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[11 We interpret seismic reflection and airborne potential field data acquired on Pine Island
Glacier, West Antarctica and find variations in the subglacial geology which correlate with
variations in ice dynamics. Immediately beneath the glacier is a mixture of soft, deforming
sediments and harder, non-deforming sediments. Beneath this, a sedimentary basin lies
under part of the main glacier, with another under one of its slower-moving tributaries.

A tectonic boundary underlies the main trunk of the glacier separating these sedimentary
basins to the north from crystalline rocks to the south, which also include a thick,
rift-related magmatic intrusion. The boundary correlates with changes in the basal
roughness, ice flow speed, and basal drag. Smoother bed, faster flow, and lower basal drag
characterize the thicker sedimentary sequences, to the north, but there is no corresponding
lateral change in the acoustic properties of the bed. Changes in the sub-bed (i.e., deeper
than the ice-bed interface) lithology appear to account for the contrasting basal drag and ice
velocity patterns over the glacier. Subglacial erosion could remove a thin layer of soft
sediments to the south of the geological boundary, leading to increased basal drag and
reduced ice flow in the future. We conclude that the subglacial geology plays a significant
role in controlling the spatial pattern of present-day ice flow and that the consequences of
subglacial erosion may be reflected in temporal changes to the ice dynamics in the past and

perhaps also in the near future.

Citation: Smith, A. M., T. A. Jordan, F. Ferraccioli, and R. G. Bingham (2013), Influence of subglacial conditions on ice
stream dynamics: Seismic and potential field data from Pine Island Glacier, West Antarctica, J. Geophys. Res. Solid Earth,

118, 1471-1482, doi:10.1029/2012JB009582.

1. Introduction

1.1.

[2] The majority of ice discharge to the sea from the
Antarctic Ice Sheet is through fast-moving ice streams
[Bamber et al., 2000; Rignot et al., 2008]. Understanding
the basal controls on ice stream flow is important for model-
ing present and future ice sheet behavior [e.g., Vaughan and
Arthern, 2007]. A physically based understanding (rather
than simple parameterizations) of the basal boundary of
glaciers is still lacking, but will be required for predictions
of future ice sheet evolution to be realistic under changing
climatic and oceanic forcing. Geophysical surveys have
indicated that the presence of subglacial sediments is likely
to be important in facilitating streaming flow and is possibly
a critical controlling factor in determining the onset regions
of several Antarctic ice streams. The location of a basin with
sedimentary substrate, determined from airborne gravity and
magnetic surveys, was found to correlate with the onset of
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Whillans Ice Stream (Ice Stream B) [Bell et al., 1998], and
the edge of another basin, determined by seismic refraction,
corresponds closely with the edge of Kamb Ice Stream
(Ice Stream C) [Anandakrvishnan et al., 1998]. Seismic
reflection and refraction surveys have suggested that laterally
continuous subglacial sediments are a necessary component
for ice streaming in the onset and upstream regions of both
the Kamb and Bindschadler Ice Streams (Ice Streams C and D)
[Peters et al., 2006]. Aeromagnetic data have also indi-
cated that a tributary of Slessor Glacier in East Antarctica is
underlain by a thick sedimentary substrate [Bamber et al.,
2006; Shepherd et al., 2006]. In this paper, we use the term
“sediments” for all unlithified sedimentary material beneath
the ice. These may include both materials whose presence is
due to the ice (i.e., till) and some which are unrelated to the
ice (possible former marine sediments, for example).

[3] Whilst the basal boundary is believed to be a critical
control on ice stream flow, its exact nature is poorly
understood. One technique that has been shown to provide
information on this boundary is seismic reflection, from
which the relative strength of the material at the glacier
bed can be inferred [Smith, 1997a, 2007]. Generally, softer
deforming sediments can be distinguished from harder
non-deforming sediments and rock by their acoustic imped-
ance values, determined from reflection strength. The
presence of water can also be detected by this method [King
et al., 2004]. In this paper, we present the first analysis of
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seismic reflection profiles acquired on Pine Island Glacier,
West Antarctica. We calculate the basal acoustic impedance
and use this, along with airborne gravity and magnetic data,
to interpret the shallow-medium depth subglacial geological
structure and examine how the local geology affects the ice
flow and its variability.

