper groundwater could also influence ice streaming. Here, we use
magnetotelluric and passive seismic data from Whillans Ice Stream, West Antarctica, to provide the first
observations of deep sub-ice stream groundwater. Our data reveal a volume of groundwater within a
>1-kilometer-thick sedimentary basin that is more than an order of magnitude larger than the known
subglacial system. A vertical salinity gradient indicates exchange between paleo seawater at depth and
contemporary basal meltwater above. Our results provide new constraints for subglacial water systems

that affect ice streaming and subglacial biogeochemical processes.

he ice flux from the Antarctic Ice Sheet’s
interior to its margins is largely governed
by the behavior of fast-flowing ice streams
[e.g., ()], where the availability of sub-
glacial water plays a fundamental role in
regulating ice flow (2). Given the inaccessibility
of the Antarctic substrate, physical constraints
on the sub-ice stream water systems are based
on a few geophysical (i.e., active seismic, radar
sounding) surveys [e.g., (3, 4)] and subglacial
drilling efforts [e.g., (5)]. These observations

Fig. 1. Regional map of passive seismic and MT surveys on Whillans

Ice Stream, West Antarctica. (A) WIS ice velocity (44) plotted over a satellite
image mosaic (45) with active subglacial lakes (20) and predicted basal

water flow paths (42) that deliver water across the modern grounding line (GL)
(46). The estimated most-landward grounding line position after the Last
Glacial Maximum (34) is shown in cyan (minimum GL, labeled as “min. GL").
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revealed a “shallow” sub-ice stream hydro-
logic system, which we define here as water
at the ice-bed interface (in the form of films,
channels, and lakes) and water within a rela-
tively thin (<10 m) deformable layer of unsorted
sediments, generally considered glacial till
(5). Below these shallow hydrologic systems,
Antarctic ice streams are expected to be under-
lain by sedimentary basins hundreds to thou-
sands of meters thick that have the capacity to
host substantial groundwater (6), constituting
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“deep” subglacial hydrologic systems, which we
define here as groundwater below the glacial
till. These deep groundwater systems have the
potential to provide water to or remove water
from the ice base and, therefore, may play a role
in modulating ice flow (6). However, current
Antarctic subglacial water models only con-
sider the shallow hydrologic systems, partly
because the geophysical tools typically used
to map deep sub-ice stream sediments (i.e.,
active and passive seismics, gravity, and mag-
netics) (7-9) do not provide constraints on deep
groundwater properties or connectivity between
the shallow and deep hydrologic systems. Here,
we use magnetotelluric (MT) (Z0) and passive
seismic data (71, 12) to provide the first in situ
measurements of a deep groundwater system
within a >1-km-thick sedimentary basin beneath
the West Antarctic Ice Sheet. We infer that this
basin contains more than an order of magni-
tude more water than the shallow hydrologic
systems typically considered in subglacial water

!Lamont-Doherty Earth Observatory, Columbia University,
Palisades, NY, USA. ?Institute of Geophysics and Planetary
Physics, Scripps Institution of Oceanography, University of
California, San Diego, La Jolla, CA, USA. *Hydrologic Science
and Engineering Program, Department of Geophysics,
Colorado School of Mines, Golden, CO, USA. “Department of
Geological Sciences, Central Washington University, Ellensburg,
WA, USA. ®Department of Geology and Geological Engineering,
Colorado School of Mines, Golden, CO, USA. ®Bigelow
Laboratory for Ocean Sciences, East Boothbay, ME, USA.
*Corresponding author. Email: cgustafson@ucsd.edu

Colored circles indicate passive seismic receiver locations and corresponding
sediment thickness estimates. (B and C) MT stations at (B) SLW and (C)
WGZ are aligned with previous active-source seismic profiles (21, 22) and
sites of direct subglacial drilling access (23, 24). Colored triangles indicate
sediment thickness estimates (24). 2D inversion results of MT stations K to
K'and L to L' are shown in Fig. 2.
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models (13). The groundwater salinity increases
with depth, indicating that the deep and shallow
subglacial water systems are hydrologically con-
nected and that Antarctic groundwater may
influence ice stream behavior and subglacial
biogeochemical processes.

