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1. Overview

ABSTRACT

The transport of subglacial water beneath the East Antarctic Ice Sheet is an enigmatic and difficult to observe
process which may affect the flow of the overlying ice and mixing of the oceans in the sub ice shelf cavities,
and ultimately global climate. Periodic outbursts are a critical mechanism in this process. Recent analysis of
satellite data has inferred a subglacial hydraulic discharge totaling 2 km? traveling some 260 km along the
ice-bed interface of the Adventure Subglacial Trench between 1996 and 1998 (Wingham et al., 2006. Rapid
discharge connects Antarctic subglacial lakes. Nature 440, 1033-1036). Using radar echo sounding data from
the Adventure Subglacial Trench region in conjunction with the previously reported satellite observations,
along with some basic modeling, we calculate a mass budget and infer a flow mechanism for the 1996-1998
event. The volume released from the source lake exceeded the volume received by the destination lakes by
~1.1 km?>. This discrepancy indicates that some water must have escaped downstream from the lowest
destination lake from 1997 onward. The downstream release of water from the destination lakes continued
until at least 2003, several years after the 1998 cessation of surface subsidence at the source lake. By 2003 a
total of 1.5 km? or nearly 75% of the water released by the source lake had traveled downstream from the
destination lakes. The temporal evolution of discharge from the outlet can be simulated with the classic ice-
walled semicircular channel model, if and only if the retreat of the source lake shoreline is taken into account.
Further downstream, the ice bedrock geometry along the inferred flow path downstream includes many
sections where thermal erosion of the overlying ice would not be sustainable. Along these reaches
mechanical lifting of the ice roof and/or erosion of a sedimentary substrate by a broad shallow water system
would be most effective means of sustaining the discharge. A distributed system is also consistent with the 3-
month delay between water release at the source lake and water arrival at the destination lake. Observations
of intermittent flat bright bed reflections in radar data acquired along the flow path are consistent with the
presence of a broad shallow water system. Ultimately the presence of large subglacial lakes along the flow
path of the 1996-1998 Adventure Subglacial Trench flow path delayed the arrival of water to points
downstream by approximately 12 months.

© 2009 Elsevier B.V. All rights reserved.

2005; Wingham et al., 2006; Fricker et al., 2007). The water systems
themselves, including both the reservoirs and the channels, can be

Subglacial water movement in Antarctica causes rapid ice-surface
elevation change that can be detected through repeat satellite
altimetry and synthetic aperture radar interferometry (Gray et al.,
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observed through radar echo sounding (henceforth RES; Siegert et al.,
2005; Carter et al., 2007) and seismic reflection (Peters et al., 2007).
Numerous models have been used to describe the evolution of
subglacial water during a subglacial flood (e.g., Bjornsson, 1992; Ng,
2000; Clarke, 2003, 2005). However, these models have generally
been adapted to temperate glacier systems on relatively steep
mountains, where discharge emerges into an open lake or river
(Roberts, 2005). Water transport models for Antarctica generally have
assumed either steady discharge (e.g., Johnson, 2002; Le Brocq et al.,
2006) or local water supply (e.g., Tulaczyk et al., 2000; Bougamont
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et al.,, 2003). Recently it has been demonstrated that episodic water
flow may lead to enhanced flow of the overlying ice (Stearns et al.,
2008). Understanding the distribution and dynamic behavior of
subglacial water systems is essential in assessing the near-term
behavior of the overlying ice sheet. (Blankenship et al., 2001; Vogel
and Tulaczyk, 2006; Bell, 2008). Furthermore, as subglacial floods
reach the ocean they could constitute a major point source of cold
freshwater, which, at a minimum, alters water circulation in the sub-
ice-shelf cavity and therefore alters freezing and melting on the base
of the ice shelf. At a maximum, the release of freshwater may alter
global ocean circulation (Payne et al., 2007).

A study of European Remote Sensing Satellite 2 (ERS-2) radar
altimetry documented an ice-surface subsidence event of 3 m that
began in late 1995 over a previously unknown subglacial lake in the
Adventure Subglacial Trench (AST), in central East Antarctica (Wing-
ham et al., 2006). This subsidence coincided with a surface inflation of

Adventure Trench Reglon

25

approximately 2 m over a known subglacial lake 260 km away. An
analysis of bed topography led Wingham et al. (2006) to conclude that
the surface changes were caused by a unique water-flow event. Using
complimentary Interferometric Synthetic Aperture Radar (InSAR)
observations they calculated that the source lake, hereafter referred to

s “Lake L” had a surface area of 600 km? Assuming uniform
subsidence over the lake, they determined that nearly 1.8 km> of
water was released from Lake L (Wingham et al., 2006; Figs. 1 and 2).
From observations of the surface motion, ice thickness, and bed
elevations at the two major lakes, the authors suggested that water
may have been transported via a semicircular conduit incised into the
ice directly above the bed. Although such a mechanism has been
observed in relatively steep, temperate subglacial environments
(Rothlisberger, 1972) it is not immediately apparent whether such a
system is stable over the relatively long distances and shallow slopes
associated with a continent-wide ice sheet (Alley, 1989). Occurring
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Fig. 1. Overview map of Adventure Subglacial Trench region, showing coverage of available radar sounding data, relevant subglacial lakes, ice surface topography, and the inferred
flow path of the 1996-1998 Adventure Subglacial Trench discharge. Map background is the MODIS-based Mosaic of Antarctica (MOA) (Scambos et al., 2007).
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Fig. 2. Surface height change from 1996-2003 from ERS-2 radar altimetry at Lake L, the
source lake and Lakes U1, U2, and U3, the destination lakes from the article From the
following article: “Rapid discharge connects Antarctic subglacial lakes.” Duncan J.
Wingham, Martin J. Siegert, Andrew Shepherd and Alan S. Muir, Nature 440, 1033-1036
(20 April 2006) doi:10.1038/nature04660. ©2006 Nature publishing group. Reprinted
with permission.

nearly 700 km from the nearest coastline, the 1996-1998 AST
discharge originated further inland than any documented subglacial
flood to date and may still hold the record for the greatest distance
traveled by any single documented subglacial flood in Antarctica (e.g.,
Goodwin, 1988; Denton and Sugden, 2005; Gray et al., 2005; Fricker et
al., 2007; Stearns et al., 2008). The Adventure Trench subglacial flood
and other potential outbursts in the Antarctic interior may be a vital
means of transporting water produced and stored under the relative
insulation and stability of the ice divide regions to the onsets of fast
glacier flow (Bell, 2008). In this work, we use airborne RES data from
the inferred flood path in conjunction with the previously published
surface elevation data to construct a mass budget for this flood, infer a
flow mechanism, and determine whether the discharge traveled
beyond the last destination lake.