1.2. Pine Island Glacier

[4] Pine Island Glacier (PIG; Figure 1) is a large ice
stream that drains 10% of the West Antarctic Ice Sheet
(WAIS) [Shepherd et al., 2001]. In recent decades, PIG
has undergone significant changes including grounding line
retreat, acceleration, and thinning [e.g., Rignot, 1998;
Shepherd et al., 2001; Rignot et al., 2002], with rates of
acceleration and thinning increasing over the last decade
[Rignot, 2008; Scott et al., 2009; Wingham et al., 2009].
Recent airborne radar, gravity, and magnetic data collected

Figure 1. Location map of Pine Island Glacier. Background
shows ice velocity derived from InSAR measurements
[Joughin et al., 2003]. The white box marks zoomed area in
Figure 2. Within the white box, a black line marks the segment
of the airborne survey flight line used for the potential field
model; seismic survey lines are marked in blue with a white
border. The inset shows the Antarctic context of the map
(red box) along with the area of the West Antarctic Rift
System (WARS) [e.g., Bingham et al., 2012].

across the PIG catchment provided insights into the subgla-
cial topography and underlying geological structures that
may represent important boundary conditions for ice dynam-
ics [Vaughan et al., 2006; Ferraccioli et al., 2007a; Jordan
et al., 2010]. The main trunk of the ice stream is situated in a
250 km long, 500 m deep subglacial trough. Two tributaries
lie in similar troughs, whereas other tributaries occupy
poorly defined, shallow bed depressions [Vaughan et al.,
2006]. Gravity data indicate that the trough along which
the main trunk flows overlies a crustal-scale rift [Jordan et
al., 2010]. Previous studies have attempted to determine
the basal conditions of PIG over the whole ice stream using
airborne and satellite data. They report mixed conditions
suggesting areas of both bedrock and weak sediment
[Joughin et al., 2009; Morlighem et al., 2010].

2. Methods

2.1.

2.1.1. Data Acquisition and Processing

[5] During December 2007, two seismic reflection lines
were acquired on PIG (Figures 1 and 2), an 18 km line aligned
perpendicular to ice flow and a 5km line aligned along the
flow. The seismic source was 300 g of high explosive at the
bottom of a 20 m hole, drilled with hot water and backfilled.
Shots were spaced at 240 m intervals and reflections were
detected by 48 vertically orientated 100Hz geophones at
10 m spacing, out to a maximum offset of 500 m. Data were
recorded at a sampling interval of 0.125 ms. This acquisition
geometry produces single-fold coverage with a reflection-
point spacing of 5m at the bed. Maximum incident angles
were ~7° so the data can be considered effectively normal
incidence. At three selected locations larger, 2 kg shots were
also fired so that the first multiple reflection from the ice-bed
interface could be recorded. This allowed the bed reflection
coefficient to be calibrated [Smith, 1997a, 2007]. Shallow
seismic refraction surveys were used to determine the seismic
velocity in the upper ~200 m of the glacier, with first arrivals
being measured at offsets up to 1km [e.g., Kirchner and
Bentley, 1990].

[6] Data were corrected for shot depth. A normal moveout
(NMO) correction was applied to account for varying geo-
phone offset from the source. Predictive deconvolution was
used to remove reflections from source energy traveling up
and reflecting off the air-snow surface giving a ghost reflection
~20 ms after each primary one. Finally, a Kirchhoff migration
was used to collapse hyperbolac and to position reflectors
correctly. A band-pass filter was applied for display purposes
only, not for determining bed reflection strength.

2.1.2. Acoustic Impedance

[7] The basal reflection coefficient was determined
following the method of Smith [1997a, 2007]. The relationship
between the energy of the primary and first multiples is given
in terms of the reflection coefficient, R, for normal incidence as

Seismic Reflection Data

ElzieZah
E, R

(1

where E; and E, are the wavelet energies for the basal
reflection and its first multiple respectively, a is the attenuation
coefficient, and / is the ice thickness [Roethlisberger, 1972].
An attenuation coefficient in the ice, a, (defined in terms of
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Figure 2. Survey area maps. Seismic survey lines are marked in blue with a white border; bold black line
marks the segment of the airborne survey flight line used; thin black lines are the graticule. The black and
white line marks the 75 ma "' flow speed contour. (a) Ice velocity from InSAR measurements [Joughin
et al., 2003] shaded with a RADARSAT image to show ice stream shear margins. (b) Sub-ice elevation
derived from airborne radar data [Vaughan et al., 2006]. White lines mark flights where airborne radar,
gravity, and magnetic data were collected. Grey lines show flights where only radar and magnetic data
were collected. Note offset of fastest flowing ice from deepest topographic trench. (c) Airy isostatic
gravity anomaly map. Al and A2 mark local gravity lows. (d) Magnetic anomaly map. M marks a positive

magnetic anomaly.

energy) of 41 x 10~ *m™" was used, for this region, based
on the most comparable studies in terms of temperature range
[Robin, 1958; Brockamp and Kohnen, 1965; Bentley, 1971,
Bentley and Kohnen, 1976; Smith 1997a; Holland and
Anandakrishnan, 2009].

