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Ice-flow reorganization within the East Antarctic Ice Sheet

deep interior
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Abstract: Near the South Pole, a large subglacial lake exists beneath the East Antarctic Ice Sheet
less than 10 km from where the bed temperature is inferred to be —9°C. A thermodynamic model
was used to investigate the apparent contradiction of basal water existing in the vicinity of a cold
bed. Model results indicate that South Pole Lake is freezing and that neither present-day geothermal
flux nor ice flow is capable of producing the necessary heat to sustain basal water at this location. We
hypothesize that the lake comprises relict water formed during a different configuration of ice
dynamics when significant frictional heating from ice sliding was available. Additional modelling
of assumed basal sliding shows frictional heating was capable of producing the necessary heat to
fill South Pole Lake. Independent evidence of englacial structures measured by airborne radar
revel ice-sheet flow was more dynamic in the past. Ice sliding is estimated to have ceased between
16.8 and 10.7 ka based on an ice chronology from a nearby borehole. These findings reveal major
post-Last Glacial Maximum ice-dynamic change within the interior of East Antarctica, demonstrat-

ing that the present interior ice flow is different than that under full glacial conditions.

Description of regional ice dynamics drives under-
standing of the processes for major ice-sheet topo-
graphical change and sea-level rise. The evolution
of the Antarctic Ice Sheet (AIS) contributes to
changes in sea-level rise through changes in mass
balance that are dominated by ice flux into the
ocean since the ice sheet experiences limited surface
melt (Trusel et al. 2012). Regional dynamics that
include major flow reorganization must be consid-
ered, as the stagnation or activation of fast flow
will significantly impact the rate and magnitude of
possible AIS mass-balance evolution. Evidence
of major ice-flow reorganization exists in both the
East and West Antarctic ice sheets on timescales
much shorter than major oscillations of glacial
cycles, and suggests that flow reorganization is
a common ice-sheet process. Primary evidence
includes: englacial layer geometry indicative of
ground-line migration and non-steady flow patterns
(Siegert et al. 2013; Kingslake et al. 2016); small
length-scale englacial folding thought to represent
ice-stream convergent flow where there is presently
slow flow (Bingham et al. 2007, 2015); and surface
flow structure in a presently slow-flowing region
(Glasser et al. 2015). Additionally, buried crevasses

in Kamb Ice Stream and Siple Dome suggest a
stagnation of ice streams (Retzlaff & Bentley 1993;
Jacobel et al. 2000), flow stripe variability observed
on the Ross Ice Shelf supports cyclical ice streaming
activity with a frequency of between 100 and
1000 years (Fahnestock et al. 2000), and variations
in englacial radar reflector geometry are thought
to show flow reorganization (Ng & Conway 2004;
Siegert et al. 2004). Most evidence for flow reorga-
nization exists near ice-sheet margins but reorganiza-
tion may be expected along the full length of the ice
flow path. Establishing the degree of penetration of
past ice-stream flow into the interior will constrain
possible ice flux rates, as deeper penetration of fast
flow can more efficiently move ice towards the
grounding line.

The South Pole region is within the deep interior
of East Antarctic Ice Sheet (EAIS), approximately
100 km from the ice divide and approximately
500 km from the nearest grounding line. This region
currently shows slow (c. 10 m a1 ice flow towards
major ice streams supplying the Weddell Sea sector
(Aartsen et al. 2013). However, an examination of
englacial radar reflector data (Bingham er al. 2007)
qualitatively indicates that enhanced ice flow may
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have occurred here in the past. Near the South Pole
is the seemingly contradictory observation of the
existence of a large subglacial lake (Siegert er al.
2005) 10 km from where an englacial temperature
profile suggests a —9°C bed temperature (Price
et al. 2002). South Pole Lake (SPL) is estimated to
have a spatial extent of approximately 10 x 10 km
(Siegert et al. 2005), be 32+ 10 m deep and lie
above about 150 m of sediment (Peters et al. 2008).

To explain the existence of SPL, we evaluate the
present and past thermodynamics of this region
necessary for the production and storing of basal
water. Thermodynamic modelling of basal tempera-
tures suggests that SPL is freezing, requiring a non-
local or non-contemporary source of latent heat
stored within SPL. Modelled basal melting within
the SPL catchment is unlikely at present and a past
basal regime with greater heat availability is neces-
sary for lake formation. We therefore hypothesize
that the SPL comprises relict water formed during
a different configuration of ice dynamics when
significant frictional heating from ice sliding was
available.

Consistent with the hypothesis, we identify a
region of former fast flow within the South Pole
region using spatial variability in englacial radar
layer geometry. The layer geometry had coincident
and contiguous regions of drawdown and thicken-
ing. This coupled with a previously published exam-
ination of radar basal reflectivity in the South Pole
region (Carter et al. 2007) demonstrates the exis-
tence of a former ice-stream tributary in the South
Pole region. Identifying regions of former fast flow
in the South Pole region has implications for a vari-
ety of ongoing investigations, including interpreta-
tion of ice-core climate records (Casey et al. 2014),
the search for recoverable million year old ice (e.g.
Fischer et al. 2013; van Liefferinge & Pattyn 2013)
and possible expansion of the IceCube neutrino
detector (Aartsen et al. 2014).

Methods and data
Englacial temperature modelling

The basal thermodynamic evolution of the South
Pole region was investigated using 1D and 2D
numerical ice temperature models. The equation
we solved (Paterson & Clarke 1978; Cuffey & Pater-
son 2010, equation 9.29):
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includes vertical advection (first right-hand term of
equation 1), horizontal advection (seconnd term; if
2D), vertical conduction (third term), horizontal con-
duction (fourth term; if 2D), englacial strain heating
(fifth term; if 2D, including longitudinal strain),
latent heat if freezing or melting occurred (sixth
term) and frictional heat if sliding occurred (seventh
term). Strain heating from the gradient in vertical
velocity was ignored as it is at least an order of
magnitude less than other components of strain. In
equation (1), T is the ice temperature, ¢ is time, z is
the vertical coordinate in the upwards direction, x
is the coordinate in the direction of flow, w is the
vertical component of ice velocity, u is the horizontal
component of ice velocity, K is thermal diffusivity, p
is ice density, C,, is heat capacity of ice, £ is strain
rate, ¢ is stress, Lg is latent heat of fusion for ice
and My, is basal melt rate (see Table 1 for the values
of constants).

A common vertical ice velocity equation was
used to estimate vertical advection of heat (e.g.
Cuffey & Paterson 2010, equation 9.23):

w = (M, —Mb)%—Mb. @)

Vertical ice velocity, w, is dependent on the mean
surface accumulation rate (M,), the basal melt rate
and ice thickness (H ).

Englacial strain heating and horizontal advection
in the 2D model is estimated by assuming a laminar
flow profile (van der Veen 2013, equation 4.31), an
ice viscosity parameter consistent with the tempera-
ture model results and a driving stress of 70 kPa.
Driving stress lower than approximately 50 kPa
generally resulted in negligible strain heating due
to non-linear dependence on the assumed driving
stress. The numerical model was solved with a finite-
differencing scheme, and was run until a temperature
change of <107 °C a~! was calculated at all depths.