2. Data/methods
2.1. Satellite coverage of the AST lakes

Observations of the topography and motion of the ice surface play a
crucial role in understanding the distribution and behavior of water at
the base of the ice. In addition to the InSAR-derived motion for Lake L
and the ERS-2 repeat and crossover radar altimetry used by Wingham
et al. (2006), we use two other data sets on surface texture and
topography to characterize the recent discharge: the Moderate
Resolution Imaging Spectroradiometer Mosaic of Antarctica (MODIS
MOA) (Haran et al., 2005; Scambos et al., 2007) and the Geoscience
Laser Altimeter System/Ice Cloud and land Elevation Satellite Digital
Elevation Model (GLAS/ICESat DEM) (DiMarzio et al., 2007).

The MODIS MOA imagery has been used to identify and
characterize large subglacial lakes based on patterns in the surface
of the overlying ice (Bell et al, 2006, 2007). Collected between
November 2003 and February 2004, this imagery seamlessly blends
hundreds of cloudless digital images of the ice surface to create a map
of Antarctica in which the continent appears to be illuminated by a
distant light originating from approximately 45° E (Haran et al., 2005;

Scambos et al., 2007; Fig. 3). The 750 m spatial resolution of this data
set provides detailed information about the texture of the ice surface,
capturing most major ice-flow features and surface lineations. On the
MODIS MOA imagery these locations will appear as “flat” with a
consistent brightness across the region. The shoreline will take on the
appearance of a bright line for half its length, with a thin shadow
defining the remainder of the lake edge (Bell et al., 2006, 2007; Fig. 3).
This effect due to the substantially lowered ice surface slopes
associated with subglacial lakes relative to their surroundings as
caused by the absence of basal friction at the ice-water interface
(Ridley et al., 1993; Pattyn, 2003; Remy and Legresy, 2004; Fig. 3).

In order to observe the slope anomalies found in MOA in a more
quantitative fashion and obtain consistent data for our calculation of
hydraulic head (discussed next section), we supplement the texture
resolution of the MODIS MOA with the accurate satellite laser
altimetry of the GLAS ICESat DEM. This data set was created from
gridding and interpolating between the laser altimetry profile
measurements made by the ICESat missions between February 2003
and June 2005 (DiMarzio et al., 2007). Although the resolution of this
data set approaches 0.5 km near 86° S, aliasing effects arise when data
is gridded to this resolution farther north, as it would be at our study
area near 74 °S (Bamber and Gomez-Dans, 2005; Shuman et al., 2006).
To address this aliasing we selected a cell size of 2.5 km? when
gridding the ICESat DEM and then applied a 5 km isotropic 2-
dimensional Gaussian filter to the gridded data.

To identify subglacial lakes in the ICESat DEM we use a surface-
altimetry-processing technique presented by Remy and Legresy
(2004) and Smith et al. (2006) that compares the local surface to
the regional surface slope. This involves comparing the surface slope
on the original surface elevation map to the surface slope on a map of
the same data gridded to 10 km and filtered to 50 km. The resulting
map shows surface texture in a manner similar to MOA, except that
the apparent lighting direction for any point is always appears to
originate from up the regional surface slope. In this map possible
subglacial lakes appear always appear bright relative to their
surroundings (2006; Supplementary Information I) to produce a
map of surface slope anomalies (Fig. 3). This technique is however
limited in use due to the non-uniqueness of surface anomalies to
subglacial lakes (Pattyn, 2003). Surface anomalies may also be
produced by bedrock topography or the transition between stuck
and sliding ice. A further discussion on these limitations is included in
our error calculations.

2.2. Radar sounding coverage of the AST lakes

RES is the primary method by which the dimensions and
properties of subglacial lakes and the waterways that connect them
can be determined. Two airborne RES data sets cover the AST region:
The 1998-2000 University of Texas Institute for Geophysics (UTIG)
RTZ9 campaign and the NSF/Scott Polar Research Institute/TU
Denmark (SPRI) campaigns of 1971-72 and 1974-75 (Drewy, 1975),
which are included in the BEDMAP database of subglacial topography
(Lythe and Vaughan, 2001).

The RTZ9 survey covers a 120-km wide corridor with flight lines 5-
10 km apart (Fig. 1). This region includes all of the destination lakes
(Lakes U1, most of U2, and part of U3) but excludes Lake L (Richter et al.,
2001; Carter et al., 2007). The RTZ9 RES data provide detailed basal
topography, basal reflectivity, and reveal the structure of the ice
overlying the ice-bedrock interface (Table 1; Fig. 4). The serendipitous
timing of this survey, less than 2 yr after the 1996-99 drainage event,
provides a snapshot of the recently altered subglacial landscape. Flight
lines from the SPRI campaigns of 1971-72 and 1974-75 supplement our

Fig. 3. a) Schematic diagram of how “lakes” appear as bright ice surface reflections in MODIS imagery. The MODIS Mosaic of Antarctica image selected only images that were lit from
45 E to maintain consistency. b) MOA mosaic for area shown in Fig. 1 with lakes involved in the discharge and other lakes. Arrows indicate direction of “lighting.” ¢) GLAS/ICESat DEM
processed to reveal flat surface anomalies as shown in a). Arrows indicate lighting direction.
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Table 1
Side-by-side comparison of SPRI and UITG airborne radar data.