[8] The bed reflection coefficient at other points was then
calculated using these values from the multiple reflections
for reference:

2 RER uim
4 b

T 6)

where the subscript, m, denotes the values at the location
where the multiple was recorded [Smith, 1997a]. The basal
acoustic impedance, Z;,, was then calculated from

(1+R)

Zy =1 ,
PTH0-R)

3)

where Z; is the impedance of the ice, taken as 3.33 £ 0.04 x
10°kgm ™25~ [dtre and Bentley, 1993].

2.2. Airborne Gravity and Magnetic Data

[¢] An aerogeophysical survey was conducted over PIG in
2004/05 [Vaughan et al., 2006], acquiring simultaneous
gravity, magnetic, and radar data (Figure 2). A summary of
the aerogravity data and a crustal interpretation were given
by Jordan et al. [2010]. The gravity data were smoothed
with a 9km half-width, space domain, kernel filter [Holt
et al., 2006]. A Bouguer correction was applied, and an Airy
isostatic model was removed, to account for the regional effect
of crustal thickness variations. The 265 crossover points gave
a standard deviation of 2.8 mGal. The data reveal a change
from locally positive Airy isostatic residual anomalies south
of PIG to more negative anomalies toward the northwest
(Figure 2c). Processing steps applied to the raw magnetic data
included magnetic compensation for aircraft motion, diurnal
correction, International Geomagnetic Reference Field correc-
tion, statistical leveling [Ferraccioli et al., 2007b], and
microleveling in the frequency domain, to minimize residual
line-related noise [Ferraccioli et al., 1998]. The microleveled

1473



SMITH ET AL.: SUBGLACIAL CONDITIONS AND ICE DYNAMICS

magnetic anomaly data were then draped [Pilkington and
Thurston, 2001] to a height of 2700 m over the subglacial
topography [Vaughan et al., 2006]. This drape interval was
chosen to be equal to the mean distance between the flight
elevation and the bedrock over the entire catchment of PIG.
For the draping correction, we used the profile radar and
magnetic data as opposed to gridded data, as in other surveys
over deep subglacial basin regions [Ferraccioli et al., 2009].
Final crossover errors for the microleveled, draped magnetic
anomaly data for the PIG region were ~3 nT.

[10] We used 2-D forward modeling (Geosoft GM-SYS™)
to analyze the possible geological sources of the Airy isostatic
and magnetic anomalies along a flight line, which intersects
the seismic lines described above (Figures 1 and 2). None of
the data processing applied changed the location of the poten-
tial field anomalies, so the gravity and magnetic data can be
interpreted together. However, as the gravity data were
smoothed, whereas the magnetic data were not, we do not at-
tempt to compare potential field anomaly gradients.

2.3.

[11] The surface ice-flow speed at points along the seismic
line was measured by recording the positions of the shot
points using GPS receivers at the beginning and end of a
25day period in December 2007. This is presented in
Figure 3, along with the speed from InSAR measurements
taken in 1996 [Joughin et al., 2003]. Figure 3 shows that
the seismic line is located across the central flow region of
the ice stream and that the flow speed across this region
had increased by an average of 35% since 1996. At this
location the flow maximum is not located in the deepest part
of the bed trough [Vaughan et al., 2001].

Ice Flow Speed

3. Results and Interpretation

3.1. Seismic Reflection Profiles

3.1.1. Results

[12] The processed seismic reflection sections are shown
in Figures 4 and 5 and some reflecting horizons have been
picked. The ice stream bed can be clearly delineated in both
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Figure 3. Ice surface flow speed along the across-flow seis-

mic line (blue) compared with the 1996 flow speed from
InSAR (red) [Joughin et al., 2003]; ice stream bed elevation
from Vaughan et al. [2006]; ice surface elevation from Bamber
et al. [2009] with 2000 m subtracted to display it on the same
axis as the bed elevation. Flow direction is out of page.

across- and along-flow sections, and some englacial reflec-
tions are present. Primary reflections can also be picked
below the ice stream bed, most notable of which is a dipping
band of arrivals marked in red in Figures 4 and 5. The same
feature can be identified on both sections, from its character
and from the fact that it arrives at the same travel time at the
intersection of the two profiles. In the area to the north of the
dipping reflection the bed has a degree of acoustic transpar-
ency, and sub-basal reflections can be distinguished. A more
horizontal reflector, shown in blue, is also seen in both lines
above the dipping reflector. Other sub-basal reflections are
shown in black but cannot be linked between the two
profiles. No coherent sub-bed arrivals can be picked to the
south of the dipping reflection.