A model domain was designed to represent the
limited observations of the subglacial geological set-
ting of the South Pole region (Peters et al. 2008), and

Table 1. Constants used in models

Variable Value
Thermal conductivity of ice, 2.1, 0.6, 1.5 and
water, sediment and 25WeC ! m™!

bedrock

Density of ice, water, 917, 1000, 1500 and

sediment and bedrock 3000 kg m™
Heat capacity of ice, water, 2097, 4184, 3000 and
sediment and rock 800 J kg~' °C™!
Latent heat of fusion ice 334 kI kg

Ice viscosity parameter 3x 107 a~' kpa™?
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included 2800 m of ice, 200 m of sediment and
2600 m of bedrock (unless otherwise noted). The
depth of the bedrock domain was chosen to be
deeper than the length scale of thermal diffusion
for the timescales modelled. If SPL was included
in a numerical experiment, there was 40 m of water
beneath the ice, and above 160 m of sediment
and 2600 m of bedrock. The domain of the 2D
model was a 30 km flow line that passed over the
10 km-long, 40 m-deep lake between km 10 and
20 of the profile.

The boundary condition at the bottom of the
domain was the temperature gradient determined by
the assumed geothermal flux. The surface boundary
condition was a constant temperature of —51°C
(Giovinetto 1960; Severinghaus et al. 2001). This
surface temperature was chosen as a representative
mean annual temperature as observed 50 m deep in
the firn near the South Pole. The 2D model used
the same surface and basal boundary conditions,
with the addition that the upstream boundary was
set to a 1D steady-state solution and the downstream
was an open boundary that allowed the advection of
ice out of the domain.

Melting and freezing at the ice—water interface
was calculated from a basal energy balance (Cuffey
& Paterson 2010, equation 9.38):

_ ksOg — kO + up 7,

M,
° Lip

(©))

where k; is thermal conductivity of sediment; O is
temperature gradient in sediments, bedrock or
water in contact with basal ice; k; is thermal conduc-
tivity of ice; ©; is basal ice-temperature gradient; and
the product of basal sliding speed (u,) and basal
shear stress (1) is frictional heating at the bed (see
Table 1 for the values of constants).

Englacial geometry

We used a South Pole airborne geophysical survey,
acquired in 1998-99 by the University of Texas
Institute for Geophysics (Fig. 1), to investigate the
relationship between englacial reflector geometry
and ice dynamics of the region. Englacial radar
reflectors were traced throughout the survey by
following peaks in returned radio-wave amplitude.
Control points, where two radar transects cross,
ensured the same reflector was traced in multiple
profiles. Where reflectors intersected the South
Pole borehole, we were able to transfer the age—
depth timescale measured from the dust record
(Casey et al. 2014) to date individual reflectors

Q2 from 93.9 to 4.7 ka.

We then devised a 1D vertical velocity model that
assumed a constant strain rate at all depths (Nye

1963) to calculate ice submergence rates (b) between
traced reflectors:

<

which is similar to determining accumulation rates
(e.g. Waddington et al. 2007; MacGregor et al.
2015). In equation (4), H is the ice thickness, a is
reflector age and z is elevation of a reflector above
the bed with z = zo = H at the surface. We began by
calculating the mean submergence rate for the first
layer below the surface (zo—z;) and then applied a
stretching factor to each of the reflectors below to
estimate a new depth (2, new) had the ice column
not experienced the mean submergence applied by
the uppermost layer:

Hz,
21 '

®

Znnew =

Here, z; is the elevation of the shallowest
englacial reflector and z,, the elevation of each reflec-
tor below. This process was continued iteratively
from surface to depth for each dated reflector-
bounded layer.

Three forms of the vertical velocity (w) function
were compared: (i) the linear form described above
(m = 1); (ii) a parabolic form (m = 2), which is a con-
tinuous approximation of the Dansgaard—Johnsen
assumption of the depth variation in vertical strain
rate (Dansgaard & Johnsen 1969); and (iii) an
inverse parabolic form (m = 1/2):

W= _b(é)’". ©)

Subglacial catchment geometry

The size of the SPL subglacial catchment constrains
conditions and locations of possible present-day
subglacial melt that may be supplying the SPL.
The catchment area was estimated by determining
the hydrostatic potential gradient (Shreve 1972) of
the South Pole region using surface (Jezek 1999;
Fretwell et al. 2013) and bed elevation models
(Fretwell et al. 2013), and defining the catchment
as all grid cells from which subglacial water would
eventually flow into the area of the SPL. Following

a routing algorithm similar to Tarboton (1997) and Q3

starting at the lake grid cells, any adjacent grid
cells with a hydrostatic potential gradient that
pointed +45° relative to the direct line between cell
centres were included as part of the SPL catchment.
This process was continued iteratively until no
new cells were added. Any enclosed basins were
included as part of the catchment. To account for



175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196

Colour
online/
colour

h_ardcopy

201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232

L. H. BEEM ET AL.

200 A

Northing (km)

—200

—400

—400

—200 0

200

Easting (km)

Fig. 1. Map of the study region. Location of the aerial geophysical survey (blue lines), South Pole (SP: black dot),
South Pole Lake (SPL: white star), Titan Dome (TD: black dot), SPL catchment areas when using a 45° routing
threshold (dark orange) and 60° (both dark and light orange), the location of the radargram shown in Figure 4 (red
line: A—A”), the black arrow is the regional mean flow direction of approximately 10 m a~'. The background is the
surface elevation from Bedmap?2 (Fretwell et al. 2013) with 100 m contours.

uncertainty in existing surface elevation models
due to a lack of modern airborne or satellite altimetry
for the South Pole region, additional catchment
boundaries were defined using the RAMP elevation
model (Jezek 1999) and with a routing threshold
of +60°.

Results
South Pole basal thermodynamics

Basal temperature. We matched a temperature pro-
file measured near the South Pole to a 1D vertical
temperature model by tuning the model boundary
conditions of geothermal flux and surface accumula-
tion (Fig. 2). Multiple fits were generated depending
on assumptions, including differing amounts of strain
heating and basal substrate properties. When shear
heating of ice was excluded, a surface accumulation
of 8cma™' and a geothermal flux of 80 mW m™>
matched observations with a root mean square

(RMS) error of 0.29°C, consistent with the reported
temperature observation uncertainty of 0.24°C
for shallow and 0.11°C for deep locations (Price
et al. 2002). The modelled basal temperature was
—6.9°C (Fig. 2a). When strain heating was included,
a surface accumulation of 8 cm a~' and geothermal
flux of 50 mW m™2 matched the temperature profile
with an RMS of 0.27°C, and the basal temperature
was —10.9°C (Fig. 2a). Matching observations
with smaller degrees of strain heating required inter-
mediate values for the geothermal flux boundary
condition and resulted in similarly intermediate
basal temperatures. Additional model configurations
each resulted in basal temperatures within the range

of —6.9 to 10.9°C. All fits were obtained with a Q4

surface accumulation of 8 cm a™', which was consis-
tent with observational evidence in the South Pole
region (Mosley-Thompson et al. 1999; van der
Veen et al. 1999; Casey et al. 2014), as well as
with the 4.6-0 ka submergence rate from englacial
reflector geometry described below.
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Fig. 2. Results of thermodynamic modelling of the South Pole region. (a) Numerical model of englacial temperature at
the South Pole with no strain heating (SH) represented by the black line and with SH represented by the green line;
temperature observations are open circles (Price et al. 2002). Basal heat flux and surface accumulation used in the model
runs are labelled. (b) Melt rates above the dry basal substrate when assuming 2800 m of ice, a range of accumulation
rates, and with and without SH. (c) Steady-state freeze rates above a 40 m-thick water body (South Pole Lake).