Survey name 1999-2000 UTIG SPRI 1971/72 and

RTZ9 SPRI 1974/75
Dates 1999-2000 1971-1975
Sample spacing 10-12 m ~3 km
Main line spacing (km) 5-10 25
Tie-line spacing (km) 30 50
Ice reference surface used here  Laser/radar altimetry ICESat DEM
Aircraft DeHavilland Twin Otter C130 Hercules
Thickness logging method Digital 35 mm film
Navigation GPS Inertial navigation
Navigational precision 10 cm 3 km

Thickness procedure 169 m/ps no firn correction  168.5 m/ps+ 15 m

firn correction

knowledge of the bedrock topography outside the area covered by the
RTZ9 survey and provide a perspective on the destination lakes (U1,
U2 and U3) before the 1996-98 discharge (Table 1). The surface
elevation in RTZ9 data is obtained by onboard GPS and the two-way
travel time of the signal from the plane to the ice. The surface
elevation for the SPRI data is obtained from the previously described
ICESat DEM. Using line data instead of the BEDMAP grid enables us to
gain a more accurate picture of the hydrologic head so that we can
evaluate the most likely path water will take at the base of the ice
sheet and avoid treating artifacts in the interpolated BEDMAP
topography as real. The hydrostatic head of water, equal to the sum
of the water elevation head and water pressure head at the base of the
ice, is calculated assuming that water pressure is equal to the ice
overburden pressure through the formula:

hh = zsrf _(1 — Pice /pwater)*hice (1)
where:

hy the hydrologic head

Zsrf the ice surface elevation

Pice the density of ice

Pwater the density of water; and

Rice the ice thickness

The resulting calculation reveals the hydrologic topography of the
region, with water flowing along the valleys in head and collecting in
the local hydraulic minima (Fig. 5). The initial or base hydraulic
gradient is obtained from simply connecting and correlating the local
minima in the hydraulic head along each flight line and dividing the
head difference by the distance (Fig. 6).

We locate lakes within the area covered by either RTZ9 or SPRI data
using a lake-classification algorithm (Carter et al., 2007). This
algorithm identifies continuous sections of a flight line of 500 m or
longer where the apparent slope in the hydraulic head is less than
0.1%, placing the shoreline at the point where this slope begins to
exceed 0.1%. The shore points are then arranged to form an irregular
polygon, with the shoreline equivalent to its perimeter (Fig. 4).

2.3. From altimetry and ice-penetrating radar to hydrographs

We obtain filling and drainage rates for the AST subglacial lakes
through multiplying the temporal change in surface elevation with time
by the lake area (Fig. 2). In this calculation we assume that lake area
remains constant with volume and that subsidence / uplift is uniform
over the entire lake surface. The error associated with this assumption is
discussed in the next section. From a discharge versus time graph we are
able to compare the timing of hydraulic release from Lake L and the
arrival of water in the destination lake (U1, U2 and U3). Knowledge of

the timing enables us to assess the prospect of leakage from the
destination lakes and infer a possible flow mechanism (Fig. 7).

2.4. Possible sources of error for mass budget

The three sources of error in the mass budget come from
imprecision in the satellite altimetry, uncertainty about the shoreline,
and the neglect of the effects of ice flexure near the lake shoreline.
Wingham et al. (2006) state that the error associated with the ERS-1
and the ERS-2 satellite altimetry is 4-0.18 m per measurement. Since a
measurement of elevation change must incorporate two surface
elevations, the RMS error is 0.25 m. As the magnitude of this error
exceeds the surface accumulation rate by an order of magnitude
(Arthern et al.,, 2006) and the estimated basal melt rate by two orders
of magnitude (Johnson, 2002), we treat errors associated with these
two phenomena as negligible. Uncertainty with regards to the
shoreline depends on whether there is sufficient RES coverage over
a given lake. Where such coverage surrounds the lake we have
calculated the variability associated with flight-line data gaps to be
approximately 10% of the lake volume. This figure is based on an in-
house comparison of the area for Lake Vostok using all the known
shore points and using only a regular subset of known the lake's
shore points (See supplementary information). It was found that
sampling errors could affect the lake's area by approximately 10%,
assuming that the overall shape of the lake is not distorted by the
data gaps (Fricker and Scambos, 2009). For lakes larger than a few
square kilometers, this figure is an order of magnitude larger than
the ~150 m error associated with locating the shoreline within the
radar profiles (Carter et al., 2007). For lakes or portions where the
area is determined solely from static surface anomalies, we have to
factor in the non-uniqueness of surface slope anomalies to subglacial
lakes. Both slippery saturated sediments and the transfer of bedrock
topography to the surface can produce lake-like surface anomalies.
Even in locations where a surface slope anomaly is associated with a
subglacial lake, recent modeling work suggests that the aerial extent
of the anomaly may greatly exceed the area of the actual lake
because of the response of the flowing ice to an abrupt change in
basal traction (Pattyn, 2003; Sergienko et al., 2007). For these
reasons we estimate an error of 50% for the area of any lake or lake
portion identified solely from surface anomalies.

The assumption of uniform uplift across the lake surface may
constitute our greatest source of systematic error for the mass budget.
As the release of water from a subglacial lake outlet lowers the pressure
in the lake that was previously available to support the ice roof, some of
the associated strain will be taken up by flexure of the adjacent ice,
such that the concavity of the ice surface increases over the lake (Evatt
and Fowler, 2007). For a circular lake of sufficient depth, the profile will
be roughly parabolic. If the shoreline is interpreted as lying at the edge
of area of vertical surface deformation and the effect of ice flexure is
neglected, the calculated volume-change estimate may be a factor of
two greater than the actual volume change, if surface height change is
measured at the lake center. Substantial mitigation to such error is
accomplished by the earlier described method of basing our shoreline
position on the hydraulic gradient, thereby eliminating these edges
from consideration in our volume change calculations (Carter et al.,
2007). Furthermore surface height is measured not at the point of
maximum drawdown, but represents a spatial average over the
footprint of the crossover area (Arthern et al., 2001; Wingham et al.,
2006). Additionally if we consider some portion of the error to be
systematic across all lakes involved in the discharge, the relative
magnitude can be reduced, making our final estimate equal to
approximately 12% of the lake volume for a given lake.

