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Active subglacial lakes concentrate the distribution of water beneath ice sheets in both space and time.
Seismic and surface observations from Subglacial Lake Whillans (SLW), West Antarctica, reveal that this
active lake forms a persistent, albeit fluctuating, reservoir beneath Whillans Ice Stream. Imaging and phase
observations using active-source seismic data show that SLW is a perpetually shallow feature. When
surveyed near its low-stand, a water column was resolvable by seismic techniques along only 5 km of the
45 km profiled, with a maximum depth of less than 8 m. Satellite altimetry shows that the high-stand adds
no more than 3–4 m to this. This water column presents a suitable drill site at S 84.240° W 153.694°. Else-
where, the majority of the bed appears wet with soft sediment or water thicknesses of less than the imaging
resolution of our data of approximately 2 m. The surface expression of the active lake, previously revealed by
ICESat elevation data and image differencing, generally corresponds to the seismic estimate of soft sediment
or water, with notable exceptions occurring at the upstream and downstream ends of the lake. These excep-
tions indicate that SLW's water column is very shallow or absent in places at low-stands, or has disconnected
or transiently active and inactive portions.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

It has long been recognized that water at the base of ice sheets
plays an important role in ice-sheet dynamics (Engelhardt et al.,
1990; Rose, 1979). More recently, remote sensing observations of
short-term elevation changes have been used to infer that the
hydrologic system beneath the Antarctic Ice Sheet is constantly
changing, with exchange between subglacial lakes (Smith et al.,
2009; Wingham et al., 2006) and to and from the background subgla-
cial system (Fricker et al., 2007; Gray et al., 2005; Smith et al., 2009).
Subglacial lakes have also been credited with initiating the onset of
streaming ice (Bell et al., 2007) and shown to be a significant source
of subglacial accretion (Bell et al., 2011). All of these recent observa-
tions of subglacial lakes are important for studies of ice dynamics as
subglacial hydrology in part determines the basal boundary condition
beneath glaciers and ice streams, and this boundary partly resists the
).
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gravitational driving stress of ice flow. Water under pressure at the bed
of a glacier counters the weight of the overriding ice, smooths the effec-
tive topography of the bed, and allows the ice and underlying till toflow
more easily (Kamb, 2001). Whereas a subglacial drainage network
evolves to accommodate a steady water supply (e.g. Röthlisberger,
1972; Walder and Fowler, 1994), fluctuations in water supply are
known to lead to velocity changes on glaciers (Iken & Bindschadler,
1986) and ice sheets (Schoof, 2010; Zwally et al., 2002), and subglacial
lake drainage has been correlated with the acceleration of at least one
major Antarctic outlet glacier (Byrd Glacier; Stearns et al., 2008).

Inventories of Antarctic subglacial lakes, based mainly on radio
echo sounding observations (Carter et al., 2007; Siegert et al., 2005),
indicate that at least 280 lakes exist beneath the Antarctic Ice Sheet
(Smith et al., 2009). Observations of surface elevation change have
shown that at least 124 lakes were actively filling and draining
beneath the Antarctic ice sheets between 2003 and 2008 (termed
active lakes; Smith et al., 2009). At the time of writing, three interna-
tional programs were preparing to access subglacial lakes in the
Antarctic: Lake Vostok (Studinger et al., 2003), Lake Ellsworth
(Siegert et al., 2004; Vaughan et al., 2007; Woodward et al., 2010),
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and SLW (Fricker et al., 2011). Of these, SLW is distinct, as it is a small
(59 km2; Fricker & Scambos, 2009) active lake lying beneath an active
ice stream (Whillans Ice Stream) (Fig. 1). Whillans Ice Stream, previ-
ously known as Ice Stream B, forms one of the main drainage conduits
from the West Antarctic Ice Sheet into the Ross Ice Shelf. Despite its
low driving stress, this ice stream flows at over 300 m a−1, achieving
this motion in downglacier regions by short, typically diurnal or semi-
diurnal, bursts interspersed with long periods of relative quiescence
(Bindschadler et al., 2003; Winberry et al., 2009b). In the past de-
cades, the ice stream has been observed to be decelerating, indicating
that it may be destined for stagnation (Joughin et al., 2002, 2005).
Glaciological drilling and instrumentation in the late 1980s and
1990s showed that water flow beneath Whillans Ice Stream is likely
achieved by more-or-less regularly spaced channels or canals in the
underlying deformable till (Engelhardt & Kamb, 1997; Kamb, 2001).