3.1.2. Acoustic Impedance Results

[13] The acoustic impedance of the bed was calculated for
the whole of the along-stream line and most of the across-
stream line (Figure 6). In areas where the bed reflection
strength could not be determined, usually due to processing
artifacts, the results are not displayed. The values given in
Figure 6 are averages over ~100 m of bed (approximately
the radius of the first Fresnel zone) to remove any isolated
spikes in the data. The results show that the majority of the
bed in this area comprises soft, water-saturated deforming
sediments, with some areas of harder non-deforming
sediment, and possibly some areas of water (Figure 6). From
seismic measurements, similar mixed beds have also been
described on Rutford Ice Stream, Talutis Inlet, and
Bindschadler Ice Stream (Ice Stream D) [e.g., Smith, 1997c;
Vaughan et al., 2003; King et al., 2004; Peters et al., 2006;
Smith and Murray, 2009].

3.1.3. Interpretation of Seismic Reflections

[14] To place the reflectors at the correct elevation, the
seismic velocities are needed. The shallow refraction
measurements gave a mean seismic velocity down to
150 m depth of 3226 ms~ ' and, at this depth, a velocity of
3800420ms™'. A correction was made for the increase in
ice temperature toward the ice base, assuming the velocity
decreases hnearly over the lower 500m from 3800 to
3750ms~ . We also made a correction for the 20m shot
depth, based on the velocity obtained from the shallow
refraction. The surface elevation was obtained from the
GPS measurements at the shot points.

[15] Seismic wave speed is more difficult to determine
below the base of the ice. In the acoustically transparent area
where sub-basal reflectors have been picked, the ice stream bed
has an average acoustic impedance of 2.93 x 10°kgm 2s™".
A compilation of published data on sedlments in
Antarctica by Smith [1997b] suggests a density of around
1750kgm > and a seismic velocity of around 1675 ms™;
however, this is only for the sediments immediately beneath
the ice which, for an acoustic impedance this low, are likely
to be highly porous, deforming sediments. These values are
therefore lower limits for the velocity and density of the
sub-basal material. The fact that we can clearly see primary
returns at two-way travel times of up to 240 ms below the
bed suggests there is no strong impedance contrast between
the ice stream bed and the observed sub-basal reflectors and
that there is reasonable transmission. Therefore, it is likely
that this area consists of soft sediments or sedimentary rock,
for which a velocity range between 1675 and 2500 ms ™" is
reasonable [Telford et al., 1990; Smith, 1997b]. As the bed
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Figure 4. Processed across-stream seismic section. Ice flow is out of the page. Position of along-stream
line is marked by dashed line. (a) Uninterpreted section. (b) Interpreted section showing selected picked
reflecting horizons: green, ice stream bed; yellow, englacial reflectors; red and blue, sub-basal reflecting
horizons that can be identified in both the along-stream and across-stream lines; and black, other sub-basal
horizons. Inset in Figure 4a illustrates the quality of the ice-bed interface reflection, justifying its use in

determining reflection strength.

ofthe ice stream is likely to be at the lower end of this range,
we estimate an average sub-basal velocity of 2000ms
and plot the corresponding reflector elevations in Figure 7.

[16] With the support of potential field data presented in
the next section, we interpret the band of dipping reflectors
(red line in Figures 4, 5, and 7) as a major geological bound-
ary, with layers of sedimentary infill (sediments and/or
sedimentary rocks) above (blue and black lines). Between
0 and 3 km (Figure 7a), the sub-basal reflections cannot be
traced clearly. This may be due to the absence of continuous
sub-basal reflectors in this area or to the higher reflectivity of
the ice stream bed. Given the likely velocity range in sedi-
ments, we determined the strike of the geological boundary
to be ~040° with a dip of approximately 4° to the NW.

3.2. Potential Field Results

3.2.1. Gravity Model
[17] The Airy isostatic anomaly map (Figure 2c) shows a
distinct inflection, coincident with the location and strike of

the geological boundary identified from the seismic data. This
inflection can also be seen clearly in Figure 8b where a
15 mQGal step is evident. To model this, we introduced a layer
of lower density material in the north (2400 kg m ) compared
to the south (2670 kg m ). This layer may represent lithified
sediments infilling the northern part of the PIG rift [Jordan
et al., 2010]. The thickness of this layer (around 1.2 km) was
estimated by fitting the amplitude of the longer wavelength
Airy isostatic anomaly. Even after introducing this layer,
shorter wavelength, negative anomalies remained along the
northern part of the profile, which we modeled as low density
material (1900kgm ) up to 800 m thick (Figure 8). This is
consistent with the seismic estimates of very low densities at
the ice/bed interface (minimum 1750 kg m ) and would be
typical of unconsolidated sediment overburden [e.g., Telford
et al., 1990]. However, the amplitudes of the shorter wave-
length anomalies are close to the RMS error for the airborne
gravity data (~3 mGal) and hence the thickness of the upper
sedimentary layer is poorly constrained.
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Figure 5. Processed along-stream seismic section. Ice flow is from right to left. Position of across-stream
line is marked by dashed line. (a) Un-interpreted section. (b) Interpreted section showing selected picked
reflecting horizons: green, ice stream bed; yellow, englacial reflectors; red and blue, sub-basal reflecting
horizons that can be identified in both the along-stream and across-stream lines; and black, other sub-basal
horizons. Inset in Figure 5a illustrates the quality of the ice-bed interface reflection, justifying its use in