Given that the bedrock slope along the valley sides exceeds 1%
throughout Adventure Trench, we do not account for lake area
change over the course of the flood, as a 1% slope will result in a
shoreline position change of less than a few hundred meters as the
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Fig. 4. Detailed map and radar profiles of the destination Lakes U1, U2, and U3. All images except for c-c' are from the 1999/00 UTIG data. c-c' is from the 1974/75 SPRI radar
inventory. All figures represent approximately 15-20 line km of data and 2000 m of height. Amplitudes in these images are from differentiated data.

lake fills or drains. Along the trench axis, where the bedrock slope is 2.5. Using hydraulic head, discharge and topography to model a flow system
less than 0.05%, a subglacial lake's shoreline could advance/retreat

several kilometers over the course of filling/draining (Evatt et al., 2.5.1. Features common to both models
2006). The fuller implications of shoreline movement are discussed Using the detailed information on bedrock elevation, ice surface
in the modeling section. elevation, and the corresponding hydraulic head along the flow path
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Fig. 6. Schematic diagram of a) the semicircular conduit model used in this study (Réthlisberger, 1972; Nye, 1976) and b) broad shallow canal used in this study (Walder and Fowler,

1994). Figure is not to scale.

obtained from the RES profiles along with the calculated rates of
volume change for the source and destination lakes we construct two
models for the water system in Adventure Trench. In contrast to other
modeling efforts (e.g., Johnson et al., 2002; Le Brocq et al., 2006),
which use the BEDMAP grid for ice-bedrock topography, our use of
the original radar profile data allows resolution of critical topographic
details along the flow path and eliminates interpolation-related
artifacts (Fig. 5). This in turn allows a more accurate calculation of
the gradients of hydraulic head, ice surface elevation, and bedrock
elevation, though dividing the change in these measurements over the
distance between each measurement point. These models address the
initiation, evolution, and fate of discharge from Lake L, identifying
which proposed flow systems may be stable and the affect such flow
systems may have on the overlying ice. In modeling we do not

consider a porous media aquifer or a thin film at the ice bed interface
as neither is capable of transporting even a fraction the inferred
discharge along the hydraulic gradient from the source lake to the
destination lake (Alley, 1989). Therefore we model two higher-
capacity systems: semicircular conduits and broad, shallow canals.
In testing the stability of the two flow systems one of the most
important considerations is the thermodynamic behavior. It has
been hypothesized that subglacial lakes are most likely to occur
immediately upstream of locations where water flowing down the
hydraulic gradient encounters an adverse bed slope greater than
twice the surface slope (Clarke, 2006). Along such reaches the
pressure melting point for water flowing downstream will increase
more rapidly than heating from viscous dissipation can raise the
temperature (Alley et al., 1998). In such locations, water will tend to
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freeze out and accrete onto the base of the ice if sufficient nuclei are
present. The significance of these details is that the ice surface and
bedrock topography exert a primary control on the ability of
subglacial water to melt a passage through the overlying ice in
this environment.

In addition to the test of thermodynamic stability we also test the
previously mentioned effect of shoreline retreat on the evolution of
discharge from the source lake. At the source lake hydraulic head,
surface elevation, and ice base elevation all decrease with the
cumulative discharge. To test the effect of shoreline retreat during this
process, we allow the distance between the point in our model
representing Lake L and the point immediately downstream of Lake L
to increase as the lake lowers. It is expected that water will be traveling
up an adverse bed slope in such a situation and may also be originating
from under increasingly thick ice as the shoreline retreats. As the
bathymetry of Lake L is not well-known, we assume a linear bedrock
slope at the outlet and a continuous ice-surface slope. It is also likely that
the filling of the destination lake will cause the shoreline to expand up
and down the valley, though this effect is not dealt with explicitly in our
model.

2.5.2. Semicircular conduits (R-channels)

The Rothlisberger channel, or R-channel, model describes a semi-
circular conduit at the ice-bed interface, with discharge increasing both
with conduit diameter and effective hydraulic gradient (Fig. 6). Expan-
sion of the conduit is accomplished through melting of the conduit walls
by the viscous dissipation of kinetic energy in the water as it moves down

the hydraulic gradient. Conduit closure occurs through viscous deforma-
tion of the conduit walls because the pressure of the ice exceeds the
pressure in the conduit (Roéthlisberger, 1972; Nye, 1976; Supplementary
Information II). Although this channel is essentially similar to the model
used by Wingham et al. (2006) in their description of the 1996-98
discharge, our model includes increased spatial and temporal resolution.
Whereas the original model only included the two endpoints, our model
includes a number of intermediate points obtained from RES data. This
allows us to assess the behavior of water at intermediate points and
identify where such a system may not be stable. The time-varying
component allows direct comparison between modeled and observed
discharge. This model benefits from being relatively simple and requiring
only inputs that have been directly measured. The major drawback to this
model comes from its assumptions on conduit shape and neglecting the
effects of water-bed interactions.

2.5.3. Broad-shallow canals

A review of the literature on the transport of subglacial water
indicates that in areas of low hydraulic gradient, such as the interior of
a continental ice sheet or ice streams, broader systems with a lower
ceiling may be more stable (Kamb, 1987; Alley, 1989; Hooke et al.,
1990, Catania and Paola, 2001). In choosing such a system to model,
we considered not only the details with which a model is required to
operate, but also the appropriateness of a model to the given data, as a
model that requires too much knowledge of the underlying basal
material would be made irrelevant by the lack of data (Fowler and Ng,
1996; Ng, 2000). We assume the presence of unconsolidated
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Fig. 8. Rates of volume change for a) the source (L) and destination (U1, U2 and U3 combined) lakes b) individual destination lakes. The values are derived by taking the derivative of
the lake surface elevation (Wingham et al., 2006) with respect to time and multiplying that time derivative by lake area. Positive values for L correspond to volume loss. Positive

values for U1, U2, and U3 correspond to volume gained.

sediments on the basis of two separate aerogeophysical campaigns
over the AST, in which both teams identified a 10 km thick
sedimentary basin through analysis of gravity anomalies and
magnetic anomalies in the region (Ferraccioli et al., 2002; Studinger
et al., 2004). Sediment size is inferred from sediment collected from
several West Antarctic ice streams in which median particle size
ranged between 120 and 250 um (Tulaczyk et al.,, 1998). Although a
number of the above mentioned models and data are associated with
West Antarctic ice streams, Adventure Trench region, like much of
West Antarctica, has a low ice surface and bedrock gradient and is
probably underlain by marine sediments deposited before the onset of
glaciation in the region (Evatt et al., 2006).

