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Antarctic subglacial groundwater: a concept paper on its
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Abstract: Is groundwater abundant in Antarctica and does it modulate ice flow? Answering this
question matters because ice streams flow by gliding over a wet substrate of till. Water fed to ice-
stream beds thus influences ice-sheet dynamics and, potentially, sea-level rise. It is recognized
that both till and the sedimentary basins from which it originates are porous and could host a reser-
voir of mobile groundwater that interacts with the subglacial interfacial system. According to recent
numerical modelling, up to half of all water available for basal lubrication, and time lags between
hydrological forcing and ice-sheet response as long as millennia, may have been overlooked in mod-
els of ice flow. Here, we review evidence in support of Antarctic groundwater and propose how it
can be measured to ascertain the extent to which it modulates ice flow. We present new seismoelec-
tric soundings of subglacial till, and magnetotelluric and transient electromagnetic forward models
of subglacial groundwater reservoirs. We demonstrate that multifaceted and integrated geophysical
datasets can detect, delineate and quantify the groundwater contents of subglacial sedimentary
basins and, potentially, monitor groundwater exchange rates between subglacial till layers. The
paper thus describes a new area of glaciological investigation and how it should progress in future.

a Gold Open Access: This article is published under the terms of the CC-BY 3.0 license.

Water beneath the ice sheet bed, water can flow through channels cut either

downwards into the substrate or upwards into the

Antarctic ice-sheet flow is fundamentally affected
by water at the bed, as it reduces basal friction to
encourage sliding and weakens till to enable
bed deformation. Subglacial hydrology — the flow
of water beneath the ice — is therefore a key element
of the ice-sheet system. Studies to date on subglacial
hydrology, and its impact on ice flow, have concen-
trated on water at or very near to the bed of the
ice sheet.

Basal water modulation of ice flow can be
achieved in a number of ways. Over an impermeable

ice. Enhanced basal water pressures may occur
where the channels and their linkages are distributed,
increasing overriding ice flow through a reduction in
the substrate’s effective pressure. Conversely, where
a well-organized channel system is formed, water
pressures are lower and the hydrological effect on
ice flow is reduced. If the ice stream rests on perme-
able subglacial till, its strength can affect ice flow as
controlled by porewater pressures. High pressures
lead to a reduction in material strength by pushing
till grains apart, reducing bed friction and thus
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enhancing flow of the ice above. This so-called
‘deformation of basal tills’ is a significant process
beneath large ice sheets, especially close to the mar-
gins of Antarctica where the ice sheet occupies deep
marine sedimentary basins in a number of regions.

The presence of subglacial basins of sedimentary
rock, hundreds of metres to several kilometres deep
in the uppermost crust, is commonly a prerequisite
for ice streaming (Anandakrishnan ef al. 1998; Bell
et al. 1998; Bamber et al. 2006; Smith et al. 2013;
Muto et al. 2016; Siegert er al. 2016). The upper sur-
faces of sedimentary basins are relatively easily
eroded by ice flow, producing a soft substrate of
metres-thick till. Till layers can readily deform to
facilitate fast basal slip when hydrological sources
drive water into them, elevating porewater pressures
while reducing shear strength (Bennett 2003). As the
strength of basal material is related to porewater
pressures, it is evident that groundwater could exert
a major, and as yet understudied, influence on ice
flow (e.g. Boulton er al. 2007a, b). It is therefore
curious to note that investigations on Antarctic
groundwater have yet to feature as a major activity
in glaciology. In contrast to investigations of existing
ice sheets, research on former ice sheets has revealed
extensive evidence for major subglacial groundwater
systems in exposed sedimentary sequences and seis-
mic data (Boulton e al. 2009; Huuse et al. 2012).

Around 50% of the Antarctic ice-sheet bed is
known to be wet, as is evident from hundreds of Ant-
arctic subglacial lakes that have been detected using
ice-penetrating radar (Siegert et al. 1996, 2005;
Wright & Siegert 2011, 2012). Many of these lakes
are connected hydrologically over large (hundreds
of kilometres) distances (Wingham er al. 2006;
Smith er al. 2009), some have been identified at the
onset of fast flow (Siegert & Bamber 2000; Bell
et al. 2007) and water issued from a few of them
has been shown to influence ice-sheet flow (Stearns
et al. 2008; Siegfried et al. 2016). The vast majority
of subglacial lakes that experience major loss/gain
in volume, and are hence integral components of the
hydrological system, are located within large, deep
(more than hundreds of metres) sedimentary basins
around the onset of enhanced ice flow (Wright &
Siegert 2011, 2012). Water deep within these basins,
or subglacial groundwater, is therefore likely to be
extensive across the continent in some of the regions
that are most susceptible to change.

The 20 year horizon scan of the Scientific Com-
mittee on Antarctic Research (SCAR) uncovered,
in 2014, the most pressing questions in Antarctic
Science (Kennicutt er al. 2015, p9 and Table S2),
including three that express these concerns: ‘What
are the processes and properties that control the
form and flow of the Antarctic Ice Sheet?’; ‘How
does subglacial hydrology affect ice sheet dynamics,
and how important is it?’; and ‘How do the

characteristics of the ice sheet bed, such as geother-
mal heat flux and sediment distribution, affect ice
flow and ice sheet stability?’. It is clear that the
hydrological processes by which subglacial water
modulates ice-sheet flow, and the geological and
thermal conditions that regulate them, are some of
the largest unknowns in ice-sheet modelling.