Herewe report geophysical findings from SLW.We present surface
elevation observations from the Ice Cloud and land Elevation Satellite
(ICESat) for the entire ICESat observation period of 2003–2009. We
combine these observations with newly acquired GPS observations
and active source seismic data. The seismic data reveal the presence
of water at the bed (Kapitsa et al., 1996; Peters et al., 2007, 2008)
and the extent and depth of the subglacial lake. We compare these
findings with the active lake extent as determined using remote
sensing and surface elevation observations. During the 2010–2011
Antarctic summer, Christianson et al. (2012-this issue) acquired a
grid of kinematic GPS and radio echo sounding observations from
SLW. We combine our findings with the results of Christianson et al.
Whillans Ice Stre
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(2012-this issue) to present a glaciological summary of SLW in prepa-
ration for subglacial access.

2. ICESat and GPS surface elevation data

SLWwas originally identified by Fricker et al. (2007) using surface
elevation observations from the Geoscience Laser Altimeter System
(GLAS) aboard ICESat. The 2003–2008 ICESat periodwas subsequently
examined by Fricker and Scambos (2009). The active lakes in the re-
gion were also reported by Smith et al. (2009), and both Smith et al.
(2005) and Pritchard et al. (2009)) have provided previous estimates
of regional surface elevation change. Here we combine data from the
entire ICESat period (2003–2009, Data Release 531) with kinematic
GPS observations collected during December 2010. We follow the ICE-
Sat filtering and processing methodology outlined by Smith et al. (2009)
and incorporate GPS data by extracting transects along ICESat orbit tracks
from the surface DEM presented by Christianson et al. (2012-this issue).

Data from all ICESat periods and the GPS transects were sorted
into 700 m long by 300 m wide bins spaced every 500 m along ICESat
reference orbits. Within each bin the ICESat and GPS record times (t),
positions, and elevations (z), were fitted by an optimal dipping
planar–surface, which was allowed to migrate at a constant ∂z/∂ t
(Equation 1, Smith et al., 2009). Optimization minimized the differ-
ence between the observed ICESat and GPS elevations and the
model planar surface. Residuals to the model surface provided eleva-
tion data corrected for cross-track slope and background elevation-
change. We present total elevation range (zmax−zmin) (Fig. 2), and
Ross Ice Shelf
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residual elevations after correction for secular elevation change and
cross-track slope (z−zmodel)(Fig. 3).

The Whillans Ice Stream subglacial lakes are highlighted by their
elevation ranges of up to ~10 m (Figs. 1–3), the largest elevation
ranges being observed on Subglacial Lakes Engelhardt, Mercer, and
Conway. SLW exhibits a surface elevation range of up to 5 m and is
sampled by four ICESat tracks (Figs. 2–3). Surface elevation at SLW
does not change uniformly. Instead the ICESat and GPS residual time
series for SLW shows spatial and temporal variability (Fig. 3). Tracks
0042, 0414, and 1288, exhibit high-stands occurring in 2006 (as
reported by Fricker & Scambos, 2009). A secondary high-stand period
was sampled in 2008 and is the largest high-stand on Tracks 0053
and 0414, while it forms a secondary peak on Track 0042. Tracks
0053 and 0414 appear to be at or near low-stand at the time of our
GPS and seismic surveying in December 2010, while, Tracks 0042
and 1288 both are between 1 and 2 m above low-stand at the time
of surveying (3–4 m below high-stand). This non-synchronous filling
signal is consistent with the hydropotential calculated by Christianson
et al. (2012-this issue), as Tracks 0042 and 1288, but not 0053 and
0414, cross the hydropotential low where water would initially collect
(Fig. 2). Tracks 0042 and 1288 also exhibit the greatest elevation
range of all the SLW ICESat tracks, consistent with their earlier filling
signature.

3. Active-source seismology

Four active source seismic profiles were acquired over SLW during
the austral summer of 2010–2011 (Fig. 2). One profile was acquired
along the long axis of the lake (sub parallel to the ice stream flow
direction), and three transverse profiles were acquired across the
lake. The main body of the longitudinal profile (kilometers 5–20)
was acquired at a nominal fold of 4 (shot spacing of 240 m), whereas
the remainder of the longitudinal profile and the transverse profiles
were acquired at a nominal fold of 2 (shot spacing of 480 m). Shot
and recorder synchronization was accomplished using GPS time
signals. Charges, consisting of 0.4 kg of PETN (pentaerythritol tetrani-
trate), were placed at a nominal depth of 27 m using a hot-water drill.
Buried crevasses were often encountered when placing charges.
Bridge thicknesses were always in excess of 12 m; however, charges
detonated in or proximal to crevasses resulted in incoherent noise
likely generated by the spalling of material off of the crevasse walls
and bridges. Sensors were spaced every 20 m along the profiles, and
consisted of alternating 28 Hz single-string phones and 40 Hz geor-
ods. (A georod is a plastic rod approximately 0.5 m long that contains
multiple geophone elements.)