determining reflection strength.
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Figure 6. Acoustic impedance calculated from the seismic reflection surveys. Error bounds show the
range due to uncertainty in the attenuation factor. The acoustic impedance of ice and water are given,
along with an orange shaded region showing the acoustic impedance range expected for dilated, water-sat-
urated deforming sediments [Atre and Bentley, 1993; Smith 1997a]. Interpretation of the basal conditions
is also given. (a) Across-stream; ice flow is out of the page. (b) Along-stream.

3.2.2. Magnetic Model

[18] Magnetic data across the main trunk of PIG show a
strong positive anomaly (labeled M in Figure 8), associated
with the region of fastest ice flow (Figures 2d and 8a), and
our survey line crosses the edge of this peak (Figure 2d).
Modeling indicates that an intrusive body close to or at the
ice-bed interface can account for this anomaly. This agrees
with results of Werner deconvolution [Ku and Sharp,

1983], which reveals clusters of “contact” solutions close
to the ice-bed interface, bracketing the magnetic high, along
the southern flank of the sedimentary basin inferred from the
seismic and gravity data.

[19] Our model shows that a ~2.5 km thick, 10km wide
magnetic body with an apparent susceptibility of 0.05
(SI units) can fit the observed anomaly. The thickness of
the intrusion depends on the apparent susceptibilities used
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Positive anomaly is marked M. (b) Airy isostatic gravity anomaly data and model. Local gravity lows
are marked Al and A2. (c) Object-orientated model used to fit the anomalies shown in Figures 8a and 8b.
Thin vertical dotted lines mark extent of seismic data. Thick vertical dotted line marks intersection with
along-flow seismic line. Bold, diagonal solid line marks dipping interface extrapolated from seismic results.
Annotated values in kgm > refer to rock/sediment density; the modeled igneous intrusion has a magnetic

susceptibility of 0.05 SI.

in the model. High values such as those in our model are
typical of Cenozoic magmatic rocks related to the West
Antarctic Rift System (Figure 1), and the considerable thick-
ness of the intrusion is comparable with that proposed by
Behrendt et al. [1994] for similar magnetic anomalies over
the Siple Coast ice streams. There is no corresponding
gravity high over the magnetic anomaly, and consequently

our model shows no apparent density contrast over the intru-
sion. However, considering its relatively narrow width and
the spatial filtering applied, the intrusion may simply be
too small at this location to be resolved by our airborne
gravity data. Hence, even though our model does not show
a density contrast, it remains possible that one does exist in
the subsurface geology.
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3.2.3. Potential Field Data Interpretation

[20] Our interpretation of the potential field data suggests
that this part of PIG flows along a major tectonic contact
juxtaposing denser crystalline basement to the south and
sedimentary basins to the north. Close to this inferred
tectonic boundary are areas of low density, unconsolidated
sediments. An approximately 2.5 km thick and 10 km wide
magnetic intrusion underlies the trunk of PIG (Figure 8c).
We interpret the intrusion as the sub-volcanic roots of a
Cenozoic magmatic complex associated with the inferred
Pine Island Rift [Jordan et al., 2010]. We propose that a pre-
existing rift-related fault zone underlying the glacier may have
become leaky, facilitating emplacement of the magmatic
complex. Similar interpretations have been made for Cenozoic
intrusions in the Ross Sea Rift region [Ferraccioli and Bozzo,
2003]. Erosion of the overlying volcanic edifice has been
proposed for the majority of Cenozoic magmatic complexes
inferred to underlie fast flowing parts of WAIS [e.g., Behrendt
et al., 1994] and would be likely for the trunk of PIG. Alterna-
tive interpretations relating the magnetic intrusion to Jurassic
rift-related granitoids, exposed in the Weddell Sea region
[Jordan et al., 2012], or older Paleozoic intrusions
[Ferraccioli et al., 2002] outcropping in Marie Byrd Land,
are less likely, as these rocks are typically marked by consid-
erably lower amplitude magnetic anomalies.