Groundwater control of ice stream flow?

The West Antarctic Ice Sheet (WAIS) is a marine ice
sheet largely grounded below sea level and fringed
by floating ice shelves fed by fast-flowing ice
streams. Because the dynamic flow regime of ice
streams is maintained principally by slip over the
base (Bennett 2003), basal lubrication by water
controls the loss of grounded ice from the WAIS
and, thus, its potential contribution to sea-level
rise. There is now concern that climate warming
could change the delicate dynamic balance of the
WALIS, leading to ice-stream acceleration and marine
ice-sheet instability (MISI) (Mercer 1978), as
observed today in the Amundsen Sea sector (Park
et al. 2013). Numerical ice-sheet models are the
tool of choice to evaluate the stability of the WAIS
and its future contribution to sea-level rise, but
they are subject to major process uncertainties con-
cerning the origin and flow of subglacial water.

The hydrological balance of ice streams has so far
been considered to include, as water sources, melt
from geothermal heating and basal friction, as well
as inflow from upstream and, as water sinks, basal
freezing and flow downstream (Christoffersen et al.
2014; Bougamont e al. 2015) (Figs 1 & 2). The
flow of subglacial water from sources to sinks has
traditionally been restricted to an interfacial hydro-
logical system between ice above and a presumed
impermeable sedimentary basin below (Fig. la),
comprising interacting till layers, linked cavities,
channels, lakes and areas of basal freezing (Fig. 2).
Interactions between deep groundwater in subglacial
sedimentary basins and ice sheets have been mooted
through analysis of basal heat fluxes (Gooch et al.
2016 and references therein), but have commonly
been neglected in models on the assumption of dom-
inant subglacial hydrological processes in the inter-
facial system.

Numerical simulations of coupled ice flow and
hydrology now suggest, however, that groundwater
reservoirs in subglacial sedimentary basins may con-
tribute up to half of all water affecting the basal lubri-
cation of ice streams at the WAIS’s Siple Coast
(Christoffersen et al. 2014). This notable flow of
water into and out of a porous groundwater system
contradicts the common assumption of impermeable
subglacial sedimentary basins in ice-flow models —
bringing current models and forecasts of mass loss
from the WAIS into question, as key hydrological
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Fig. 1. (a) Interfacial subglacial water system of interconnected till, linked-cavities, channels, lakes and areas of
basal freezing, considered in ice-sheet models so far (e.g. Fig. 3). (b) Unified subglacial water system, where the
interfacial system exchanges water with a deep groundwater reservoir. The thick arrows are the main water-flow
directions. An extra four hydrological processes arise in unified (b) compared to interfacial (a) systems, which must
be evaluated by models (not to scale; ice and the sedimentary basin are often kilometres thick, the till layer is

metres thick).

processes may be unaccounted for. Basal lubrication
of ice streams may, in fact, be controlled by a
unified hydrological system consisting of a deep
groundwater reservoir as well as interfacial hydrol-
ogy (Fig. 2b), and not just the latter as assumed so
far (Fig. 1a).

A unified concept of subglacial hydrology,
including groundwater

Knowledge of the governing patterns and processes
of water flow and storage in unified hydrological sys-
tems beneath ice streams in the WAIS does not yet
exist. Existing simulations are restricted to vertical

flows in till layers that interact with a regional hydro-
logical model, where water is routed along the
ice-bed interface (Figs la & 2). In unified systems,
four additional hydrological processes arise that
models must become capable of capturing (Fig. 1b):

(i) water exchange through the base of till layers
from the deep groundwater reservoir below;
(ii) horizontal flows within the reservoir and the till
layer (Christoffersen & Tulaczyk 2003);
(iii) subglacial permafrost at the reservoir’s upper
surface, in which groundwater is frozen;
(iv) time lags, potentially up to millennia, between
hydrological forcing and ice-flow response.
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Fig. 2. ‘Interfacial’ water system (Fig. 1a) of the Siple Coast in West Antarctica, constructed by Christoffersen er al.
(2014) with the CISM-2 model. Major water-flow pathways connect subglacial lakes (in black) within a large-scale
distributed system of subglacial till layers and linked cavities. Sources are regions where basal water production is
greater than the flow of water into till or where basal freezing is less than flow of water out of till. Sinks are regions

where basal water production is less than the flow of water into till or where basal freezing is greater than the flow of
water out of till. Areas not covered by surface velocity data from 1997 are shown in white. The floating Ross Ice Shelf
is masked in the lower right of the diagram. Axes (x, y) show distance (km) in a polar stereographic grid with reference

to 76.727°S and 141.53°W.

The permeabilities of the till and sedimentary rock
control the rates of water flow and exchange — pro-
cesses (i) and (ii) — and are therefore governing quan-
tities in model simulations (Christoffersen &
Tulaczyk 2003). Time lags — process (iv) — are evi-
denced, for example, by contemporary sedimentary
basins in the northern USA (Bense & Person 2008).
There, groundwater reservoirs were re-charged and
overpressured during growth of the Laurentide Ice
Sheet, up to the last glacial maximum approxi-
mately 20 kyr ago. Ice-sheet retreat over following
millennia then enabled the slow release of pressure
and, therefore, the upwards flow of groundwater
into the interfacial hydrological system (Fig. 1b).
Although glaciation ended more than 10 kyr ago,
overpressure in ground reservoirs still remains to
the present day, indicating long time lags in hydrolo-
gical responses to ice-sheet loading. We are unaware
of whether permafrost in sedimentary basins in the
Antarctic — process (iii) — has been examined before.