The resulting model, described in more detail in Supplementary
Information III, uses the equations put forth in Walder and Fowler (1994).
This model loosely describes a broad, shallow canal carrying both

sediment and water over a deformable bed. The cross-sectional geometry
of this waterway is controlled not only by discharge and the hydraulic
gradient, but also by the size of the sediments. Using the previously
determined flow-path geometry, the discharge from the source lake, and
inferred sediment distribution, we use the model to estimate, canal
dimensions, effective pressure in the canals, travel time, and instanta-
neous rate of growth/contraction of the canal cross section associated
with the deformation and erosion of the overlying ice and underlying
sediments. We interpret shutdown in this model as occurring by one of
two processes: accretion of ice onto the canal roof (Alley et al., 1998) or
creep closure through viscous deformation of the ice roof and underlying
sediments (Fowler and Ng, 1996; Hooke, 1998). The major drawback to
this particular model as presented in Walder and Fowler (1994) is that
canal height is made to be entirely a function of sediment grain size and
hydraulic gradient while neglecting discharge. For this reason, we limit
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the use of this model to testing the viability of a distributed system rather
than exploring its full evolution over the course of the flood.

3. Results
3.1. Lake descriptions

3.1.1. Lake L

Lake L, the source lake for the 1996-98 AST discharge, has a
published extent of 600 km? (Wingham et al., 2006). Although the flat
trace of L is difficult to distinguish in the MOA, the slope anomaly
processed ICESat DEM reveals a bright area nearly coincident with the
previously published lake shoreline (Fig. 8). The aerial extent by this

Table 2
Summary of volume changes and discharge/filling rates for the AST lakes.
Area Surface Volume Maximum Percentage
(km?) change received rate of of Lake L
(m) (km?) volume received
change
(m3s—1)
Lake L 6004+100 —3.744+0.25 2244050 66.24+14.7 —100%
Lake U1 3143 1.01+£0.25 0.034+0.01 14+043 1%
Lake U2 368472 24740.25 091+£0.23 48.04+11.9 41%
1996-1998
Lake U3 64 +37 222+0.25 014+0.08 744419 6%
Total 1.08£0.24 56.8413.1 48%
Lake U2 368+72 —115+025 —042+020 —10.3+4.85 19%
1998-2003
Overflow - - 112+£046 - 50%
1996-1998
Total discharged - - 1534052 - 68%
below U3

shoreline is approximately 490 km?. If we determine area from the
published InSAR imagery, then the maximum possible extent for the
lake is 730 km?. Although no radar images are available for L, one survey
line from the SPRI survey crosses the southern end of the lake near the
outlet (Fig. 8). The portion of this line closest to Lake L is hydraulically
flat, consistent with the presence of water (Fig. 8). We use the hydraulic
head along this portion of the flight line to infer the hydraulic head and
ice thickness across the rest of L using our outline and the ICESat DEM
and Eq. (1). Through this calculation we infer that the ice thickness over
Lake L ranges from 3475 m to 3950 m, while ice-base elevation varies
between —560 and — 1000 m. Our calculations for area and elevation
change estimate a total volume released of 2.24-+0.50 km> and a
maximum discharge of 66.0414.7 m>s~! (Fig. 9; Table 2). The
Wingham et al. (2006) release estimate of 1.8 km> and estimated
discharge of 50 m’s™! both fall near the bottom of our error bounds.
Given the paucity of RES data from directly over the lake, we treat our
estimate and the Wingham et al. (2006) estimate as essentially
equivalent.

3.1.2. The destination lakes

Of the three destination lakes only U2 was classified as a “definite
lake” with a continuous bright specular reflection in Carter et al., (2007).
Its area of 368 4 71 km? is over three times the combined volume of the
other two destination lakes and its behavior during the flood appears to
be synchronous with these two adjacent lakes. Lake U2 measures 60 km
in length and 10 km across, making it a significant feature in East
Antarctica. The ice thickness changes by more than 400 m from north to
south. The northern end appears to be shallow, whereas depth is less
certain toward the southern end (Carter et al., 2007). Both the MODIS
MOA imagery and the processed ICESat DEM indicate a large surface
anomaly over U2. In both data sets this anomaly extends more than
50 km north of the known lakeshore. In the southern section the



34 S.P. Carter et al. / Earth and Planetary Science Letters 283 (2009) 24-37

correlation between the anomaly in the processed ICESat DEM and the
actual lakeshore appears to be more accurate. We use this correlation to
extend the southern boundary of the lake to the limit of this anomaly
(Figs.1and 4). With a surface rise of 2.5 + 0.25 m, Lake U2 received up to
0.9140.23 km?, or about 41%, of the water discharged from Lake L. The
maximum filling rate was 48 & 11.9 m>s™ . From the end of the discharge
in 1998 to 2003, the surface of Lake L deflated by 1.15 + 0.25 m. From this
observation we calculate a total discharge of 0.4 km? at a maximum rate
of about 10m3s™ ' (Fig. 9). This maximum discharge is about one-fifth of
the reported discharge from Lake L (Wingham et al., 2006). Analysis of a
1974 SPRI line from this lake shows no discernable change in shoreline
indicating that the lake probably holds water between floods.