It is important to point out that the geothermal
flux at the basal boundary of the model is not the
same as the modelled heat flux at the ice-bed
interface due to differences in the physical character-
istics of modelled sediment and bedrock. The
heat flux at the ice-bed interface was approximately
50 mW m™ for the example without strain heating
and approximately 30 mW m™2 with strain heating
(Fig. 2a). These values of basal heat flux will be
referenced in the following subsections.

South Pole Lake freeze rates. Subglacial freeze-on
above the SPL was estimated with 1D and 2D ther-
modynamic models that used a wide range of possi-
ble parameter values to capture variability due to
their uncertainty. The results of the 1D and 2D
models were consistent for the interior lake region,
showing that horizontal advection is of secondary
importance at current flow speeds; freeze rates from
the 2D model were larger near the lake shore. Freeze
rates above the SPL varied between 7 and 9 mm a™"
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(Fig. 2c¢) for values of geothermal flux and surface
accumulation determined from matching the existing
temperature profile, but fully ranged between 3 and
10 mma~'. No model conﬁ%uration resulted in a
freeze rate less than 3 mma™ .

Conditions necessary for present-day melt. Condi-
tions permitting basal melting under the present-day
ice-sheet configuration were evaluated on the basis
that melting may be driven by heat from either
frictional sliding or basal heat flux. Present-day slid-
ing within the SPL catchment is not expected under
cold bed conditions (Price et al. 2002; van Lieffer-
inge & Pattyn 2013) and slow-flow regime (Aartsen
et al. 2013); basal heat flux is then the only heat
source to drive melt. In the unlikely scenario that
the entire present-day surface velocity was due
solely to basal sliding and if basal shear stress was
equal to the local driving stress (50 kPa), approxi-
mately 15 mW m™ of frictional heating would be
available at the ice-bed interface. This is about half
of what is required to start melting, as is shown in
the following subsection.

A 1D temperature model was used to determine
the basal heat flux necessary to thaw the bed by
uniformly applying a range of surface accumulation,
ice thicknesses and englacial strain heating across
the region. Under no condition could a basal
heat flux of less than 75 mW m™ lead to basal
melting (Fig. 2b). A basal heat flux greater than
90 mW m™ was required to thaw the bed when
more likely parameter sets were used, such as those
determined from matching South Pole englacial
temperature observations.

Melting from isolated regions of elevated basal
heat flux (e.g. hotspots) required even greater magni-
tudes of basal heat flux. When modelled basal ice
was advected within a 2D model from a region of
lower to greater basal heat flux, freezing initially
occurred due to a transient steepening of the basal
ice-temperature gradient. Isolated regions of concen-
trated basal heat flux needed to exceed 200 mW m_z,
and in some cases 350 mW m™2, to overcome these
transient effects and rapidly warm enough of the
ice column to induce melting before the ice was
advected off the downstream boundary of the heat
flux anomaly.

Basal melting from sliding. Basal heat from frictional
sliding is capable of melting basal ice when using

boundary conditions consistent with matching the
englacial temperature observations. Sliding condi-
tions were modelled through the application of
heating at the ice—bed interface. To simulate sliding
in the region since the Last Glacial Maximum
(LGM), the ice-surface boundary condition was set
to —55°C to obtain conservative estimates on melt
rates. Melt occurred when frictional heating was
>30 mW m™> (Fig. 3). There are endless combina-
tions of basal shear stress and sliding speed that
result in at least 30 MW m™> of shear heating
(Fig. 3a), many of which are within the range of
moderate ice-sliding speeds of 30-60ma~' and
10-50 kPa of basal shear stress.

Basal melt rates of only a few millimetres per
year integrated over the SPL catchment can generate
multiple cubic kilometres of melt in as little as
100 years of ice flow. This volume of water is suffi-
cient to fill the SPL and many other lakes known
to be in the region (Carter et al. 2007; Wright &
Siegert 2012).

Basal temperature response time. For sliding that
occurred and ceased between 16.8 and 10.7 ka (see
the following subsection), basal temperature would
have to evolve from near the pressure melting
point to the present-day inferred temperatures over
that timescale. To test whether the observed temper-
ature profile (Price et al. 2002) could be matched
after the cessation of basal heating, the modelled
ice-bed interface was subjected to the application
of heat over various durations, meant to represent
the period of fast flow, after which heating was
turned off and evolution of the model tracked
(Fig. 3c). The initial conditions were the englacial
temperature profiles that were matched to the bore-
hole observations. The evolution of the basal temper-
ature after the cessation of basal heating is dependent
on the magnitude and duration of heating. Under the
assumption of 30 ma~" of sliding and basal shear
stress of 30 kPa, appropriate for moderate tributary
flow and approximately equivalent to 30 mW m™>
of heating, basal temperatures rapidly cooled during
the first 5-10 kyr after heating cessation and reached
30-90% of the initial basal temperature after 20 kyr.
For durations of less than 5 kyr, the evolution of
basal temperature after heating cessation can signifi-
cantly recover over 10-20 kyr. If the initial condi-
tions of the model had a lower basal temperature,
as could be caused by a lower basal heat flux, the

Fig. 3. Estimation of basal melt from tributary flow. (a) Frictional heating magnitudes with a range of sliding speeds
and basal shear-stress magnitudes with the frictional heating threshold for melt initiation (white curve). (b) Basal melt

Q13 rates from frictional heating, basal heat flux is labelled in panel. (¢) Response time of basal temperature after sliding

cessation. The coloured lines represent the mean temperature evolution for differing durations of 30 mW m™2 of
heating applied to the ice—bed interface (labelled in the upper right-hand corner). The shaded regions represent a
range of model results that used differing initial conditions (such as in Fig. 2a) and sediment layer thicknesses

(0-200 m).
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Fig. 4. Englacial radar reflector geometry and analysis. (a) Radargram showing englacial geometry, the location of
profile in Figure 1, with age-labelled reflectors (blue lines) and the location of the South Pole Lake (SPL). The
vertical black line, at approximately 130 km, is a splice between two radar lines collected during the same survey
period but by different flights, and the black arrow marks the location of the inferred shear margin with the ice-stream
tributary to the left. (b) Per cent depth of the 29.1 ka reflector. (¢) Submergence rate calculated for the
reflector-bounded layer between the surface and 4.7 ka. (d) Submergence rate calculated for the reflector-bounded
layer between 29.1 and 16.8 ka. For (b)—(d), white arrows are the location of the inferred shear margin, and the
background is the surface elevation from Bedmap2 (Fretwell et al. 2013) with 100 m contours. Note the different

scales in (c) and (d).

model resulted in a transient basal temperature
matching present-day temperatures 15-20 kyr after
basal heating cessation.

Heating from increases in geothermal flux
model boundary conditions resulted in much slower
basal temperature evolution than from frictional
heating solely at the ice—bed interface, because the
entire depth of substrate needs to warm or cool
to change the basal ice temperature. Only localized
heat at the ice-bed interface can allow basal ice

temperatures to cool to the inferred present-day tem-
perature on a relevant 10-20 kyr timescale.