Previous studies have recognized the potential
presence of groundwater beneath Antarctic
ice streams [e.g., (6)]; however, its detection
has been challenging. Electromagnetic (EM)
methods, which are frequently used for ter-
restrial groundwater studies (14), are also a
feasible technique for detecting deep subglacial
groundwater (I5). Variations in resistivity
can be exploited to delineate high-resistivity
glacier ice (~4 x 10* to 1 x 10® ohm-m) from
low-resistivity sediments (~1 to 100 ohm-m)
and moderately resistive bedrock (~100 to
1000 ohm-m) (15). Furthermore, resistivity
variations within groundwater-bearing sedi-
ments can provide constraints on water proper-
ties because saltier porewater yields a bulk
resistivity that is an order of magnitude lower
than that of freshwater (75). Recent surveys in
the McMurdo Dry Valleys have demonstrated

Fig. 2. Resistivity models and
inferred groundwater salinity.

A SLW

the effectiveness of high-frequency airborne
EM soundings for mapping groundwater
within the top few hundred meters of sub-
glacial environments [e.g., (16)] but under
only <350 m of ice. Sensing deeper groundwater
within sedimentary basins below thicker ice
requires ground-based EM methods, such as
MT (15), a passive EM method that uses natural
low-frequency EM fields to image subsurface
resistivity at depths spanning from the shallow
crust to the upper mantle. MT methods have
been widely applied in continental and oceanic
settings for constraining subsurface fluid and
lithologic distributions (I7) yet, in Antarctica,
have only been used to examine the deep crust
and lithosphere (18).

We collected MT data (fig. S1) on the down-
stream outlet of Whillans Ice Stream (WIS),
located along Siple Coast (which we use here
to collectively describe the Gould, Siple, and
Shirase coasts) of West Antarctica (Fig. 1A), to
investigate deep groundwater within a sed-
imentary basin under ~800 m of ice. Numerical
simulations have estimated that groundwater
considerably contributes to Siple Coast ice

streaming, but this modeling only included
shallow water volumes and fluxes within the
till because there were no observations of
deep groundwater to constrain their modeling
(19). Our MT surveys focused on two hydro-
logically connected regions that are part of a
dynamic subglacial water system (20): Whillans
Subglacial Lake (SLW) (Fig. 1B) and its hypo-
thesized downstream outlet to the ocean,
Whillans Grounding Zone (WGZ) (Fig. 1C). We
supplemented our focused MT surveys with a
passive seismic survey that was sparser but
sampled a wider region, extending across WIS
(colored circles in Fig. 1A). At both MT survey
locations, the shallow hydrology has been con-
strained by geophysical surveying (4, 21, 22)
and direct subglacial sampling (23, 24). Although
these studies did not image or sample the deeper
groundwater, porewater samples from a shallow
(0.38 m) sediment core below SLW showed an
increasing contribution of seawater-sourced
Cl™, indicating a deeper reservoir of seawater
(25). The active-source seismic studies (pink
lines in Fig. 1, B and C) also revealed that each
location is underlain by a substantial thickness
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obtained by 2D regularized inversion
(27). White circles show the esti-
mated sediment thickness obtained
from a 1D Bayesian inversion of each
station’s data [fig. S4 and (27)]. The
WGZ model additionally includes a
black dashed line noting the base of
the sediment layer as interpreted

by ground-based gravity surveying
(28). The deviation between the
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Fig. 3. Conceptual models of WIS groundwater and water routing. (A to C) Thick sediments that contain groundwater that increases in salinity with depth at both
(A) SLW and (B) WGZ are persistent throughout (C) WIS. We attribute the vertical salinity gradient to paleo seawater mixing with contemporary basal meltwater. Low-salinity
groundwater in sub—ocean cavity sediments (Fig. 2D) indicates that groundwater flows laterally across the grounding line and enters the ocean as SGD.

of stratified sediments (>100 m) (22, 26) but
were not able to conclusively map depth to
bedrock (i.e., total sediment thickness) or con-
strain the deep hydrology.