Seismic data processing followed land-based techniques with
some modifications to suit snow and ice. Crevasse-generated noise
was seen across all frequencies and had no distinct spatial-frequency
(wavenumber) signature. We removed some crevasse noise by apply-
ing a semblance filter after transforming the data to tau-p domain.
(Tau-p, or intercept–slowness, domain is another means of represent-
ing distance–time domain data). Delays caused by shot propagation in
low-velocity crevasses required manual static corrections. Predictive
and spiking deconvolution was applied to remove some of the short-
path multiple energy and improve the coherence of the seismic
record. A stack-power residual static algorithmwas applied to account
for variability in geophone and shot placement. Finally, the data were
migrated at a constant velocity. Our processed seismic data consist of
frequencies of ∼20–200 Hz, resulting in a maximum vertical resolu-
tion of ∼5 m in ice and ∼2 m in water. Our nominal horizontal-
resolution at the base of the ice is ∼180 m (Eqn. 4.126, Fowler,
1990). (For seismic profile coordinates see Supplementary Table 1.)

The longitudinal seismic profile (Fig. 4) reveals a flat bed with
large regions of reversed polarity indicative of a higher acoustic
impedance material (ice) overlying a lower acoustic impedance
material (soft-sediment or water). High amplitudes are observed
to coincide with many of the reversed polarity bed returns. Our
amplitude observations are relative and qualitative as quantitative
estimates are complicated by the crevassing noise. However, theo-
retical Amplitude-Versus-Angle curves show that our observations
of high-amplitude, negative-phase returns are consistent with the
existence of water at the bed. Fig. 5 shows the P-wave reflection co-
efficients and corresponding phase angles at the ice bottom. Three
cases are considered with ice overlying: water, soft sediments
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(VP=1700 m s−1, VS=700 m s−1, density=2100 kg m−3), and
normal sediments (VP=2820 m s−1, VS=1530 m s−1, density=
2130 kg m−3). The reflection coefficients and phase angles are
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obtained from the Zoeppritz equations generalized to the viscoelas-
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high amplitude, and reversed polarity returns are observed between
kilometers 0.8 and 1.2 and between kilometers 4.5 and 14.6
(Figs. 2, 4). We plot the occurrence of reverse polarity returns, and
overlay these with high-amplitude reverse polarity returns, in Fig. 2.

In the central portion of the longitudinal line, at kilometers
8.5–13.5, a prominent positive polarity reflector beneath the ice-
bottom interface is observed. This reflector is thought to correspond
to the base of the water column and is matched well by synthetic
shot-records modeled using a buried 150 Hz Ricker-wave source in
a medium of firn and ice overlying a thin water column (Fig. 6). At
water compressional-wave velocities, the imaged water column is a
maximum of ∼8 m thick(Fig. 7). Radio echo sounding cross-profiles
(Christianson et al., 2012-this issue) confirm that this feature does
not result from any out-of-plane features. The possibility remains
that the lower interface is a subglacial sedimentary feature, but we
deem this unlikely based on the polarity and amplitude evidence for
water at the bed, the character of the sub-bed reflector (it deepens
then shallows gradually) and its similarity to the synthetic gathers,
and its correspondence withmaximum ICESat elevation range. Acous-
tic basement features form the upstream and downstream ends of the
imaged water column (kilometers 13.8 and 8.5 respectively). The
downstream basement feature corresponds to a prominent bed-
ridge observed in radar profiles throughout the region (Christianson
et al., 2012-this issue). At the upstream end of the profile a subtle
acoustic basement is apparent at ∼460−470 ms. Above this acoustic
basement, the subglacial material is seismically opaque indicating
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The transverse profiles (Figs. 8–10) display similar patterns of
reversed polarity and high-amplitudes indicating water at the bed,
low-amplitude reverse-phase sections likely due to soft sediments,
and positive-polarity and lower amplitude returns indicating more
lithified sediments. The upstream transverse profile (Fig. 8) displays
high amplitude, reverse polarity returns between kilometers 1.5–1.9,
2.6–2.7, 3.5–3.9, and 6.5–6.7. Similarly the central transverse profile
(Fig. 9) displays high amplitude, reverse polarity returns between
kilometers 1.9–3.4, 5.1–6.2, 7.4–7.6, and 10.2–10.6. At the down-
stream end of the lake, the transverse profile (Fig. 10) reveals a nar-
rower lake with high amplitude, reverse polarity returns observed
between kilometers 1.2–1.3, 1.8–3.2, 3.6–4.1 and kilometers 5.0–5.2.