3.3. Synthesis with Bed Roughness, Ice Velocity, and
Basal Drag

[21] It has been suggested that soft sediments can bury
rough bedrock features, smoothing the ice-bed interface
and facilitating enhanced basal sliding [Anandakrishnan
et al., 1998; Bingham and Siegert, 2009; Li et al., 2010;
Rippin et al., 2011]. Figure 9 shows the bed elevation from
the across-stream seismic line with a 1km running mean
subtracted, leaving only variations with a wavelength of
approximately the ice thickness, or less. Basal roughness
increases at around 9—10 km along the profile. This can be
quantified using the standard deviation (o), which increases
from 3.4m (0-9km) to 13.5m (9-18km). An increase in
roughness can be seen at a similar point in a nearby profile
shown in Figure 3b of Rippin et al. [2011]. This location
coincides with the interpreted sub-bed, geological boundary

60

between low density sediments to the north and denser base-
ment rocks to the south (Figure 8).

[22] Coincident with the increase in bed roughness and the
sub-bed geological boundary, there i Is also a reduction in the
ice flow speed from 325 to 290 ma ™' (mean values; Figure 3).
Additionally, modeling also suggests a corresponding increase
in basal drag; spatial patterns of basal drag were inferred
for PIG by Morlighem et al. [2010] using a full-Stokes
ice-dynamics model. Data provided by M. E. Morlighem
et al. (personal communication, 2010; a high-resolution ver-
sion of Figure 2a in Morlighem et al. [2010]) demonstrate
that there is generally low basal drag under the ice stream.
However, there is an increase in basal drag southward
across the geological boundary. Under the northern part of
the ice stream with the lower basal roughness (Figure 9),
the mean inferred basal drag is 3.4 kPa. This increases sharply
across the boundary with a mean of 7.8 kPa on the rougher
side to the south. We therefore find a coincidence between
transitions in ice flow speed, basal roughness, modeled basal
drag, and sub-bed geology at this location on the glacier, but
there is no corresponding change in the nature of the sediments
immediately beneath the ice-bed interface. This synthesis is
summarized in Figure 10 and Table 1.

4. Discussion: Ice Stream Dynamics and
Subglacial Geology
4.1.

[23] Beneath this part of the glacier, a major geological
boundary separates sedimentary strata to the north, from
basement rocks to the south. Covering these is a continuous
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Figure 9. Ice stream bed elevation from across-stream seis-
mic profile (Figure 4) with a 1 km running mean subtracted.
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Table 1. Synthesis of Interpreted Geophysical Measurements
Relative to Interpreted Geological Boundary

Change Across

Geological Boundary
Measured Parameter (N toS) Quantify Change
Ice velocity Decrease 32510 290ma!
Basal drag Increase 3.4 to 7.8kPa
Bed roughness Increase c=34t0c=13.5m
Sediment acoustic No significant ~ No change
impedance change (mean=2.9 x 10°kgm®s™")
Sediment thickness Decrease >10 to <10m
Potential field Yes Sedimentary basin

(gravity and magnetic) to basement rocks

layer of soft, low-density, water-saturated sediments; these
show no change in acoustic properties that coincide with
the geological boundary beneath. However, a number of
other parameters do show changes coincident with the
boundary; from north to south, the upper surface of the soft
sediments shows an increase in roughness (~300%), the
modeled basal drag increases (>100%), and the flow speed
of the ice decreases (11%).

4.2. Soft Sediment Thickness

[24] The thickness of the soft sediments is difficult to
determine. To the south of the geological boundary, the
acoustic impedance indicates their presence, but they are
sufficiently thin that the upper surface of the basement rocks
cannot be resolved. The seismic wavelength (1) in the sedi-
ments is ~10-20 m; hence, we assume that they are of the
order of up to 10m thick (A/2). The geological boundary
dips steeply (4°) to the NW, juxtaposing basement rocks
against the soft sediments and deeper sedimentary rocks
(Figure 10). To the north of the boundary, there are no co-
herent reflections within 100 m depth of the bed (Figure 7),
which suggests that the soft sediments are significantly
thicker than they are to the south of the boundary (i.e.,
>10m). The sediment density we interpret from both the
seismic and gravity data is the same, which also suggests
that north of the boundary, this material is much thicker
and extends from the ice-bed interface right down to the
bottom of the sedimentary basin (i.e., >500m; Figure 8).
Hence, our data indicate that north of the boundary the soft sed-
iment layer is much thicker and perhaps nourished from the
sedimentary basin beneath. There is thus a sufficient sediment
thickness to smooth out the potential effects of any bedrock
roughness on the ice-sediment interface. In contrast, to the
south the soft sediment layer is thinner, allowing any roughness
in the underlying basement rock to influence the flow of the
overlying ice and be reflected in increased roughness and basal
friction. This interpretation is summarized in Figure 10.