We determined sediment thickness beneath
WIS using passive seismic and MT observa-
tions. Our regional passive seismic sediment
thickness estimates obtained by receiver func-
tion analysis (27) (figs. S2 and S3) range from
0.6 to 1.3 km (+ 0.2 km) (Fig. 1A), which are
consistent with MT-derived sediment thick-
ness estimates that we calculated using one-
dimensional (1D) Bayesian inversion methods
(27) (fig. S4) at SLW (0.5 to 1.2 km + 0.1 km;
Fig. 1B) and at WGZ (0.9 to 1.9 km + 0.1 km;
Fig. 1C). These estimates are in overall agree-
ment with those derived from airborne survey-
ing [e.g., (7)] and ground-based gravity surveying
(28). The Bayesian sediment thickness esti-
mates are also compatible with the structure
of the 2D resistivity models that we obtained
using regularized inversion for linear profiles of
MT stations (27), which revealed a low-resistivity
layer consistent with water-saturated sediments
overlying a more resistive layer consistent with
bedrock (Fig. 2, A and B, and figs. S5 and S6).
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Information about groundwater contained
within the sediments comes from examining
resistivity within the sediment layer in our 2D
models (blue shading above the white line in
Fig. 2, A and B). We used the empirical Archie’s
law to convert resistivity to groundwater salin-
ity for vertical profiles in our model that are
colocated with past subglacial drilling sites
at SLW (Fig. 2C) and WGZ (Fig. 2D) (24). We
assumed a range of Archie’s exponents that
are appropriate for sedimentary rocks (m = 1.5
to 2.5), a sediment compaction model consistent
for porosity observations from the Ross Sea (29),
and a 50°C/km temperature gradient consis-
tent with heat-flux observations from WIS (30).
Salinity at the top of the sediment column
is brackish (defined here as 0.1 to 30 on the
unitless practical salinity scale) for both SLW
(2 to 5) and WGZ (5 to 13). At SLW, this range
corresponds well with direct porewater salinity
measurements [green star in Fig. 2C, and (25)].
At WGZ, we constrain our model to include a
seawater layer (24) that matches observed
seawater conductivity [green star in Fig. 2D
and (24)]. Groundwater salinity increases
with depth, to 700 m at SLW and 400 m at
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WGZ, with the upper bounds at both locations
reaching values >30, that is, close to that of
seawater (~35). At both locations, the salin-
ity appears to decrease below these depths.
However, because MT data cannot resolve a
sharp increase in resistivity that would result
from low-resistivity salty groundwater in direct
contact with high-resistivity bedrock (14), we
propose that the saltiest groundwater is located
at the bottom of the sediment column (Fig. 3,
A and B) and the apparent freshening is a re-
sult of smoothing in our regularized inversion.

Given the similarity in groundwater salinity
and general resistivity structure between SLW
and WGZ, we infer that the thick sediments
sampled by our passive seismic stations are
also saturated with groundwater that increases
in salinity with depth (Fig. 3C). If we were to
extract this water from the sediments, the
water column’s equivalent thickness would
range from 220 to 820 m, assuming the same
porosity model from our Archie’s law calcu-
lations integrated over the thickness of the
sediments estimated from MT and passive
seismic data (0.4 to 1.9 km) (27). This demon-
strates that the volume of deep groundwater is
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at least an order of magnitude greater than
the water in shallow sub-ice stream hydro-
logic systems [~2 to 15 m for Siple Coast ice
stream subglacial lakes (31, 32) and ~3-m
equivalent water depth for the till (13)].

The upward freshening of groundwater
provides information about the glacial and
hydrologic processes that led to the devel-
opment of the groundwater system, as well
as the extent of the system. We propose that
the salty porewater within the deepest sedi-
ments is of marine origin, which is consistent
with geochemistry from the shallow subglacial
system at SLW (25). The most recent marine
incursion at WIS occurred in the mid-Holocene
(33) following the Last Glacial Maximum de-
glaciation, when the grounding line retreated
inland of its modern position, upstream of
SLW (34) (cyan line in Figs. 1A and 4). We
propose that this resulted in seawater rapidly
convecting downward to the base of the pre-
existing sediments [fig. S7 and (27, 35)] beneath
WIS and other Siple Coast ice streams (cyan
hatching in Fig. 4) that experienced the same
marine incursion (33, 34). Some deep salty
water may also be left over from when the
sediments were initially deposited under open-
ocean conditions when West Antarctica was
ice free (36); this older water possibly extends
upstream to the onset of ice streaming (blue
hatching in Fig. 4). The emplacement of lower
salinity water that we observe at the top of the
sediments was driven by subsequent ground-
ing line readvance and ice sheet regrowth,
which forced fresh basal meltwater into the
sediments through ice-sediment hydrome-
chanical feedbacks [e.g., (37)].