Englacial geometry

Ice-penetrating radar data reveal two spatially co-
varying observations defining the region of region
of former ice sliding. This region (left of the arrow
in Fig. 4a and grid south of the arrows in Fig. 4b—
d) contained both drawdown of englacial reflectors
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that could result from along flow extensional strain
rates and/or basal melt (Fig. 4a, b) and thickening
of layers that result in greater calculated submer-
gence rate, consistent with basal melt (Fig. 4d). A
second region (right of the arrow in Fig. 4a and
grid south of the arrows in Fig. 4b—d) would have
remained slow flowing during all time periods exam-
ined (93.9-0 ka). Each observation had a coincident
boundary between the regions that is sub-parallel
to contemporary flow and highly suggestive of a
tributary shear margin.

Submergence rates calculated for the shallowest
layer (4.7-0ka), which experienced very little
strain, should correspond to the modern surface
accumulation rate. In validation of the submergence
model, the patterns of submergence for the upper-
most layer (Fig. 4c) in the South Pole proximal loca-
tions had the same magnitude (7.5-8.5cma™' ice
equivalent) as ice-core estimates of accumulation
(Mosley-Thompson et al. 1999; van der Veen et al.
1999) and modelling with ice-core age constraints
(Casey et al. 2014). Both magnitudes and spatial pat-
terns of the submergence rate matched remotely
sensed accumulation estimates (Arthern et al.
2006). If submergence rates for deeper layers are
inconsistent with patterns of slow flow and small
spatial gradients in surface accumulation, this
would be evidence that layers were warped due to
changes in past ice dynamics. Basal melting is not
accounted for explicitly in this approach but, if pre-
sent, will result in an increased submergence rate.
For deeper layers, submergence rates within the
inferred tributary region were greater than the region
outside by a factor of 2-3. The sharpness of the tran-
sition is inconsistent with slow flow and spatial var-
iability of accumulation rates. With depth, this
transition became increasingly well defined and
remains geographically stationary.

The exact form of the vertical velocity function
did not impact the conclusion of the submergence
rate calculations (Fig. 5). The magnitude of the cal-
culated submergence rate varied between applied
vertical velocity models but spatial patterns remain
appreciably the same due to their association with
observed englacial geometry. For a strongly para-
bolic vertical velocity profile (m > 3), the increased
vertical velocity gradient at depth could result in
a diminishing difference in submergence rates
between regions, but this condition required a
degree of non-linearity likely to be in excess of
what is physically realistic. As long as the vertical
velocity varied monotonically with elevation
above the bed, the spatial patterns between models
remained consistent.

The spatial gradient in submergence rates within
the ice unit bounded by the 29.1 and 16.8 ka
reflectors were greater than could be expected from
accumulation patterns, suggesting that tributary

flow occurred within this time interval. The next
younger ice unit, 16.8-10.7 ka, showed smaller spa-
tial gradients in submergence rate but still greater
than expected in accumulation patterns, suggesting
a transition into slow flow during this time interval.
The full duration of tributary flow cannot be con-
strained, but a transition from tributary flow to
present-day conditions may have occurred from
16.8 to 10.7 ka.

Subglacial catchment geometry

The SPL hydrological catchment is estimated to be
between 6000 and 10 000 km? (Fig. 1) in size. The
estimated catchment area was negligibly impacted
by the choice of surface elevation models because
the major topographical features of theTitan Dome
and associated ice divide are consistent between
models. We consider the ice divide and Titan
Dome to have been pseudo-persistent features of
the ice sheet since at least the LGM, leading to con-
straints on the approximate extent of the SPL catch-
ment and potential locations for both contemporary
and past basal melt.

Discussion
Basal thermodynamics

The present-day thermodynamics in the South Pole
region suggest a cold bed between —11 and —7°C
(Fig. 2). These estimates were generated by running
the temperature model to near steady state. While no
column of ice is in true steady state due to variations
in boundary conditions on all timescales, major fea-
tures of the observed temperature profile at the South
Pole are captured with the steady-state assumption.
However, the model has non-random residuals and
is complicated by unconstrained basal substrate
properties and ongoing englacial temperature evolu-
tion. Still, whether in either a steady or transient
state, these estimates are sufficient to bound a likely
parameter space and, to conclude, the present-day
basal ice temperature is well below the pressure melt-
ing point. If the thermodynamics are in a signifi-
cantly transient state, it is more likely that the bed
is cooling given the present-day slow flow with lim-
ited or no frictional ice sliding.

Freezing of SPL, and a locally cold bed, suggests
that the SPL water was generated elsewhere within
the subglacial catchment and/or is a relict of a past
thermodynamic regime when more basal heat was
available. Present-day melt within the SPL catch-
ment is inconsistent with existing evidence due to
the necessary basal heat flux (at least 90 mW m?)
exceeding existing estimates both here and by
others (at most 50 mW m™2: Siegert & Dowdeswell
1996; Shapiro & Ritzwoller 2004; Fox Maule et al.
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2005). The presence of a broadly thawed bed
is also inconsistent with modelled bed temperatures
that show a persistent cold bed throughout the
region (van Liefferinge & Pattyn 2013). Localized
melt due to unknown geothermal hotspots is
also unlikely, given the aforementioned studies
and the lack of evidence for basal heat flux
>200 mW m™>.

Subglacial water chemistry could allow the SPL
to exist in a cold subglacial environment but would
require a solute concentration many factors greater
than the highest known sample of subglacial water.
Depressing the freezing point of subglacial water
by 6°C would require a 3.2 molal solution. Salty

subglacial water is observed beneath Taylor Glacier
with an approximately 1.4 molal concentration
(Mikucki et al. 2009) and Ellesmere Ice Cap with a
6 umolal concentration (Grasby et al. 2003). If
high salinity were the mechanism for SPL existence,
solute concentration of at least twice the highest
known subglacial samples would be required. Sub-
glacial water chemistry could not be known without
direct access and sampling, but we deem extreme
end-member water chemistry as an explanation for
the lake’s existence today to be less likely than
heat from past sliding. Hence, we believe SPL
must have been generated under substantially differ-
ent subglacial conditions than today.
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Englacial geometry

The englacial structures near the South Pole are
highly suggestive of past basal sliding with associ-
ated melt. The englacial reflector geometry has
two contiguous regions, one with reflectors that
were both drawn down and thicker than the other
region, which is more conformable to the bed. The
combination of drawdown and thickening resulted
in greater calculated submergence rates, which can
be explained either by physically unrealistic accu-
mulation rate gradients (Leysinger Vieli er al.
2011) or from tributary-type flow in conjunction
with basal melt.

The observed gradient in submergence rate for
the layer between 29.1 and 16.8 ka is about 300%
over as little as approximately 10 km (Fig. 4c).
Submergence rate gradients from 4.6 to 0ka are
about 50% over approximately 100 km. It seems
improbable that strong accumulation gradients
from at least 72-16 ka were more than an order of
magnitude greater than contemporary estimates, in
the deep interior of the ice sheet, and geographically
stationary. Strong accumulation gradients do exist
near coastal regions (Arthern et al. 2006) and interior
East Antarctica can have 25% gradients over 25 km
(Genthon et al. 2016), but neither of these examples
represent an accumulation pattern necessary to pro-
duce the observed englacial layer thickening.