4.3. Basal Drag

[25] Although there is evidence elsewhere that sediment
acoustic impedance is related to basal drag [Vaughan
et al., 2003], here there is no clear relationship; there is no
significant change in impedance that corresponds with that
seen in all the other parameters across the geological bound-
ary. Whilst the presence of soft, water-saturated sediments is
a requirement for fast ice flow, on PIG it is the deeper geol-
ogy that appears to control the spatial variability in the flow.
This control appears to operate through the basal sediment

layer without having a significant impact on its acoustic
properties, but is reflected in the ice-sediment interface
roughness. This observation likely reflects particular proper-
ties (i.e., viscosity) of the basal sediment. Rheological
modeling offers the best prospect for further investigation
of this hypothesis.

[26] Our basal roughness was derived from the across-
stream seismic line. The along-stream bed profile, which
overlies the thicker soft-sediment layer, is smooth
(6=0.7m when a 1 km running mean is subtracted), con-
sistent with this part of the across-stream line. With no
corresponding profile in the rougher area to the south, it
is not possible to be certain that there is a higher rough-
ness along-stream there, but even the across-stream
roughness increase will still most likely contribute to an
enhanced basal drag.

[27] The northernmost area of low density sediment
inferred from our gravity model (Figure 8), where we have
no seismic data, also lies beneath a tributary of PIG and
the velocity contour line we use to delineate the ice stream
skirts around this feature (Figure 2c¢). It is possible that this
thick sediment has a similar local effect on ice stream veloc-
ity, reducing basal friction and facilitating faster ice flow.

4.4. Subglacial Erosion

[28] Subglacial erosion removes substrate from beneath a
glacier, transferring it further downstream. Where the bed
consists of soft, poorly lithified sediments, this mechanism
can be particularly rapid, even up to the order of meters
per year [Bjérnsson, 1996; Motyka et al., 2006; Smith
et al., 2007], and it is possible that eventually the complete
removal of one subglacial layer, revealing a different lithol-
ogy to outcrop beneath the ice, could have a significant
effect on the ice flow regime. A comparison between surface
elevation, ice thickness, and gravity measurements acquired
recently [Smith et al., 2012] and in 1961 [e.g., Shimizu,
1964], at a location ~50km further downstream on PIG,
shows the erosion of 32 m of bed sediments over a 49 year
period [Smith et al., 2012]. Our proposed thin subglacial
sediment layer south of the geological boundary could indi-
cate that prolonged erosion has almost, yet not quite
completely removed the soft sediment there, and harder
basement rocks are now not far below the ice-bed interface.
If so, it is possible that continuing erosion will exhaust the
sediment, bringing ice and basement into contact with each
other. If this hypothesis is correct, it raises the possibility
that the ice flow in this part of PIG could change as a result
of evolving subglacial geology. We expect that basement
rocks would ultimately impose a greater restraint on ice flow
than the existing soft sediments, implying that basal drag
would increase, reducing the ice velocity. Assuming a soft-
sediment thickness south of the boundary of ~10m, and a
range of possible erosion rates between those traditionally
expected in this environment and the high rates seen further
downstream (~0.1-1 ma™"), such a change could be initiated
in 10-100years. An alternative hypothesis would be one of
steady state, in which sediments transported with the glacier
are sufficient to replenish any removed by erosion, sustain-
ing the fast ice flow. Repeat surveys over a prolonged period
(years-decades) would be required to distinguish between
these two hypotheses.
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Table 2. Geophysical Methods and Resulting Components of the
Combined Interpretation

Method Interpretation Components

Presence of soft sediments
across the whole line

No significant change in
acoustic properties

Bed roughness

Soft sediment thickness
Geological boundary

Seismic—acoustic impedance

Seismic—topography

Gravity Geological boundary
Low density sedimentary basins

Magnetics Igneous intrusion at very
shallow depth below the bed
Geological boundary

GPS Ice flow speed

Modeling [Morlighem et al., 2010] Basal drag

[20] Elsewhere in West Antarctica, ice stream onset
regions and trunks have been found to overlie a widespread,
thick sediment layer with no evidence for basement rocks
[e.g., Smith, 1997c; Peters et al., 2006; King et al., 2007].
Our interpretation is the first evidence for the presence of
crystalline rocks close to the ice-bed interface in the upstream
region of a modern Antarctic ice stream. This supports
the findings from offshore studies of paleo-ice streams [e.g.,
Lowe and Anderson, 2003; Larter et al., 2009; Graham
et al., 2009] which suggest former streaming flow over some
areas of crystalline rock with only a thin layer of sediment or
meltwater present.