Lake U1 with a surface area of 31 4 3.1 km? is classified as a “fuzzy
lake” demonstrating a bright, spatially intermittent basal reflection
(Carter et al.,, 2007). This type of reflection, suggests a shallow lake
(Gorman and Siegert, 1999), flat saturated sediments, or a sub-ice
interface that has been subjected to fluting by ice flow over rougher
topography upstream (Fig. 4). Lake U1 experienced only about 1 m of
uplift (Wingham et al., 2006) and deflated very little, ultimately
receiving about 0.03 £0.01 km?>, or about 2%, of the total subglacial
flood volume. The maximum filling rate for U1 was 1.4+ 0.43 m3s™— .
This lake appears to have stopped filling while the others continued to
rise (Fig. 9).

Lake U3 was discovered only after the ice surface was raised over
2 min 1 yr during the 1996-98 discharge (Wingham et al., 2006). A
reanalysis of RES data confirmed the location of observed surface
motion was consistent with an ice-water interface (Fig. 4). We
attribute the failure of a classification algorithm to identify this lake in
previous studies to the presence of steep topography immediately
adjacent to the relatively narrow lake. The steep adjacent topography
also hampers identification of this lake from surface slope anomalies.
At a minimum the lake is large enough to contain the areas of
observed surface inflation and the hydraulically flat basal interface,
about 27 km? (Fig. 4). At a maximum the lake contains all of the
adjacent slope anomaly (Fig. 4), up to intersection with a radar line
along which the calculated hydraulic head is significantly higher than
that of the lake, about 102 km?. With the above-mentioned minimum
and maximum values, we assign an area for Lake U3 of 64437 km?
(Fig. 9). Using the total surface inflation figure of 2.34+0.25 m from
1996 to 1998 and the subsequent deflation of 0.35+0.25 m from
1998-2003, we calculate a volume change of 0.1440.08 km> at
maximum rate of 7.3 +4.2 m>s~ ' (Fig. 9). Unfortunately, from 1998 to
2003 the magnitude of the error in U3 discharge exceeds the
magnitude of any outflow estimate, indicating that the volume
changes only slightly, if at all. From the adjacent topography we can
however infer that this lake is probably quite deep and like U2
contains water between subglacial floods.

3.1.3. Summary of mass budget 1996 to 2003

The destination lakes received a total of 1.08 + 0.24 km? from 1996
through 1998, a little under half of the 2.24+0.5 km> of water
released by Lake L. Filling rates peaked 2-3 months after the peak
discharge rate from Lake L (Table 2; Fig. 9). The maximum discharge
rate of Lake L is approximately equal to the maximum combined filling
rate of U1, U2 and U3 indicating that the three known destination
lakes were at one point receiving all of the water flowing out of Lake L,
and that it is unlikely that any of the water was flowing beyond U3
during this time. Later in 1998, Lake L continued to drain while Lakes
U1, U2, and U3 had stopped inflating and the surface of U2 had begun
to deflate. The only possible destination for the water that was still
leaving Lake L would be to points downstream of U3. Overall,
approximately 70% of the discharge from Lake L had made it
downstream of Lake U3 by 2003. With knowledge of when and
where water was flowing, we can construct a rudimentary water
model with which to explain subglacial water flow between the lakes
(Fig. 9).

3.2. Modeling of flow mechanisms

3.2.1. Semicircular ice-walled conduit

The rising limb of the hydrograph for Lake L can be replicated with
a relatively simple model of a semicircular channel at the ice bed
interface (Fig. 9). To replicate the maximum discharge and descending
limb, it is necessary to include shoreline retreat in the model. Without
shoreline retreat the modeled discharge grows indefinitely. With
shoreline retreat the increasing distance and increasing elevation gain
from the source lake to the next location downstream hinders the
ability of the channel to continue melting its own opening, until creep
closure dominates. The decreasing hydraulic gradient with time,
however, appears responsible for the long duration of the descending
limb of the flood hydrograph relative to the ascending limb. As such,
the slope of the ice base and the lake bathymetry at the outlet exert a
primary control on the evolution of discharge from the lake and may
control the amount of water released from a given flood. In this
respect Antarctic subglacial floods occurring over relatively low
bedrock and ice-surface slopes demonstrate an increased sensitivity
to subtle variations in bedrock topography. The subtle differences
between the modeled and observed discharges with time may also
result from neglecting change in lake area with time or departures in
channel shape from a perfect semicircle.

Although the semicircular conduit model explains outlet
dynamics fairly well it encounters increasing problems in describ-
ing water flow downstream, where the bedrock gradient becomes
more adverse. As the energy gained from moving down gradient
becomes insufficient to maintain water at the increasing pressure-
melting point, some of the discharge must freeze onto the conduit
walls. When ice begins to accrete on walls instead of melting, the
only way to maintain a passage is for water pressure to exceed the
overburden pressure or to flow in a distributed sheet along the ice/
bed interface.

3.2.2. Broad, shallow canals in sediment

Using the relationship between sediment size and channel depth
described in Parker (1978) with the assumed sediment size of 120-
250 um (Tulaczyk et al, 1998) and a discharge of 50 m?s~ !, we
obtain channel dimensions of 0.1-0 .4 m deep by 500-2000 m
across. Given that the lateral dimensions greatly exceed those
originally envisioned by Walder and Fowler (1994), it may be that
we have several smaller braided canals rather than one single
feature. The average water velocity in these canals would be on the
order of 0.04-0.1 ms™~ ', leading to travel time of 30 to 80 d between
Lake L and the lowermost U lake. These travel times agree with the
observed delay between the peak discharge of Lake L and the peak
filling of the U lakes (Fig. 9). The estimated time required to close a
canal at the Lake L outlet via viscous deformation is on the order of
300 d. The effective pressures at which a broad shallow canal closes
are on the order of 20 kPa, equivalent to an elevation change of a few
meters. These rates and values are all consistent observations of Lake
L (Wingham et al., 2006). Although the semicircular channel is still a
viable means of draining the Lake L, it appears that a flatter
distributed system is in part responsible for the transportation of
water during the Adventure Trench subglacial flood.