Typical patterns of strain from ice flow alone
would not produce both the drawdown and layer
thickening observed within the tributary region.
Flow convergence could thicken layers but would
also increase the elevation of reflectors. Flow diver-
gence could cause reflector drawdown but would
result in layer thinning.

It is possible that the observed layer geometry
could result from imprinting of upstream bed topog-
raphy. Unfortunately, most of the upstream basal
topography has yet to be characterized in sufficient
detail. A hypothetical upstream basal trough orien-
tated along flow could result in reflector drawdown
due to draping of layers over the bed-rock topogra-
phy, but would not produce coincident layer thicken-
ing without the removal of basal ice mass or strong
spatial gradients in surface accumulation. We also
note there is no evidence of such a topographical
feature within imagery of the ice surface, as has
been observed in other regions of Antarctica (Ross
et al. 2014).

Deep englacial reflectors below 800 m exhibit
shorter spatial wavelengths than the bed, which is a
characteristic of tributary or streaming flow (Jacobel
et al. 1993; Ng & Conway 2004; Bingham et al.
2007). Notably, the near-surface section of the
radar observations is undisturbed, implying the
superposition of contemporary slow flow over older
ice disturbed by tributary flow. The short-wavelength

variability in englacial reflectors is the same as exam-
ined by Bingham et al. (2007), who concluded
that enhanced flow may have occurred within the
South Pole region in the past. They found contiguous
regions of each ‘disturbed’ and ‘undisturbed’ inter-
nal geometry. ‘Disturbed’ internal geometry is
when reflectors diverge significantly from the sur-
face or bed geometry, and ‘undisturbed’ reflectors
are sub-parallel to bed and surface echoes. These
two classifications have a linear, well-defined
boundary which suggests a region did not experience
flow convergence. The location of former fast flow
identified here does not exactly correspond with
the convergent flow region identified by Bingham
et al. (2007). This difference may be related to the
magnitude of the necessary flow history to produce
each of the observations. Our analysis requires eng-
lacial layers to both deepen (along-flow extension
and/or loss of basal mass) and thicken with depth
(loss of basal mass) compared to an adjacent region;
short wavelength englacial folding requires conver-
gent flow. All of the conditions described both here
and in Bingham et al. (2007) are associated with
enhanced flow, but the loss of basal mass and layer
drawdown may require a greater magnitude of ice
dynamics than one can suppose from ‘disturbed’ lay-
ers alone. Theoretically, the region of layer draw-
down and thickening had flow fast enough to
induce basal melting, while the greater area, as iden-
tified by Bingham et al. (2007), experienced trans-
verse convergence without the loss of basal mass.

Basal reflectivity

Radar basal reflectivity, used in the search for sub-
glacial lakes (Carter et al. 2007), provides indirect
evidence for past subglacial ice melt having a boun-
dary coincident with the limits observed in the
englacial reflector geometries (Fig. 6). Reflectivity
measurements near the South Pole reveal locations
classified as ‘dim’ or ‘fuzzy’ subglacial lakes (Carter
et al. 2007). Both of these classifications are for loca-
tions that satisfy most, but not all, of the criteria for
‘definite’ subglacial lake detection. ‘Definite’ lake
criteria require bed reflectivity to be relatively and
absolutely bright, have high specularity, and be geo-
metrically flat (Wright & Siegert 2012). ‘Dim’ lakes
are characterized by relatively bright and specular
reflections, but lack the absolute brightness in reflec-
tion expected for an ice—water interface. ‘Fuzzy’
lakes are absolutely bright but are not specular, indi-
cating the bed has smaller wavelength roughness
than expected above a subglacial lake. ‘Dim’ lakes
primarily occur within the region of inferred past
ice sliding, and ‘fuzzy’ lakes occur outside that
area. The occurrence of ‘dim’ lakes suggests that
stored subglacial water exists beneath the region of
past sliding, consistent with the hypothesis of past
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reflectors. Background is the surface elevation from Bedmap2 (Fretwell e al. 2013) with 100 m contours.

basal melting in the region. ‘Dim’ lakes are almost
certainly subglacial lakes, but lack strong reflection
coefficients, potentially due to an inaccurate estimate
of dielectric loss (attenuation) within the ice column.
Dielectric loss is primarily dependent on ice temper-
ature, and if the temperature model used to estimate
attenuation was colder than the actual ice the
brightness of the ‘dim’ lakes would be artificially
depressed; the SPL itself is classified as a ‘dim’
lake (Carter et al. 2007). Heat not accounted for
within the attenuation model could result from
slow relaxation of the englacial temperature after
the cessation of frictional heat from tributary sliding
and/or the release of latent heat from freezing of the
lakes. ‘Fuzzy’ lakes seen outside the tributary region

can be considered local bright spots that are either
wet sediments or colder than the surrounding region.
Beneath slow-flowing ice, a lack of specularity
argues for the absence of appreciable subglacial
water volumes.

As pointed out by Carter et al. (2007), the hydro-
static potential low that contains SPL is much larger
than the lake itself. This is potentially a result of
decreasing water volumes from persistent freezing,
meaning that the lake is shrinking in size.

Implications

How ice sheets evolve is related to the efficiency of
moving ice mass from the interior to the coast, and
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the degree to which ice streams penetrate into the ice
sheet interior determines that efficiency. Ice-stream
tributaries extending through the South Pole would
increase mass flux efficiency and would modulate
AIS deep interior elevation, ice divide migration
and net flux of ice into the ocean.

Numerous recent studies have identified flow
reorganization within the Weddell Sea region of Ant-
arctica, involving ice input from both the East and
West Antarctic ice sheets (Bingham er al. 2007,
2015; Siegert et al. 2013; Glasser et al. 2015; King-
slake et al. 2016), much of which is downstream of
present-day South Pole ice flow. If flow reorganization
occurred within the South Pole region, downstream
expressions of that change would be expected as
well. While this study is not verification of these
cited investigations and vice versa, it is consistent
that an ice dynamic evolution downstream region
would reflect an ice dynamic evolution upstream.

Past tributary flow in the immediate South Pole
area suggests this region is not well suited for the
survival of million year old ice (e.g. Fischer ef al.
2013) because periods of basal melt would remove
the oldest layers and the deformation of englacial
layers could complicate stratigraphic interpretation.
Increased complexity of interpretation would also
be true for the South Pole ice core (Casey et al.
2014) that reached a maximum depth of approxi-
mately 1750 m. Based on our observations, the
51.4 and 16.8 ka reflectors are situated at approxi-
mately 1780 and 1040 m depth at the South Pole.

Englacial neutrino detection requires understand-
ing the optical properties of ice within the detector
volume. Shear margins within an ice sheet can
develop an ice fabric of aligned crystals that would
impact the propagation of light essential for neutrino
detection. As the cosmology community considers
expanding the detector geometry at the South Pole,
considering the location and existence of tributary
flow and associated ice fabrics is essential for meet-
ing their goals (Aartsen et al. 2014).

Geothermal flux is a fundamental boundary con-
dition for ice-sheet modelling and for understanding
subglacial processes. Because direct observations of
geothermal flux remain infrequent and logistically
challenging, the distribution of subglacial lakes is
used as a proxy for sufficiently high geothermal
flux to maintain ice at the basal pressure melting
point (e.g. Siegert & Dowdeswell 1996; van Lieffer-
inge & Pattyn 2013). Here, we show that this
assumption is complicated when the reorganization
of ice dynamics is considered.