Infiltration of basal meltwater into the top
few hundred meters of sediments demon-
strates that the deep and shallow sub-ice
stream hydrologic systems are physically con-
nected. This connection has been suggested
theoretically using hydromechanical models
of paleo (37) and extant (38) ice sheets but has
not previously been proven through observa-
tions in Antarctica. Although our observed
salinity gradients are only indicative of shal-
low subglacial water infiltrating into the deep
hydrologic environment, deep groundwater can
also ascend into the shallow system. Because
ice thickening promotes water flow into the
sediments and ice thinning allows for water to
exfiltrate from the sediments and enter the
shallow hydrologic environment (37), the di-
rection of water flow and the spatiotemporal
scales over which flow occurs is dynamically
coupled to ice behavior.

The confirmation of the existence of deep
groundwater dynamics has transformed our
understanding of ice stream behavior and will
force modification of subglacial water models.
A connection between the deep and shallow
subglacial water systems suggests that upward
groundwater flow is another potential source
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of water and heat (38), which can enhance
basal melting at the ice base. Conversely,
downward groundwater flow removes both
water and heat from the ice base (38), promoting
freezing conditions that slow ice flow. The role
of groundwater flow may be further complicated
by the transport of solutes between the deep and
shallow hydrologic systems, which can modify
the in situ basal melting point. Given the large
groundwater volume that we observe, we
propose that future Antarctic sub-ice stream
water models incorporate both deep and shal-
low water systems to determine the importance
of groundwater to ice stream dynamics.

The presence and flow of deep groundwater
also has implications for subglacial ecosystems
and biogeochemical cycles. Our observations
of deep paleo seawater suggest that Siple Coast
sedimentary basins are marine in origin, and
biogeochemical cycles common to deeply buried
marine sediments (i.e., methanogenesis) are
likely operating and may be responsible for
carbon transformation at depth (39, 40). Up-
ward groundwater fluxes may transport the
products produced by microbial communities
(e.g., dissolved organic or inorganic carbon)
to the shallow subglacial systems, where it
fuels subglacial ecosystems (23, 41) and can
be rapidly transported to the ocean via the

shallow hydrologic system (42). Deep lateral
groundwater flow can also transport this other-
wise sequestered carbon directly to the ocean
via submarine groundwater discharge (SGD)
[e.g., (43)]; the low salinity estimated for the
sediment groundwater directly beneath the
ocean cavity at WGZ (Fig. 2D) suggests that
SGD may be occurring [Fig. 3C and (27)]. Thus,
deep groundwater reservoirs beneath ice
streams not only contain saline water indica-
tive of past marine incursions but also likely
contain the marine microorganisms and car-
bon that accumulated when the marine sedi-
ments were deposited. Groundwater flow can
facilitate the mobilization of sequestered car-
bon to the ice base and oceans during times of
enhanced groundwater exfiltration, thereby
increasing Antarctica’s contribution of carbon
to the ocean. The introduction of water into
sub-ice shelf cavities via SGD may also affect
ocean circulation and dynamics.

For the past several decades, our under-
standing of Antarctic sub-ice stream water
and its relationship to ice behavior has focused
on exchange and transport in the shallow
hydrologic environment, whereas the pres-
ence and role of deeper groundwater have
remained largely unexplored because of the
lack of observations. Our MT data provide

ice velocity (m/yr)

[———T

0 200 400 600 800

Inferred groundwater extent

Modern grounding line

. Possible upstream extent

Fig. 4. Potential extent of sub—ice stream deep groundwater systems underlying the Siple Coast. We
hypothesize that deep groundwater systems are present within the sedimentary basins underlying Mercer Ice
Stream (MIS), WIS, Kamb Ice Stream (KIS), Bindschadler Ice Stream (BIS), and MacAyeal Ice Stream
(MaclS). We infer an increase in groundwater salinity with depth (cyan hatching) that possibly extends

upstream to the onset of ice streaming (blue hatching).
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The deeper story

Shallow, dynamic subglacial water systems provide lubrication that facilitates the movement of overlying ice. But are
these thin layers the whole story? Gustafson et al. show that the subglacial sediments beneath Whillans Ice Stream in
West Antarctica are saturated with a mixture of fossil seawater and freshwater from the glacier (see the Perspective
by Chu). This groundwater, extending downward for more than a kilometer, contains more than 10 times as much
fluid volume as the shallow hydrologic system above and actively exchanges with it. Therefore, it has the potential to
modulate ice streaming and subglacial biogeochemical reactions. —HJS
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