As a distributed system operating under water pressures fractions
of a bar below the overburden pressure, the canal system readily
adapts to channel contraction associated with the thermal accretion of
ice both by redirection of water flow and erosion of new channels into
the sediment along the sub-ice interface (Ng, 2000; Alley, 1989).
Because the total ice-water contact area is significantly greater for a
given discharge, the thickness of ice accreted and melted is
significantly reduced, generally being on the order of 0.01-01 ma~!
for the U lake system and locally as high as 0.2 m a~ ! at the outlet
for U3.



S.P. Carter et al. / Earth and Planetary Science Letters 283 (2009) 24-37 35

4. Discussion
4.1. Lake retreat, thermal erosion and a distributed drainage

The AST discharge and other Antarctic subglacial discharge events
differ from the jokulhlaups commonly observed in temperate glaciers
primarily in that they begin and end at pressurized subglacial lakes
and not subaerial lakes. The hydraulic head gradients associated with
Antarctic floods are on the order of 0.1%-1%, two orders of magnitude
less than their temperate counterparts. The relatively low hydraulic
gradient leads to longer event duration, as channel growth and
contraction are both relatively slow. Within this slow growth and
decay it becomes possible to see the influences of lake bathymetry and
ice draft on the discharge evolution. The lakes involved in Antarctic
subglacial floods are typically far broader than they are deep.
Consequently, shorelines may migrate many kilometers over the
course of the filling and draining of the lake. Migrating shorelines may
act both to limit the total discharge of a given event and may also play
arole in the continued propagation of floodwater downstream. As the
shoreline of a deflating lake will recede, the shoreline of an inflating
lake will expand downstream. If water tends to collect immediately
upstream of locations where the ratio of the basal slope to the surface
slope inhibits thermal erosion by water traveling downstream, then
the expansion of the lake shore downstream of such a barrier as a lake
inflates may be the primary mechanism by which interior meltwater
travels downstream through mountain ranges toward the onset of fast
glacier flow.

Although we have demonstrated that the observed behavior of the
outlet of Lake L can be roughly reproduced with a very simple conduit
model, a broad distributed canal system appears to be more stable
means of maintaining the flood downstream. The switch from a
narrow conduit to a wide canal appears to take place close to the
source lake outlet and consequently occurs early on, as the water
from Lake L takes nearly three months to arrive at the destination
lakes. It appears that maximum filling of the destination lakes was
accomplished only after this canal was in place (Fig. 9). The
transition between the conduit and a distributed water system is
still a subject of debate (Flowers et al., 2003). The time lag between
subsidence at Lake L and surface inflation at the destination lakes
indicates that propagation of the flood was only possible under a
distributed flow regime. This inference is further supported by
departure of Lake L's discharge from the modeled discharge shortly
after the destination lakes begin filling (Fig. 9). The paucity of lakes
between Lake L and U1 indicates little, if any, water storage along the
flow route (Carter et al., 2007). The deep bedrock valley constrains
the flow path uniquely to the AST such that there are no side lakes
that could be filled (Fig. 5).

The most difficult observation to reconcile with the distributed
drainage system we have proposed for AST is the simultaneous filling
of all three U lakes (Shoemaker, 2003). We can only conclude that
whatever barriers existed between the three U lakes, they were not
sufficient to prevent effectively instantaneous propagation of water
pressure during the outburst. Again this may have been a consequence
of high variability in local water pressures in the turbulent water flow
of the discharge being more significant than the few meters of head
difference separating the lakes. Alternatively the apparent head
difference between the lakes may have been due to ice dynamical
effects (Ridley et al., 1993). Variations in apparent hydraulic head of
over 10 m have been observed in other large subglacial lakes
(Studinger, 2007). Whether these are all separate or one single lake
it was only after filling all three U lakes that the discharge was able to
advance beyond U3. Once this advance began, the existence of an open
pathway at the outlet of U3 was sufficient to allow partial drainage of
the U2-U3 system, although the effect was most pronounced at U2
perhaps because of the greater width of U2 allowing for greater
subsidence of the ice roof.

4.2. Flood initiation and termination at Lake L and U3

Fowler (1999) proposes that subglacial lake discharges commence
by one of two mechanisms: simple flotation of the ice dam or thermal
erosion of a conduit. We have demonstrated that a conduit enlarging
via thermal erosion is a sustainable means of initiating discharge from
Lake L, whereas such a conduit does not appear feasible for the exit of
U3. According to our semicircular conduit model, an initial discharge
of 1 m®s™ ! would take nearly a year to enlarge to 3 m®s™ . Wingham
et al. (2006) state that the filling rate for Lake L is likely on the order of
30 yr, based on a 1 mm/yr basal melt rate for the entire hydraulic
catchment upstream. A more detailed analysis of melt rates for the
uppermost reaches of this basin indicates that this figure is within
bounds (Carter et al., in review). If the discharge from the catchment
above Lake Lis in steady state, then we can expect a base flow of about
3 m3s™!, and the 30-year repeat cycle for Lake L would be
approximately correct (Wingham et al., 2006). However, a number
of confirmed lakeless subglacial basins currently exist between Lake L
and Lake Vincennes (Siegert and Ridley, 1998). These basins may have
drained recently or have lower outlets, which as of yet have not been
imaged in RES data (Remy et al., 2003). It is also possible that episodic
discharge from Vincennes and lakes farther upstream may be
significant to the filling of Lake L.

The ice-bedrock geometry immediately downstream of U3 does
not favor thermal erosion of the ice, and, as such, sustaining a
Rothlisberger channel would not be possible without significant heat
advected from elsewhere. The relatively rapid filling rate of this lake,
however, would favor hydraulic lifting of the roof. It is possible that as
the roof inflated the lake shoreline expanded many kilometers
downstream, perhaps even temporarily overtopping the inferred col
from Adventure Trench to the next basin. As the lake ceiling lowered
during discharge and the shoreline retreated below the bedrock col,
ice would tend to accrete at the outlet and possibly close the outlet. Of
any area along the flow path from Lake L to the most-downstream
point known, Lake U3 should experience the highest rate of basal
accretion (Alley et al., 1998). Given these high accretion rates, it is
possible that the exit to Lake U3 was opened by pressurization of the
lake, remained open throughout the drainage of U2, and then was
closed by freezing around the outlet.