Conclusions

The differences in the timescale of ice-flow evolu-
tion and heat dissipation beneath the AIS allow for

relict basal heat to persist long after the rate of ice
motion has changed, especially in the form of latent
heat in ponded subglacial water. The argument pre-
sented here requires an assessment of the most likely
basal conditions both currently and at some point in
the past (e.g. the LGM). While conditions at the base
of the ice sheet are poorly known, observations and
model results that test a full range of plausible condi-
tions are consistent with: (i) present-day freezing of
the SPL water; and (ii) the water being sourced dur-
ing a different basal regime that included greater
heat availability.

There are two possible sources of heat at the base
of an ice sheet: geothermal flux or frictional heating
from sliding. The latter is supported by independent
evidence of both englacial reflector geometry that
suggests tributary flow and basal melting and the
distribution of radar reflectivity. It is unnecessary
to invoke end-member geothermal flux anomalies
(i.e. hydrothermal vent or volcanism) or subglacial
water chemistry (e.g. salinity or hydrocarbon fluids),
for which there is no evidence, to explain the exis-
tence of the SPL. Instead, the geometry of ice-stream
systems are already recognized to fluctuate on time-
scales shorter than glacial-interglacial cycles, and
tributary-type flow with modest basal shear stress
and sliding can generate sufficient melt to both
draw down englacial layers and fill the SPL within
as little as 50-500 years of activity. Past tributary
flow is consistent with present-day basal thermody-
namics, observed englacial reflector geometry and
radar attenuation patterns, and explains the apparent
contradiction of the SPL existing within a cold-
bedded region of EAIS.

The radar derived products are distributed through NSIDC
(https://nsidc.org/data/nsidc-0240). Funding for this
research was provided by NASA Cryo NNX08-AN68G,
NSF CDI 0941678 and the G. Unger Vetlesen Foundation.
Data collection was funded under NSF OPP 9319379. This
is UTIG contribution No. 3120.

References

AARTSEN, M.G., ABBASI, R. £7 L. 2013. South Pole glacial
climate reconstruction from multi-borehole laser
particulate stratigraphy. Journal of Glaciology, 59,

1117-1128, https://doi.org/10.3189/2013J0G13J068 Q5

AARTSEN, M.G., ACKERMANN, M. er aL. 2014. IceCube-
Gen2: a vision for the future of neutrino astronomy in

Antarctica, Preprint at http: //arxiv.org/abs/1412.5106 Q6

ARTHERN, R.J., WINEBRENNER, D.P. & VaucGHAN, D.G. 2006.
Antarctic snow accumulation mapped using polariza-
tion of 4.3-cm wavelength microwave emission. Jour-
nal of Geophysical Research, 111, D06107, https://
doi.org/10.1029,/2004JD005667

Binguam, R.G., SIEGERT, MLJ., YoUNG, D.A. & BLANKEN-
sHip, D.D. 2007. Organized flow from the South Pole
to the Filchner-Ronne ice shelf: an assessment of


https://nsidc.org/data/nsidc-0240
https://nsidc.org/data/nsidc-0240
https://nsidc.org/data/nsidc-0240
https://doi.org/10.3189/2013JoG13J068
https://doi.org/10.3189/2013JoG13J068
http://arxiv.org/abs/1412.5106
http://arxiv.org/abs/1412.5106
https://doi.org/10.1029/2004JD005667
https://doi.org/10.1029/2004JD005667
https://doi.org/10.1029/2004JD005667

755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812

L. H. BEEM ET AL.

balance velocities in interior East Antarctica using radio
echo sounding data. Journal of Geophysical Research,
112, F03S26, https://doi.org/10.1029/2006JF000556

BingHAM, R.G., RippIN, D.M. ET AL. 2015. Ice-flow structure
and ice dynamic changes in the Weddell Sea sector of
West Antarctica from radar-imaged internal layering.
Journal of Geophysical Research, 120, 655-670,
https://doi.org/10.1002/2014JF003291

CARTER, S.P., BLANKENSHIP, D.D., PETERS, M.E., YOUNG, D.
A., HoLt, J.W. & Morsk, D.L. 2007. Radar-based sub-
glacial lake classification in Antarctica. Geochemistry,
Geophysics, Geosystems, 8, Q03016, https://doi.org/
10.1029/2006GC001408

Casey, K.A., Fupcg, T., NEuMANN, T., STEIG, E.J., CAVITTE,
M. & BLANKENSHIP, D.D. 2014. The 1500 m South Pole
ice core: recovering a 40 ka environmental record.
Annals of Glaciology, 55, 137-146, https://doi.org/

Q7 10.3189/2014A0G68A016

Currey, K.M. & PaTersoN, W.S.B. 2010. The Physics of
Glaciers. Butterworth-Heinemann, Burlington, MA.

DansGaarD, W. & JonnseN, S.J. 1969. A flow model and
a time scale for the ice core from Camp Century, Green-
land. Journal of Glaciology, 8, 215-223, https://doi.
org/10.1007/978-3-642-76059-4_2

FAHNESTOCK, M.A., ScamBos, T.A., BINDSCHADLER, R.A. &
Kvaran, G. 2000. A millennium of variable ice flow
recorded by the Ross Ice Shelf, Antarctica. Journal of
Glaciology, 46, 652-664, https://doi.org/10.3189/

Q8 172756500781832693

FiscHER, H., SEVERINGHAUS, J. ET AL. 2013. Where to find 1.5
million year old ice for the IPICS ‘Oldest Ice’ tice core.
Climate of the Past, 9, 2489-2505, https://doi.org/10.
5194 /cp-9-2489-2013

Fox MauLE, C., PURUCKER, M.E., OLSEN, N. & MOSEGAARD,
K. 2005. Heat flux anomalies in Antarctica revealed by
satellite magnetic data. Science, 309, 464-467, https://
doi.org/10.1126/science.1106888

FrReTweLL, P., PritcHARD, H.D. ET aL. 2013. Bedmap2:
improved ice bed, surface and thickness datasets for
Antarctica. The Cryosphere, 7, 375-393, https: //doi.
org/10.5194 /tc-7-375-2013

GENTHON, C., Six, D., ScarcHiLLI, C., CIARDINI, V. & Frez-
zoTTI, M. 2016. Meteorological and snow accumulation
gradients across Dome C, East Antarctic plateau. Inter-
national Journal of Climatology, 36, 455-466, https://
doi.org/10.1002 /joc.4362

GioviNerTo, M.B. 1960. USNC-IGY Antarctic Glaciologi-
cal Data. Report number 2: Field work 1958, Part 1V,
South Pole Station. Ohio State University Research
Foundation, Columbus, OH.