By analogy, because the WAIS has reduced in
size and extent since its last maximum configuration,

groundwater release from subglacial sedimentary
reservoirs is expected — and, indeed, agrees with
modelled groundwater flows into the modern-day
interfacial water system beneath Siple Coast ice
streams (Christoffersen er al. 2014). The spatial
and temporal distributions of subglacial water vol-
umes, till deformation, and thus the magnitudes
and timings of basal lubrication of ice flow will
therefore be likely to differ significantly between
models of interfacial (Fig. 1a) and unified (Fig. 1b)
hydrological systems; inspiring a hypothesis that
‘deep subglacial groundwater impacts the flow of
ice streams in West Antarctica’. In line with the
SCAR horizon scan (Kennicutt et al. 2015), it is
both timely and urgent that this hypothesis is rigor-
ously tested. Doing this will require an integrated
programme of numerical modelling and field mea-
surements to initiate and calibrate the simulations.
In the next section we discuss how such a field
programme could be configured, and what it might
aim to achieve. While we do not discuss details of
how modelling can be integrated with field data,
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we acknowledge the need for modelling to ultimately
address the hypothesis (see Flowers 2015 and
references therein). In the first instance, however,
field data are needed to observe and measure the
phenomenon.

Potential groundwater location

Identifying a suitable location to search initially for
Antarctic groundwater must consider a number of
aspects, including the likely presence of deep basal
sediments and water. While there are likely to be sev-
eral suitable locations across the Antarctic continent,
one is in the Weddell Sea sector of the West Antarc-
tic Ice Sheet (Fig. 3). The Institute Ice Stream (IIS) is
at the centre of the 1.8 km-deep Robin Subglacial
Basin in West Antarctica, where thick sequences of
porous sediments are likely. The ice sheet, and topo-
graphical and geological settings of the region are
known well through an extensive airborne geophys-
ical survey of the IIS, undertaken in 2010-11. The
grounding line of the IIS is located on the edge of
a steep reverse-sloping bed, meaning it is at a phys-
ical threshold of potential marine ice-sheet instability
(Ross et al. 2012).

Similar to the flow of Siple Coast ice streams,
the IIS is influenced by water emanating from an
‘active subglacial lake’ named Institute E1, which
was detected by ICESat measurements of surface-
elevation changes, and is located in the onset region
of enhanced flow. Analysis from five pairs of repeat
ICESat track data showed the lake “filled’ by approx-
imately 0.5 km® between October 2003 and March
2008 (Smith er al. 2009; Siegert et al. 2016).
Although the true nature of ‘active subglacial lakes’
is disputed (e.g. Siegert et al. 2014), owing to the
lack of radio-echo sounding (RES) evidence for the
sharp ice—water interface that occurs at Lake Ells-
worth, for example (Woodward et al. 2010), the sur-
face changes detected are highly likely to be due to
subglacial water flow, making them important con-
duits of the subglacial hydrological system. Institute
El is located immediately downstream of a fault
marking the edge of the Pagano Shear Zone, separat-
ing Jurassic intrusions from Cambrian—Permian
meta-sediments (Jordan er al. 2013), suggesting
that the flow of water to the IIS is tectonically con-
trolled. Water from the lake flows to the trunk of
the ice stream and eventually exits the ice sheet as
a plume that etches a major channel upwards into
the adjacent floating ice shelf (Le Brocq ez al. 2013).

RES data reveal that the Robin Subglacial Basin,
in which the trunk of the IIS is located, is highly
likely to contain weak porous tills, based on the
smooth highly reflective bed (Figs 3 & 4) that is sim-
ilar to those from the Siple Coast where basal tills
have been collected and studied in detail (Tulaczyk

et al. 2000a,b). The greatest ice-flow velocity of
the IIS occurs where RES data show that soft tills
are most likely (Siegert et al. 2016). This is con-
sistent with high porewater pressures within these
tills, which means that groundwater may be affecting
ice flow here. Hence, the fast-flowing IIS down-
stream of Institute E1 is a location well suited to
the search for groundwater and an assessment of its
control on ice-sheet dynamics.

Numerical modelling revealed three traits typical
of deep groundwater control of ice-stream flow
(Christoffersen et al. 2014). The IIS system typifies
all of these. The first trait is the presence of a deep
basin of porous sedimentary rock below the ice
stream. Extending more than 150 km upstream into
the Robin Subglacial Basin (Fig. 3b), the onset of
the fast flow (Fig. 3c) of the IIS’s approximately
2000 m-thick trunk coincides with the transition
from a major tectonic rift, the Pagano Shear Zone,
into a deep sedimentary basin (Figs 3 & 5) (Jordan
et al. 2013). The second trait is the presence of
deformable subglacial till (Fig. 4). The bed of the
Institute Ice Stream—Bungenstock Ice Rise (IIS—
BIR) system is remarkably smooth in radargrams,
an exposition common for continuous till layers
(Fig. 4) (Siegert et al. 2016). Exceptionally bright
basal reflectors beneath the IIS and much reduced
radar reflectivities beneath the BIR are consistent
with wet and deformable tills beneath the former,
and a frozen till base at the latter (Fig. 4). The third
trait is the likely hydrological control of ice flow.
Akin to the Siple Coast, the IIS-BIR system is char-
acterized by major subglacial flow pathways that
connect with each other and with the ‘active’ subgla-
cial lake Institute E1 (Fig. 3); a temporary storage
site of interfacial water (Siegert ef al. 2016).