4.3. Hydraulic connections to the coast

Given that nearly 70% of the discharge reported for Lake L had moved
beyond U3 by 2003, it is possible that some of this discharge reached
coastal systems via the bedrock trenches of Byrd or Mulloch glaciers. The
analysis of the hydraulic potential and surface data presented in this
work indicates another possible lake 60 km downstream from U3
(Figs. 3 and 9). Unfortunately the available RES data downstream of this
point does not allow for unique identification of a subglacial flow path,
and so consequent discharge flow evolution is difficult to model
realistically. The identification of other subglacial lakes within the
Byrd and Mulloch basins, which may serve as possible destinations for
future analysis of this basin, should focus on surface movement near
these lakes, as the propagation and data from the GLAS/ICESat mission is
favorable to resolving post-2003 surface motion downstream of U3, if
such motion has occurred (Scambos et al., 2007).

The behavior of any lakes downstream is likely to be influenced not
only by the catchment feeding the AST lakes, but by other catchments
as well. Even within the study area there are several smaller basins, all
of which likely contribute to the buildup and release of water from the
lakes within and downstream (Fig. 5). The similarity between the
1974-75 shoreline and the 1999-2000 shoreline for Lake U2 suggests
that these floods occur with regular frequency (Fig. 4). A more
complete ice-thickness data set for the Byrd and Mulloch glacier
catchments is required, however, to determine if and how interior
subglacial water reaches the coast.



36 S.P. Carter et al. / Earth and Planetary Science Letters 283 (2009) 24-37

4.4. Impact of an intermittent distributed drainage system discharge on
the motion of the overlying ice

The presence of a broad, shallow distributed canal system, such as
the one modeled for this event, is expected to reduce basal friction and
consequently enhance sliding of the overlying ice, possibly resulting in
a temporary acceleration of ice flow in this region (Engelhardt et al.,
1990). Such surges have been witnessed at other outlet glaciers, and
enhanced flow has been proposed as taking place in the AST by at least
one model for ice velocity (Wu and Jezek, 2004). The drawdown of the
internal layers in the ice in this region suggests a relatively high rate of
removal for basal ice (Fig. 4). The buckled layers are common to faster
flow regions (Rippin et al., 2003; Siegert et al., 2004). Given, however,
the low background ice-surface velocity of 1-10 m/yr for this area
(Wu and Jezek, 2004), detecting a temporary flow acceleration on the
order of a few tens of percent may prove difficult with current
technology (Joughin et al., 1996).

4.5. Radar resolution of a distributed drainage system

Unlike semicircular conduits or R-channels, a distributed drainage
system carrying 57-82 m>s~ ! will be on the order of hundreds of
meters across and tens of centimeters deep and therefore should be
observable in airborne RES data (Peters et al., 2005). Furthermore we
expect such features to appear hydraulically flat in the radar images. A
number of “fuzzy lakes” were identified in (Carter et al., 2007) along
the hydraulic flow path upstream of the destination lake. A canal or
sediment-rich braided stream of a depth less than 1 m would appear
in the radar image as a bright feature with highly variable reflectivity
along the flight line. Similarly, Popov and Masolov (2007) have
imaged subglacial lakes near Vostok that had a significant hydraulic
slope. Although radar reflections alone may not uniquely identify a
particular subglacial water system it is possible to show that
reflections are consistent with a given system if the discharge is
known. By contrast a semicircular conduit would not be visible in
radar images. It is possible that some “fuzzy lakes” and “indistinct
lakes” as identified by Carter et al. (2007) may in fact be part of such a
flow system or a remnant of such a flow system.

5. Conclusions

Within the AST, subglacial lakes downstream of Lake L received
approximately 48% of the water released and delayed the progress of
the discharge downstream by more than a year. When the discharge
finally breached Lake U3, either by the expansion of the shoreline
downstream past the seal or by simple roof flotation, it opened a
passage that allowed the flow not only of the remaining floodwater
from Lake L, but also approximately one-third of the water that had
been previously stored in the U Lakes. Ultimately these lakes retained
about 32% of the discharge from Lake L. Although these numbers are
subject to considerable error, associated with uncertainties about the
lake's shoreline outside the airborne RES coverage and surface flexure,
it is safe to conclude that a significant fraction of the discharge from
Lake L remained in the downstream AST lakes (Lakes U1, Us and U3)
and that a larger fraction made it to points farther downstream after
the U lakes were full. With improved mapping of the ice thickness and
continued collection of ice-surface motion data, it may be possible to
track the progress of such an event to its termination point.

Although simple conduit physics explains the growth and decay of
discharge from Lake L, it is necessary to employ a more sophisticated
distributed drainage model to explain travel time and discharge
evolution for points downstream. While several models for distrib-
uted drainage systems along a given flow line exist (Alley, 1989; Ng,
2000; Flowers et al., 2003; Flowers et al., 2004; Creyts, 2007), we
found that the relatively simple Walder and Fowler (1994) model
generally explained the flux evolution between the lakes with the

fewest introduced parameters, although some of the more recent
models may prove more useful in calculating channel geometry. To
realize the full potential of these more recent models, however, it
would be necessary to get more observations on sediment transport in
a low-gradient subglacial canal. With more information on the flow-
path geometry, the material properties of the underlying sediments,
and improved radar observations of the upper 120 km of the flow
path, a more sophisticated model could be employed. Through such
efforts it may be possible to better quantify the impact of subglacial
discharge events on enhancing the flow of the overlying ice and
quantifying sediment transport.

The AST discharge bears similarities to discharges observed in the
fast-moving ice of the West Antarctic ice streams in terms of
magnitude, hydraulic gradient and duration (Gray et al., 2005; Fricker
et al,, 2007). It is likely that the model we developed to explain the
AST discharge event could be applied in these cases. The recurrence
interval, however, is far less frequent than that of events closer to the
coast. It is clear that every lake along a given discharge path will have
its own effect on the progress of a subglacial discharge event.
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