GLASSER, N.F., JENNINGS, S., HAMBREY, M. & HUBBARD, B.
2015. Origin and dynamic significance of longitudinal
structures (‘flow stripes’) in the Antarctic Ice Sheet.
Earth Surface Dynamics, 3, 239-249, https://doi.
org/10.5194 /esurf-3-239-2015

GrasBy, S.E., ALLen, C.C., Loncazo, T.G., Listg, J.T.,
GrirrIN, D.W. & BeauchHamp, B. 2003. Supraglacial
sulfur springs and associated biological activity in the
Canadian high arctic-signs of life beneath the ice.
Astrobiology, 3, 583-596, https://doi.org/10.1089/
153110703322610672

JacoBeL, R.W., GADES, A.M., GOTTSCHLING, D.L., HoDGE, S.
M. & WrigHT, D.L. 1993. Interpretation of radar-
detected internal layer folding in West Antarctic ice

streams. Journal of Glaciology, 39, 528-537, https://
doi.org/10.1017/S0022143000016427

JacoBeL, R.W., ScamBos, T.A., NERESON, N.A. & RAYMOND,
C.F. 2000. Changes in the margin of Ice Stream C, Ant-
arctica. Journal of Glaciology, 46, 102-110, https://
doi.org/10.3189/172756500781833485 Q9

Jezex, K.C. 1999. Glaciological properties of the Antarctic
ice sheet from RADARSAT-1 synthetic aperture radar
imagery. Annals of Glaciology, 29, 286-290, https://
doi.org/10.3189/172756499781820969

KINGSLAKE, J., MARTIN, C., ARTHERN, R.J., Corr, H.F.J. &
King, E.C. 2016. Ice-flow reorganization in West Ant-
arctica 2.5 kyr ago dated using radar-derived englacial
flow velocities. Geophysical Research Letters, 43,
9103-9112, https://doi.org/10.1002/2016GL070278

LeysINGER VIELL J.M.C., HNpMARSH, R.C.A., SIEGERT, M.J.
& Sun, B. 2011. Time-dependence of the spatial pattern
of accumulation rate in East Antarctica deduced from
isochronic radar layers using a 3D numerical ice-flow
model. Journal of Geophysical Research, F02018,
https://doi.org/10.1029/2010JF001785

MACGREGOR, J.A., FAHNESTOCK, M.A. ET AL. 2015. Radio-
stratigraphy and age structure of the Greenland Ice
Sheet. Journal of Geophysical Research, 120,
212-241, https://doi.org/10.1002/2014JF003215

Mikuckl, J.A., PEARSON, A. ET AL. 2009. A tcontemporary
microbially maintained subglacial ferrous ‘ocean’. Sci-
ence, 324, 397-400, https: //doi.org/10.1126/science.
1167350

MosLEy-THomPsoN, E., Paskievirch, J.F.,, Gow, AJ. &
THompsoN, L.G. 1999. Late 20th century increase in
South Pole snow accumulation. Journal of Geophysical
Research, 104, 3877-3886, https://doi.org/10.1029/
1998jd200092

Ng, F. & Conway, H.B. 2004. Fast-flow signature in the
stagnated Kamb Ice Stream, West Antarctica. Geology,
32, 481-484, https://doi.org/10.1130/G20317.1

Nvyg, J.F. 1963. Correction factor for accumulation mea-
sured by the thickness of the annual layers in an ice
sheet. Journal of Glaciology, 4, 785-788, https://doi.
org/10.1017/S0022143000028367

PatersoN, W.S.B. & CLARKE, G.K.C. 1978. Comparison of
theoretical and observed temperature profiles in Devon
Island ice cap, Canada. Geophysical Journal Interna-
tional, 55, 615632, https://doi.org/10.1111/
j-1365-246X.1978.tb05931.x

PeTERS, L.E., ANANDAKRISHNAN, S., HoLLAND, C., HORGAN,
H.J., BLankensHip, D.D. & VoicT, D.E. 2008. Seismic
detection of a subglacial lake near the South Pole, Ant-
arctica. Geophysical Research Letters, 35, 1.23501,
https://doi.org/10.1029/2008GL035704

Price, P.B., NaGgorNov, O.V. er aL. 2002. Temperature
profile for glacial ice at the South Pole: implications
for life in a nearby subglacial lake. Proceedings of the
National Academy of Sciences of the United States of
America, 99, 7844-7847, https://doi.org/10.1073/
pnas.082238999

RETZLAFF, R. & BENTLEY, C.R. 1993. Timing of stagnation
of Ice Stream C, West Antarctica, from short-pulse
radar studies of buried surface crevasses. Journal of
Glaciology, 39, 553-561, https://doi.org/10.1017/
50022143000016440

Ross, N., JorpaN, T.A. E7 AL. 2014. The Ellsworth Subgla-
cial Highlands: inception and retreat of the West

Q10


https://doi.org/10.1029/2006JF000556
https://doi.org/10.1029/2006JF000556
https://doi.org/10.1002/2014JF003291
https://doi.org/10.1002/2014JF003291
https://doi.org/10.1029/2006GC001408
https://doi.org/10.1029/2006GC001408
https://doi.org/10.1029/2006GC001408
https://doi.org/10.3189/2014AoG68A016
https://doi.org/10.3189/2014AoG68A016
https://doi.org/10.3189/2014AoG68A016
https://doi.org/10.1007/978-3-642-76059-4_2
https://doi.org/10.1007/978-3-642-76059-4_2
https://doi.org/10.1007/978-3-642-76059-4_2
https://doi.org/10.1007/978-3-642-76059-4_2
https://doi.org/10.1007/978-3-642-76059-4_2
https://doi.org/10.1007/978-3-642-76059-4_2
https://doi.org/10.1007/978-3-642-76059-4_2
https://doi.org/10.3189/172756500781832693
https://doi.org/10.3189/172756500781832693
https://doi.org/10.3189/172756500781832693
https://doi.org/10.5194/cp-9-2489-2013
https://doi.org/10.5194/cp-9-2489-2013
https://doi.org/10.5194/cp-9-2489-2013
https://doi.org/10.5194/cp-9-2489-2013
https://doi.org/10.5194/cp-9-2489-2013
https://doi.org/10.5194/cp-9-2489-2013
https://doi.org/10.1126/science.1106888
https://doi.org/10.1126/science.1106888
https://doi.org/10.1126/science.1106888
https://doi.org/10.5194/tc-7-375-2013
https://doi.org/10.5194/tc-7-375-2013
https://doi.org/10.5194/tc-7-375-2013
https://doi.org/10.5194/tc-7-375-2013
https://doi.org/10.5194/tc-7-375-2013
https://doi.org/10.5194/tc-7-375-2013
https://doi.org/10.1002/joc.4362
https://doi.org/10.1002/joc.4362
https://doi.org/10.1002/joc.4362
https://doi.org/10.5194/esurf-3-239-2015
https://doi.org/10.5194/esurf-3-239-2015
https://doi.org/10.5194/esurf-3-239-2015
https://doi.org/10.5194/esurf-3-239-2015
https://doi.org/10.5194/esurf-3-239-2015
https://doi.org/10.5194/esurf-3-239-2015
https://doi.org/10.1089/153110703322610672
https://doi.org/10.1089/153110703322610672
https://doi.org/10.1089/153110703322610672
https://doi.org/10.1017/S0022143000016427
https://doi.org/10.1017/S0022143000016427
https://doi.org/10.1017/S0022143000016427
https://doi.org/10.3189/172756500781833485
https://doi.org/10.3189/172756500781833485
https://doi.org/10.3189/172756500781833485
https://doi.org/10.3189/172756499781820969
https://doi.org/10.3189/172756499781820969
https://doi.org/10.3189/172756499781820969
https://doi.org/10.1002/2016GL070278
https://doi.org/10.1002/2016GL070278
https://doi.org/10.1029/2010JF001785
https://doi.org/10.1029/2010JF001785
https://doi.org/10.1002/2014JF003215
https://doi.org/10.1002/2014JF003215
https://doi.org/10.1126/science.1167350
https://doi.org/10.1126/science.1167350
https://doi.org/10.1126/science.1167350
https://doi.org/10.1029/1998jd200092
https://doi.org/10.1029/1998jd200092
https://doi.org/10.1029/1998jd200092
https://doi.org/10.1130/G20317.1
https://doi.org/10.1130/G20317.1
https://doi.org/10.1017/S0022143000028367
https://doi.org/10.1017/S0022143000028367
https://doi.org/10.1017/S0022143000028367
https://doi.org/10.1111/j.1365-246X.1978.tb05931.x
https://doi.org/10.1111/j.1365-246X.1978.tb05931.x
https://doi.org/10.1111/j.1365-246X.1978.tb05931.x
https://doi.org/10.1111/j.1365-246X.1978.tb05931.x
https://doi.org/10.1029/2008GL035704
https://doi.org/10.1029/2008GL035704
https://doi.org/10.1073/pnas.082238999
https://doi.org/10.1073/pnas.082238999
https://doi.org/10.1073/pnas.082238999
https://doi.org/10.1017/S0022143000016440
https://doi.org/10.1017/S0022143000016440
https://doi.org/10.1017/S0022143000016440