Geophysical measurements required

Scientific approach

The identification, measurement and analysis of
Antarctic groundwater would represent a major
advance in our understanding of subglacial water
and its interrelation with the ice above. While geo-
physics is commonly used to delineate and charac-
terize groundwater systems in many regions of the
world, a major issue with the use of standard method-
ologies is that simple fact that the land surface is
covered by an ice sheet more than 4 km thick
in places (Keller & Frischknecht 1960). As well as
operational difficulties, this high seismic velocity
and low conductivity surface layer can reduce the
effectiveness of some of the geophysical methods,
affecting the ability to determine subsurface proper-
ties unequivocally. To solve these issues, a number
of ground-based geophysical techniques are likely
to be needed in combination. To understand, as far
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Fig. 3. Boundary conditions at the onset region, trunk and grounding line of the Institute Ice Stream (IIS).

(a) Airborne radar profiles, annotated as in Figure 4, superimposed over InSAR-derived ice-surface velocities (Rignot
et al. 2011). (b) Direction of interfacial basal water flow (after Shreve 1972) superimposed over ice-sheet surface
elevation (Fretwell e al. 2013). (¢) Subglacial bed topography (Fretwell et al. 2013). (d) Crustal lithological
structures and units (adapted from Jordan er al. 2013), superimposed on MODIS imagery. In (b) & (d), the yellow
line denotes the transition between the smooth, bright bed reflector from the water-saturated subglacial sediments, and
the grey shade denoting the position and extend of ‘active subglacial lake’ Institute E1 (Smith & others 2009). IIS,
Institute Ice Stream; MIS, Moller Ice Stream; BIR, Bungenstock Ice Rise; ETT, Ellsworth Trough Tributary; UIIS,
Upstream Institute Ice Stream; RSB, Robin Subglacial Basin; IE1, Institute E1; PSZ Pagano Shear Zone. A location
map is provided in the inset. Taken from Siegert et al. (2016).

as is practicable, the types of experiment needed and
what observations they can offer, we consider each
individually and understand how they might contrib-
ute knowledge on subglacial groundwater detection
and measurement. The observations necessary are:
(i) the ice-sheet geometry and ice velocities; (ii) the
thicknesses, any internal structures and porosities
of both the till layer and the sedimentary basin; and
(iii) the spatial patterns of liquid groundwater v. per-
mafrost in the sedimentary rocks, within the larger-
scale hydrological and thermal setting of the upper
and lower crust. Of these (i) can be obtained by

standard airborne surveying (e.g. radar) and from
satellite data, while (ii) and (iii) are as yet largely
unavailable and must therefore be generated by
bespoke surveying. Specifically, we need to: deter-
mine the thicknesses, internal structures and poro-
sities of the subglacial till layer and sedimentary
basin beneath using seismic sounding; and delineate
subglacial groundwater and permafrost in the basin,
and the hydrological and thermal setting of the
surrounding crust, using electromagnetic (EM) geo-
physical techniques constrained by seismic and air-
borne geophysical data.
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Fig. 4. Radar-sounding profiles, acquired by the British Antarctic Survey in 201011, revealing the flat interface
indicative of water-saturated basal sediment. Locations for each profile are annotated in Figure 1. IIS, Institute Ice
Stream; BIR, Bungenstock Ice Rise. (a) A—A’. (b) B-B’. (¢) C—C’. Ice-surface velocities (after Rignot e al. 2011) are
provided with bed reflectivities and basal roughness along each profile. Note that in all profiles the association
between the greatest ice velocities within the 1IS and the region of the bed interpreted as comprising water-saturated
basal sediments. Note also in B-B" and C—C’ the association between the marked change in ice-surface velocity
across the IIS shear margin and the bed reflection strength due a sharp transition between wet (IIS) and frozen (BIR)
basal sediments. Taken from Siegert et al. (2016).
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Fig. 5. Previous tectonic interpretation of airborne gravity and magnetic data. The sedimentary basin (light grey
shaded, labelled ‘S’, profile line B-B’ in Fig. 4) beneath IIS-BIR is up to about 2.5 km thick beneath ice up to about
2 km thick. The black and grey symbols represent specific gravity solutions, as explained in Jordan et al. (2013), and
labels ‘C1” and ‘C2’, respectively, mark the inferred Proterozoic basement and an intrusion of Jurassic age.

Geophysical techniques offer the only feasible
means (compared with drilling, for example) of
delineating structures and physical properties of till
and groundwater reservoirs in subglacial basins of
sedimentary rock beneath kilometre-thick ice. To
do this, commonly used multi-technique approaches
in characterizing the Earth’s crust need to be modi-
fied for glaciological investigation. As individual
techniques will likely have restricted use in detecting
and measuring subglacial groundwater, an integra-
tive approach to field measurements is essential.
Such an approach will allow (1) discrete physical
properties of groundwater to be recorded indepen-
dently, resulting in (2) its unambiguous detection
within fully quantified glaciological, topographical
and geological settings. We envisage that an ideal
experiment would achieve this using a four-step
approach, as described in the following subsections.