4. Discussion

Observations of surface elevation change above SLW are related to
seismic observations of water at the bed, but not in a straight-forward
manner. We interpret water at the bed based on negative phase,
high-amplitude seismic returns. This is consistent with the interpre-
tations of King et al. (2004) and Peters et al. (2007) in their seismic
studies of water beneath West Antarctic ice streams. Elsewhere the
bed returns are low amplitude and negative phase, which is consistent
with the findings of King et al. (2004), or low amplitude and positive
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phase, as observed by Atre and Bentley (1993). Small-scale differences
between our seismic picks and the remotely-sensed lake margins are
not surprising considering the modulation of subglacial elevation
changes by the overlying ice stream (Sergienko et al., 2007). However,
the good correlation between the true-left (left of the flow direction)
and true-right lake margins supports the active-lake perimeter picks
of Fricker et al. (2007) and Fricker and Scambos (2009). At the down-
stream end of SLW the seismically resolved water extends 3.0 km
beyond the active lake boundary, while at the upstream end, a signifi-
cant portion of SLW appears to be free of seismically detectable water
(kilometers 14.6–line end). The most upstream transverse profile indi-
cates patchy water for the majority of the active lake width, which is
supported by the late stage filling observed on ICESat track 0053
(Fig. 3). Downstream connectivity is indicated by the correspondingfill-
ing signal observed on ICESat track 0042. The middle and downstream
transverse seismic-profiles show that water remains distributed but
patchy for the full lateral extent of the active lake. The central portion
of the longitudinal profile (kilometers 8.5–13.5) is the only section
where the top and bottom of the water column are seismically imaged.
This imaged water column is less than ∼8 m thick (Fig. 7) and corre-
sponds to the region of maximum ICESat range (Fig. 2) and the hydro-
potential low within the study area (Fig. 2, Christianson et al., 2012-
this issue). Themost suitable location for subglacial access is considered
to be in the middle of this imaged water column at S 84.240° W
153.694°. Differences between the remotely sensed lake perimeter
and that observed in the seismic data imply that SLW grounds or has
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negligible water in places at low-stands, or, has disconnected or tran-
sient active and inactive portions. It is also possible that SLW is a system
in transition with sediment erosion and deposition changing the lake
over time.

Active subglacial lakes affect the basal boundary of ice streams by
concentrating the distribution of water in both space and time. In
general the base of Whillans Ice Stream is accreting (Joughin et al.,
2004) and the rapid motion of the ice stream is enabled by the effi-
cient delivery of basal water from upstream (Parizek et al., 2003).
Total basal melt for Whillans Ice Stream, including its catchment
and tributaries, is estimated by Joughin et al. (2004) to be
0.53 km3 a−1, which equates to an areal average production rate of
3.1 mm a−1. This total consists of 0.16 km3 a−1 (1.8 mm a−1) from
the catchment, 0.29 km3 a−1 (7.7 mm a−1) from the tributary region
and only 0.07 km3 a−1 (1.8 mm a−1) from the ice stream itself. Beem
et al. (2010) showed that for the majority of Whillans Ice Stream
meltwater production is concentrated along the ice-stream margins.
In light of the stick–slip motion of Whillans Ice Stream, Walter et al.
(2011) estimated that during slip events Whillans is capable of
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generating basal meltwater, while in the intervening quiescent pe-
riods it is likely accreting. There are few additional constraints on
the temporal variability of meltwater supply beneath Whillans Ice
Stream, with the exception of Raymond (2000) who demonstrated
that a decrease in the speed of Whillans Ice Stream, which is occur-
ring (Joughin et al., 2005), should lead to an increase in meltwater
production.