813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870

EAST ANTARCTIC ICE-FLOW REORGANIZATION

Antarctic Ice Sheet. Geological Society of America Bul-
letin, 126, 3-15, https: //doi.org/10.1130/B30794.1

SEVERINGHAUS, J.P., GRACHEV, A. & BATTLE, M. 2001. Firn
Air Isotope and Temperature Measurements from Siple
Dome and South Pole, Version 1. National Snow and
Ice Data Center (NSIDC), Boulder, CO, https://doi.
org/10.7265/N51N7Z2P

SHAPIRO, N.M. & RitzwoLLER, M.H. 2004. Inferring surface
heat flux distributions guided by a global seismic
model: particular application to Antarctica. Earth and
Planetary Science Letters, 223, 213-224, https://doi.
org/10.1016/j.eps.2004.04.011

SHREVE, R.L. 1972. Movement of water in glaciers. Journal
of Glaciology, 11, 205-214, https://doi.org/10.1017/
S002214300002219X

SIEGERT, M.J. & DOWDESWELL, J.A. 1996. Spatial variations
in heat at the base of the Antarctic Ice Sheet from
analysis of the thermal regime above subglacial lakes.
Journal of Glaciology, 42, 501-509, https://doi.org/
10.1017,/S0022143000003488

SIEGERT, M.J., WELCH, B. ET AL. 2004. Ice flow direction
change in interior West Antarctica. Science, 305,
1948-1951, https: //doi.org/10.1126/science.1101072

SIEGERT, ML.J., CARTER, S.P., TaBacco, LE., Porov, S.V. &
BrankensHIP, D.D. 2005. A revised inventory of Antarc-
tic subglacial lakes. Antarctic Science, 17, 453-460,
https://doi.org/10.1017/S0954102005002889

SieGerT, MLJ., Ross, N., Corr, H.F.J., KINGSLAKE, J. &
HinpmarsH, R. 2013. Late Holocene ice-flow reconfig-
uration in the Weddell Sea sector of West Antarctica.

Quaternary Science Review, 78, 98-107, https://doi.
org/10.1016/j.quascirev.2013.08.003

TarBoTON, D.G. 1997. A new method for the determination
of flow directions and upslope areas in grid digital ele-
vation models. Water Resources Research, 33,
309-319. https://doi.org/10.1029/96wr03137

TruseL, L.D., Frey, K.E. & Das, S.B. 2012. Antarctic
surface melting dynamics: enhanced perspectives
from radar scatterometer data. Journal of Geophysical
Research, 117, F02023, https://doi.org/10.1029/
2011JF002126

VAN DER VEEN, C.J., MosLEY-THomPSON, E., Gow, A.J. &
Mark, B.G. 1999. Accumulation at South Pole: com-
parison of two 900-year records. Journal of Geophysi-
cal Research, 104, 31 067-31 076, https://doi.org/
10.1029/1999jd900501

VAN DER VEEN, C.J. 2013. Fundamentals of Glacier Dynam-
ics. CRC Press, Boca Raton, LA.

VAN LIEFFERINGE, B. & PatTYN, F. 2013. Using ice-flow
models to evaluate potential sites of million year-old
ice in Antarctica. Climate of the Past, 9, 2335-2345,
https://doi.org/10.5194/cp-9-2335-2013

WabpDINGTON, E.D., NEUMANN, T.A., KouTnik, M.R., MAR-
sHALL, H.-P. & Morsg, D.L. 2007. Inference of
accumulation-rate patterns from deep layers in glaciers
and ice sheets. Journal of Glaciology, 53, 694-712,
https://doi.org/10.3189/002214307784409351

WRIGHT, A.P. & SiEGERT, ML.J. 2012. A fourth inventory of
Antarctic subglacial lakes. Antarctic Science, 24, 659—664,
https://doi.org/10.1017/S095410201200048X


https://doi.org/10.1130/B30794.1
https://doi.org/10.1130/B30794.1
https://doi.org/10.7265/N51N7Z2P
https://doi.org/10.7265/N51N7Z2P
https://doi.org/10.7265/N51N7Z2P
https://doi.org/10.1016/j.epsl.2004.04.011
https://doi.org/10.1016/j.epsl.2004.04.011
https://doi.org/10.1016/j.epsl.2004.04.011
https://doi.org/10.1017/S002214300002219X
https://doi.org/10.1017/S002214300002219X
https://doi.org/10.1017/S002214300002219X
https://doi.org/10.1017/S0022143000003488
https://doi.org/10.1017/S0022143000003488
https://doi.org/10.1017/S0022143000003488
https://doi.org/10.1126/science.1101072
https://doi.org/10.1126/science.1101072
https://doi.org/10.1017/S0954102005002889
https://doi.org/10.1017/S0954102005002889
https://doi.org/10.1016/j.quascirev.2013.08.003
https://doi.org/10.1016/j.quascirev.2013.08.003
https://doi.org/10.1016/j.quascirev.2013.08.003
https://doi.org/10.1029/96wr03137
https://doi.org/10.1029/96wr03137
https://doi.org/10.1029/2011JF002126
https://doi.org/10.1029/2011JF002126
https://doi.org/10.1029/2011JF002126
https://doi.org/10.1029/1999jd900501
https://doi.org/10.1029/1999jd900501
https://doi.org/10.1029/1999jd900501
https://doi.org/10.5194/cp-9-2335-2013
https://doi.org/10.5194/cp-9-2335-2013
https://doi.org/10.5194/cp-9-2335-2013
https://doi.org/10.5194/cp-9-2335-2013
https://doi.org/10.5194/cp-9-2335-2013
https://doi.org/10.3189/002214307784409351
https://doi.org/10.3189/002214307784409351
https://doi.org/10.1017/S095410201200048X
https://doi.org/10.1017/S095410201200048X





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