Ice-sheet surface and thickness

The first step would constrain the most recent topog-
raphy of the ice-sheet surface using satellite mea-
surements constrained by GPS tie-in points on the
ground, updating existing digital elevation models
(DEMs) of the region and accounting for its isostatic
adjustment (Martin-Espaifiol et al. 2016). Airborne
RES is undisputedly the tool of choice in measuring
ice thicknesses on regional scales, exploiting the low
attenuation of radar energy in glacial ice and with an
extensive history of successful thickness mapping in
much of Antarctica (Bingham & Siegert 2007; Fret-
well et al. 2013).

Hydrological and mechanical conditions
at the ice-sheet bed

The second step of an ideal experiment would eluci-
date the conditions at the base of the ice sheet,

distinguishing wet from frozen areas, reconstructing
the geometry of basal hydrological systems, and
ascertaining the presence and mechanical state of
subglacial till. Once corrected for variable engla-
cial attenuation rates, RES data are well suited for
regional-scale mapping of wet and frozen basal
areas (Fig. 3), and of basal topography which can
then be used in hydraulic reconstructions of catch-
ment-scale subglacial hydrological systems (Jordan
et al. 2016 and references therein). Indeed, where
RES data are suitable for synthetic aperture radar
(SAR) processing, the specularity content of the
bed echoes has been used to directly measure dis-
crete subglacial channels and distinguish them from
distributed canals (Schroeder er al. 2013). RES is
also able to detect deep-water (>10 m) subglacial
lakes (Siegert e al. 1996, 2005; Wright & Siegert
2012), although not normally ‘active subglacial
lakes’ (Siegert et al. 2014).

Having been applied in glaciology for several
decades, the seismic reflection method is a powerful
means of identifying the nature of ice-sheet sub-
strates, of measuring the water depths of subglacial
lakes and, where subglacial till is present, of infer-
ring its mechanical state (Doell 1963; Smith 1997,
2007; Peters et al. 2007; Woodward et al. 2010;
Siegert et al. 2011). A growing number of glaciolog-
ical applications have been using amplitude v. offset
(AVO) data as powerful diagnostics of acoustic
impedance — the product of seismic velocity and
density — and Poisson’s ratio — a measure of material
stiffness calculated from compressional and shear
wave velocities — as proxies for subglacial till
deformation (Nolan & Echelmeyer 1999; Anandak-
rishnan 2003; Peters et al. 2007, 2008; Booth et al.
2012; Dow et al. 2013; Christianson et al. 2014;
Kulessa et al. In review). For example, lower
acoustic impedances and higher Poisson’s ratios
diagnose weaker higher-porosity tills that dilate to
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accommodate basal slip, while the opposite applies
to stiff non-deforming tills. Glaciological AVO anal-
ysis is analogous to similar applications in the hydro-
carbon sector that routinely uses AVO attributes as
indicators of changes in reservoir lithology, and
especially of porosity, fluid type and saturation
(Sheriff & Geldart 1995; Simm et al. 2000; Booth
et al. 2016).

The seismoelectric method promises to become a
powerful means of detecting, delineating and physi-
cally characterizing subglacial till layers (Kulessa
et al. 2006a, b). In wet subglacial till, an electrically-
charged layer exists at the interface between the con-
stituent mineral grains and the water in the pore
space, where the latter will be forced to flow when
a propagating seismic wave causes transient till
deformation. Two modes of energy occur and are rel-
evant to determining subglacial conditions: seismo-
electric conversions and coseismic energy. As a
seismic wave propagates, the resulting disturbance
to the electrically-charged interface generates an
EM pulse that travels at the speed of light to the ice-
sheet surface, where electrode antennas can measure
it with one-way seismic travel time (Fig. 6). There
are two main reasons why this so-called seismo-
electric conversion is of particular interest (Kulessa
et al. 2006a, b), namely exceptional sensitivity to:
(1) till permeability (Thompson & Gist 1993; Garam-
bois & Dietrich 2002), a fundamental parameter
in ice-sheet modelling (Christoffersen er al. 2014;
Bougamont et al. 2011, 2015) that cannot be mea-
sured with existing methods; and (ii) thin deformable
till horizons (Haines & Pride 2006), which are the
primary control of an Antarctic ice-stream’s basal
slip but are difficult to resolve in seismic data
(Booth et al. 2012). In contrast to seismoelectric con-
versions, coseismic energy is generated by small
charge displacements inside seismic waves when
they propagate by elastic deformation. Coseismic
energy is therefore intrinsically tied to such waves
and thus arrives at the two-way travel time charac-
teristic of the corresponding seismic reflections
(Kulessa et al. 2006a, b).