SLW is capable of retaining a significant proportion of the annual
melt budget for Whillans Ice Stream. Smith et al. (2009) estimated
volume changes for SLW, with a filling of 0.15 km3 between March
2004 and June 2006. This filling indicates that SLW was receiving
the equivalent of approximately 13% of the estimated annual meltwa-
ter production for Whillans Ice Stream during this period. This filling
was followed by a decrease of 0.092 km3 lasting until March 2007.
Fricker et al. (2007) estimated a slightly lower filling volume of
0.13 km3 followed by a 0.09 km3 drainage. This drainage event was
followed by a slight increase in lake volume of 0.023 km3 before the
final campaign reported by (Smith et al., 2009) in March 2008.
Fig. 3 indicates that this filling was likely followed by a drainage
event returning SLW to its previous low-stand state. Assuming ade-
quate temporal sampling, this drainage event occurred at a lower
water-pressure than the previous 2006–2007 drainage. Fricker and
Scambos (2009) noted a correlation between lake size and location,
and drainage duration, whereby the smaller subglacial lakes beneath
the ice stream proper, such as SLW, drained faster than the larger
lakes situated along the ice streammargin. Examining many more ac-
tive lakes in Antarctica, Smith et al. (2009) related the drainage time
of subglacial lakes to the hydropotential gradient, such that subglacial
lakes in regions of low surface slope, such as SLW, are expected to
drain more slowly than those in regions of high surface slope. Inter-
estingly, the filling and drainage cycle of SLW (Fig. 3, Fricker &
Scambos, 2009), while poorly sampled, does not indicate a sawtooth
cycling of slow filling and rapid drainage as evident in subaerial
jökulhlaups (e.g. Ng & Liu, 2009). We note that repeated small out-
burst floods such as those observed by (Winberry et al., 2009a)
might appear as a smooth loss of lake volume if sampled at the reso-
lution and accuracy of the available altimetry.

The most likely drainage system beneath a low-slope, soft-bedded
ice stream such as Whillans Ice Stream, is a network of shallow canals
incised in the underlying till (characteristic dimensions: ∼0.1 m
depth, and ∼1 m width, spaced at 50–300 m, Engelhardt & Kamb,
1997; Walder & Fowler, 1994). During a rapid lake-drainage event,
the downstream water-flux increase would likely result in an initial
sheet flow, which would be unstable, and evolve into a system of
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interfacial conduits, which in turn would evolve into a canal network
(Walder & Fowler, 1994). It is noteworthy that such a canal network
would be non-arborescent and below the resolution limits of our
seismic methods. Any drainage mechanism needs to be consistent
with the variable lake heights preceding the drainage events (Fig. 3)
and the apparently symmetrical pattern of filling and drainage at
SLW (Fricker & Scambos, 2009).

The longevity of subglacial lakes beneath active ice streams has
significance for ice dynamics, subglacial biological communities, and
subglacial limnology in general. Non steady-state behavior is well
documented for the Siple coast ice streams (Retzlaff and Bentley,
1993; Hulbe and Fahnestock, 2007; Joughin et al., 2005); however,
large reorganizations on Whillans Ice Stream are unlikely to have oc-
curred during the last 460 years (Hulbe & Fahnestock, 2007). It is like-
ly that SLW is considerably older than this, especially if the lake is
bedrock-controlled as suggested by our seismic data. Subglacial sedi-
ment transport also makes it likely that SLW is currently diminishing
in size. A longer term cycling of subglacial lakes may occur, whereby
thicker and steeper ice in glacial times (Denton and Hughes, 2002)
leads to less likelihood of surface slope reversals and lake formation,
with a steeper hydropotential gradient drivingwater away; the result-
ing increase in bed coupling would favor erosion of sediments from a
former lake, which in turn may be linked to lithologic or structural
controls (e.g. Rooney et al., 1991). During interglacials the thinner
ice and subsequent surface slope reversal would lead to lake forma-
tion. Sediment supply in the absence of erosion would lead to a grad-
ual shallowing of the lake.
5. Summary and conclusions

SLW remains a shallow lake even in its low-stand state. The active
lake extent as delineated by ICESat elevation range and image
differencing (Fricker & Scambos, 2009; Fricker et al., 2007) compares
well with seismic phase and amplitude observations. Seismic picks
match the previous lake-edge estimates along the lateral margins
but compare less well at the upstream and downstream ends of the
lake. At the time of observation, the upstream end of the lake appeared
to be free of water, but water appeared to be present at the down-
stream end, although the thickness of water was less than could be
resolved by our seismic measurements. Between these, a shallow
water column is imaged along the center of the lake, with thicknesses
estimated to be 3–8 m. Maximum ICESat elevation range and a hydro-
potential low calculated from surface GPS and radar data
(Christianson et al., 2012-this issue) support the interpretation of a
water column at this location. The upstream and downstream ends of
the water column correspondwith acoustic basement features. The im-
aged water column is considered the most suitable location for subgla-
cial exploration of this active lake.

Supplementary materials related to this article can be found
online at doi:10.1016/j.epsl.2012.02.023.
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