Figure 6 shows a seismoelectric sounding
acquired during the summer melt season in the abla-
tion area of the Russell Glacier Catchment of the
West Greenland Ice Sheet, at a time when no snow
or firn was present. Two electrode antennas centred
on a common hammer-and-plate source location
were used (Kulessa er al. 2006a, b, their fig. 2),
and instrumentation was custom-designed for use
in low-noise survey (Butler er al. 2007). Key pro-
cessing steps involved median filtering and spectral
whitening of five repeat soundings. Seismic AVO
surveys had revealed the presence of a subglacial
till layer at a depth of approximately 1145+ 15 m,
whose upper horizon is thin and deforming (Booth
et al. 2012; Kulessa et al. In review). Two clear
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Fig. 6. Representative seismoelectric soundings on the
West Greenland Ice Sheet. The two dominant
seismoelectric arrivals at ¢. 305 ms and c¢. 610 ms were
both generated at the ice—bed interface (c. 1145+ 15 m:
Booth et al. 2012; Kulessa et al. In review), and are
consistent with a seismoelectric conversion and the
arrival of co-seismic energy, respectively.
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seismoelectric returns are observed, the first centred
at ¢. 305 ms and the second at twice that time, at
¢. 610 ms (Fig. 6). The first return at c¢. 305 ms is
therefore fully consistent with a seismoelectric
conversion in the till layer beneath the ice-sheet
base, while the second at c. 610 ms is fully consistent
with a coseismic arrival from the base. The processed
seismoelectric conversion at ¢. 305 ms has a peak-
to-peak amplitude of c¢. 10 uV, which is consistent
with conversions observed previously in ground-
water settings (Dupuis er al. 2007). The inherent
consistency of seismoelectric arrival times with ori-
gins in the subglacial till layer is striking, and thus
encourages future developments of the seismoelec-
tric method for the hydrological and mechanical
characterization of ice-sheet substrates.

Geometry and structure of subglacial
sedimentary basins within the uppermost crust

Subglacial basins of sedimentary rock are relatively
poorly explored compared to the hydrological and
mechanical characterization of the ice-sheet bed.
An ideal approach would initially combine recon-
naissance mapping of the regional crustal and upper
mantle structure using airborne gravity and magnetic
techniques, akin to that shown in Figure 5 for the
IIS-BIR region. Ambiguity in the inversion of air-
borne gravity and magnetics data can be reduced
through mutual constraints, and specification of ice
thicknesses from RES data helps to refine inter-
pretations. Because such inversions can reveal the
presence, and hypothesize the approximate spatial
extents, of subglacial sedimentary basins within
larger-scale crustal and mantle-scale settings, they
provide the information required for more targeted
passive- and active-source seismic surveys of basin
structures, respectively, at intermediate and best-
resolution scales.

Modern passive seismic methods promise to
investigate basin structures at intermediate spatial
scales between airborne surveys and active-source
seismic surveys (below). Most relevant are very
recent developments in seismic ambient noise
(SAN) techniques, which are able to extract high-
quality information from what was previously seen
as nuisance in seismic surveys. This is because it
emerged that noise in global seismometer data is
deterministic rather than random, being mostly gen-
erated by interactions between ocean waves during
storms (Kedar er al. 2008). The fundamental mode
of surface Rayleigh waves accounts for the majority
of measured SAN amplitudes, and advanced pro-
cessing techniques can extract two main types of
information from it that are highly relevant here.
This information includes the ellipticity of Rayleigh
waves — the H/V ratio between its horizontal
and vertical amplitude components (Ferreira et al.
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2010) — and the dispersion or group velocity of
Rayleigh waves that shows a diagnostic minimum
known as the Airy phase (Gualtieri er al. 2015).
Both of these measures are particularly sensitive
to upper-crustal structures beneath individual (ellip-
ticity) and in-between (dispersion) seismometer
stations, so that their quantification promises to
generate high-quality tomographical images of sub-
glacial sedimentary basins and their broader crustal
settings (Berbellini et al. 2016). SAN techniques
can either be applied to archived data from existing
permanent or temporary seismometer stations, or to
bespoke stations deployed in the study area.

Vibroseis techniques have been used for several
decades in hydrocarbon exploration, and the first
bespoke vibroseis technology in the exploration of
ice sheets (Eisen er al. 2010, 2015) promises to be
powerful in mapping both depths and internal struc-
tures of subglacial sedimentary basins at the best
possible spatial resolution. The technology is mobile
and capable of recording some 20-30 line kilometres
of multi-fold vibroseis data per day. Able to explore
depths of >5000 m below the ice-sheet surface, the
heavyweight Failing Y-1100 vibrator has a known,
strong and repeatable source signal and would, there-
fore, be the ideal tool to map the up to about 2.5
km-deep sedimentary basins beneath the up to
approximately 2 km-deep ice of the IIS-BIR region
(Figs 3-5). Where contrasts in acoustic impedance
exist between stratified layers beneath the ice-sheet
bed, such as, for example, those expected at the sub-
glacial till-sedimentary rock interface or interfaces
between stratified units within groundwater aquifers
in subglacial sedimentary basins (e.g. Boulton et al.
1995; Person et al. 2007, 2012; Bense & Person
2008; Piotrowski et al. 2009), then seismic tech-
niques are readily able to resolve layers thicker
than about one-quarter of the seismic wavelength —
typically a few metres — and even thinner layers
can be interpreted using diagnostic AVO techniques
(Booth er al. 2012). Additional deep explosive shots
into the snow-streamer would facilitate the genera-
tion of high-quality seismic velocity models and pos-
sibly AVO analysis of basin structures. Both types of
information would aid in quantifying the permeabil-
ity, porosity and groundwater contents of the rock
layers within the sedimentary basin.

Groundwater detection, delineation and
quantification in subglacial sedimentary basins

Both active- and passive-source seismic surveys pro-
posed in the previous subsection can conceptually
contribute to the identification of the groundwater
contents of subglacial basins of sedimentary rocks.
They suffer, however, from limitations related to
spatial resolution as deployments of large explosive
shots are logistically demanding and passive seismic
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stations will likely have considerable inter-station
spacing. In addition, the link between seismic infor-
mation and groundwater contents is not unambigu-
ous, so that considerable data gaps and uncertainty
bounds would prevail in practice. In other geoscien-
tific areas, it is therefore common to complement
passive- or active-source seismic surveys with deep
EM surveys.

In glaciological practice, passive-source magne-
totelluric (MT) surveys appear to be most promising
in detecting, delineating and quantifying ground-
water in kilometre-deep sedimentary basins beneath
kilometre-thick ice, such as, for example, in the IIS—
BIR region (Fig. 3). Geomagnetic field fluctuations
induce electrical current flows (telluric currents) in
ice sheets and the underlying crust, and MT tech-
niques measure the accompanying electric and
magnetic fields at the ice-sheet surface. MT survey-
ing is able to sample the subsurface through a large
depth range because the causative mechanisms
can induce telluric currents with frequencies ranging
from approximately 10~ to 10* Hz, where depth
penetration and spatial resolution, respectively,
scale inversely and directly with the frequency.
Higher-frequency MT data can thus be inverted to
produce images of bulk electrical resistivity within
the ice sheet and underlying uppermost crust, includ-
ing subglacial sedimentary rock. The inversion of
lower-frequency data is then appropriate for the
characterization of the surrounding setting of deeper
crust and upper mantle. Low-resistivity anomalies
are diagnostic of porous subglacial sedimentary
basins saturated with groundwater, which contains
an abundance of mobile ions to boost current flow.
In contrast, crustal rocks of the Antarctic craton or
permafrost are usually colder and of lower porosity,
and hence have higher resistivities (Wannamaker
et al. 2004; Mikucki et al. 2015). For example,
EM surveys in the Dry Valleys of Victoria Land,
Antarctica, clearly distinguished lower-resistivity
groundwater-bearing sediments (c. 10'-10% Qm)
from higher-resistivity glacier ice, permafrost and
crustal bedrock (typically c. 103-10* Qm) (Mikucki
et al. 2015). A similarly low-resistivity range indi-
cated kilometre-thick unfrozen sedimentary rock
beneath nearly 3 km of ice at the South Pole (Wanna-
maker et al. 2004). Most recently, Key & Siegfried
(In press) showed that the MT method may be capa-
ble of resolving conductive layers as thin as a few
metres, such as, for example, a subglacial lake, espe-
cially when the thickness of the ice and the lake are
constrained by complementary methods, such as
seismic reflection and radar.

To demonstrate the utility of MT imaging of
groundwater and permafrost in subglacial sedimen-
tary basins, we conceptualized a physical model
(Fig. 7) from the previous tectonic interpretation
(Fig. 5) for the IIS-BIR system. At the heart of
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this model is a subglacial basin of homogeneous and
isotropic sedimentary rock, which has high poro-
sity and acts as a groundwater reservoir (Fig. 7a).
Beneath the BIR, we introduced a hypothetical
layer of permafrost, some 500 m thick with a resis-
tivity intermediate between that of the ice sheet
and the unfrozen groundwater-bearing sedimentary
rock (French et al. 2006; Kulessa 2007; Mikucki
et al. 2015; Foley et al. 2016), under the assumption
that basal freezing caused the major reorganization
of the region’s ice flow possibly as recently as 400
years ago (Siegert et al. 2013). We then inverted syn-
thetic MT data acquired at 40 simulated measure-
ment stations along the profile line (Fig. 7b). It is
clear that the inverted data (Fig. 7b) reproduce the
physical model (Fig. 7a) very well, including even
the permafrost layer, although the spatial sensitivity
of inverted data is beginning to be lost at greater
depths (Fig. 7b). In practice, glaciological MT data
can be acquired with commercial off-the-shelf sys-
tems, although capacitive coupling of electrodes
with highly resistive firn (Kulessa 2007 and refer-
ences therein) must be boosted by high-input
impedance buffer amplifiers that would normally
be custom designed (Wannamaker er al. 2004).
Active-source transient EM (TEM) surveys come
into their own where ice and sedimentary rock basins
are thinner, where only the upper portion of deep
sedimentary basins is of interest, or in providing
additional constraints on the inversion of MT data.
For example, the commercial airborne SkyTEM sys-
tem was able to map brine-saturated sediments a few
hundred metres thick in the Dry Valleys, including
those below a range of glaciers flowing into Taylor
Valley (Dugan et al. 2015; Mikucki er al. 2015;
Foley et al. 2016). However, these glaciers are less
than 400 m thick, whereas in most areas of Antarc-
tica the ice is much thicker and sedimentary basins
much deeper. In this case, a SkyTEM-type system
can be modified for ground-based use, where larger
loops and stronger currents can then sound through
more than 1000 m of ice thickness and up to about
500 m depth into subglacial sedimentary basins.
To ascertain the sensitivity of a large active-source
TEM system to the sedimentary basin in the IIS—
BIR region (Fig. 5), we conducted a synthetic
modelling experiment that simulated the response
to currents up to 100 A transmitted through a large
loop of 200 x 200 m* with moments up to 4 MA m>.
We found that the resistivity (p) of groundwater-
saturated sedimentary rock beneath the approxi-
mately 2000 m-thick ice sheet can readily be re-
solved within a range narrower than 1.6p to p/1.6
for subglacial permafrost thicknesses of less than
about 500 m (Fig. 8). It appears, therefore, that
active-source  TEM sounding with a powerful
ground-based system can image at least the top
few hundreds of metres in subglacial sedimentary
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Fig. 7. Inverse modelling of synthetic MT data, acquired at 40 simulated stations on the Institute Ice Stream (IIS)
and Bungenstock Ice Rise (BIR). (a) “True’ electrical resistivity model conceptualized from existing tectonic
interpretation (Fig. 5), and also introducing a hypothetical layer of permafrost beneath the BIR not detectable using
existing data. (b) Inverted model with 10% random noise added to the data. Both the sedimentary basin and the

hypothetical permafrost layer are delineated well.

basins, although in sifu testing and surveys are
required to identify the scope and limitations of
active-source TEM relative to passive MT sounding
and imaging.

Integrated geophysical data interpretation
and inversion

In practice, inversions of MT and TEM data are well
known to be ambiguous and suffer from the principle

of equivalence, which holds that resistivities and
depths of a deep conductive layer cannot be deter-
mined independently from each other. If a pro-
gramme of field investigation was conducted along
the lines of what we proposed above, then high-
quality topographical, ice thickness and crustal struc-
tural information would be available from seismic
and radar data to constrain the MT and TEM inver-
sions, and the latter would additionally be able to
constrain each other. In favourable circumstances,
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Fig. 8. One-dimensional TEM forward model of sensitivity to groundwater in the sedimentary basin, with ice
(10° Qm) over permafrost (10* Qm: French ef al. 2006), groundwater (10 Qm) and upper crust (10> Qm) (right-hand
plot). For permafrost thicknesses <500 m, groundwater resistivity (p) is resolved within a range narrower than 1.6p to

p/1.6 (left-hand plot).

we would thus expect not only to delineate sub-
glacial till layers, stratified layers within and the
base of the groundwater aquifer in the underlying
sedimentary rock basin using seismic techniques,
but also to obtain high-quality and relatively unam-
biguous images of the distribution of bulk resistivity
within these till and sedimentary rock layers (Fig. 7)
(Key & Siegfried In press). According to Archie’s
law (Archie 1942) bulk resistivity is a function
of porosity, water saturation and water electrical
conductivity; affirmed for subglacial till layers by
Kulessa et al. (2006a, b). Although low resistivities
are therefore consistent with unfrozen sedimentary
rocks and liquid groundwater, and vice versa for sub-
glacial permafrost (French ef al. 2006; Mikucki et al.
2015; Foley et al. 2016), these three quantities can-
not be determined independently from each other.
An ideal interpretative framework would therefore
combine the analysis of EM and seismic data to
quantify the water contents of subglacial till layers
and aquifers in the subglacial sedimentary basins,
exploiting the fact that both types of data are

sensitive to porosity, permeability and liquid
water content.

Finally, where borehole access to the subglacial
environment is available, the electrical self-potential
(SP) geophysical method can quantify and monitor
discharge rates of water along the ice—bed interface
and through subglacial till layers (Kulessa et al.
2003a, b, French et al. 2006). The SP method is sen-
sitive to water flow though geological media because
such flows drive an electrical charge separation at the
interface between the pore space and the mineral
grains in porous media such as subglacial till layers
or, indeed, sedimentary rocks, generating electrical
fields that can be measured with suitable non-
polarizing electrodes. Synthetic forward modelling
(A. Binley Lancaster University unpublished data)
revealed that the electrical fields drop off rather
quickly, however, and are unlikely to be measure-
able at the surface of ice masses greater than about
30 m thick. The possibility that borehole SP surveys
can measure groundwater seepage up to several tens
of metres deep in subglacial sedimentary basins, and,
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indeed, water exchange between such basins and
subglacial till layers, is highly intriguing, however,
and must be ascertained by future work. We con-
clude, therefore, that multifaceted and intimately
integrated geophysical surveys promise not only to
be capable of detecting and delineating groundwater
in subglacial sedimentary basins, but also of quanti-
fying groundwater contents and possibly even of
groundwater discharge rates.

Summary

Motivated by SCAR’s topical 20-year horizon scan
and new model simulations, we believe that it is
timely and possible to deploy seismics and electrical
methods in the search for subglacial groundwater
beneath deep ice (greater than c. 2 km) in Antarctica.
Numerical modelling studies of the Siple Coast ice
streams show that groundwater may play an impor-
tant role in modulating the flow of ice and mass
loss from the WAIS. Such work needs to be corrob-
orated by field measurements and expanded to
include other regions if we are to understand the
potential impact of groundwater on ice-sheet dynam-
ics. It is possible and, perhaps, even likely that a crit-
ical source of subglacial water for basal ice-sheet
lubrication has so far been overlooked. It is also
possible that, due to the long timeframe involved
in groundwater charging and discharging, lagged
ice-flow responses to the overpressurization of sub-
glacial groundwater reservoirs (e.g. during the last
glacial maximum) may have been ignored. Based
on significant contemporary changes likely to con-
tinue and possibly accelerate in the foreseeable
future, groundwater below the WAIS may become
increasingly important to ice-sheet stability as
changes in ice-sheet geometry inevitably affect the
relative distribution of water pressure, overburden,
and, thus, the flow of water into and out of the
groundwater reservoir.

We thank Huw Horgan and an anonymous referee for pro-
viding helpful and constructive reviews. Funding for geo-
physical profiles in Figure 4 was provided by the UK
Natural Environment Research Council (NE/G013071/1).
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