5. Conclusions

[30] We have used a synthesis of multiple geophysical and
glaciological data types (Table 2) to determine the relationship
between ice dynamics and the underlying geology on Pine
Island Glacier (Figure 10). Immediately beneath the ice is a
layer of soft water-saturated sediment, overlying deeper,
harder rocks which contain a significant geological boundary.
Crossing the location of the boundary from north to south, the
ice velocity decreases (by 11%), whilst bed roughness and
modeled basal drag [Morlighem et al., 2010] both increase
(by ~300% and >100%, respectively). The acoustic imped-
ance of the soft sediments at the ice-bed interface shows no
significant change across the boundary.

[31] The boundary appears to be a major transition in the
deeper geology (i.e., beneath the soft sediments), dipping
to the NW and separating a sedimentary basin north of the
boundary from crystalline basement rocks to the south. We
infer this is part of a major tectonic boundary underlying
the main trunk of PIG and that a Cenozoic rift-related intru-
sion was emplaced along it. Two areas of low density sedi-
ments have been identified to the north of the tectonic
boundary. One sedimentary basin is beneath the central flow
region on the main trunk of PIG and another lies beneath an
adjacent, slower-flowing tributary.

[32] The structure we interpret to the south of the geolog-
ical boundary, namely a thin (~10m) soft sediment layer
between ice and underlying basement, has not been identified
before beneath a contemporary Antarctic ice stream and this
would not have been possible without both the seismic and
the potential field data. Taken independently, the seismic data
would have shown only the soft sediments, whereas the

potential field data would have suggested ice in direct contact
with the basement rocks. The joint interpretation, combined
with the ice velocity, bed roughness, and basal drag results
(Table 2), suggests an interaction between the deeper geology
and the ice flow. Furthermore, in conjunction with the
interpreted structure to the north of the boundary, this poten-
tially forms a unique natural experiment that could indicate
the impacts of subglacial erosion on ice flow.

[33] We believe the geological boundary and coincident
change in basal roughness exert an important control on
the flow regime of PIG. The smoother ice stream bed to
the north, over the thicker sediments, appears to facilitate
the fastest flow. The bed gets rougher to the south where
the soft sediment layer beneath the ice is very thin over the
area of basement rocks. We propose that the rough surface
of the basement rocks to the south of the boundary increases
the basal drag on the ice, through the intervening soft
sediment. The validity of this proposal could most likely
be investigated with modeling, which might indicate the
rheological properties of the sediments.

[34] The high erosion rates observed further downstream
[Smith et al., 2012] lead us to prefer a hypothesis that the
soft sediment layer south of the boundary is being progres-
sively eroded. This would imply that erosion has almost
removed this sediment layer and that further erosion could
finally exhaust it. Hence, the underlying basement rocks
may soon outcrop beneath the ice, potentially increasing
basal drag and reducing the ice flow. Repeat measurements
on decadal time scales could indicate whether or not this,
or the alternative steady state hypothesis, is correct.

[35] Another consequence of the eventual exposure of the
basement rocks beneath the ice would be its effect on the
resulting sedimentation record. Considering the ice flow
and subglacial hydraulic gradients, any subglacially eroded
material is most likely to be transported downstream and
may become incorporated into the offshore sedimentary
sequence deposited beyond the glacier, in Pine Island Bay.
Provided the existing sediment layer is not till originally
re-worked from the same basement rocks, a change in the
eroded material type should eventually be reflected within
this depositional sequence. How soon this could be detected
following the future change in bed type we propose is hard
to predict but it does raise the possibility that earlier, similar
events may already be present in offshore sediments. High-
resolution provenance studies of the Holocene parts of
existing sediment cores from Pine Island Bay [e.g., Lowe
and Anderson, 2002; Ehrmann et al., 2011] would be one
way of investigating this possibility. Subglacial erosion has
already been considered as a possible explanation for deeper
changes in some of these cores [Ehrmann et al., 2011].
Although early Holocene ice-divide migration was actually
the preferred conclusion of that study, any shallower evidence
in the cores indicating recent subglacial erosion would support
our interpretation of the present-day basal processes.

[36] Our combined interpretation of seismic and potential
field data shows correlations between subglacial geological
variations and variability in the flow of the overlying ice
stream. This is the first time such data sets have been jointly
interpreted to investigate subglacial conditions and have
shown the influence of subglacial geology on ice flow to
an unexpected level of detail. Similar studies elsewhere
would indicate to what degree these results are typical of
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polar ice streams, or limited to specific locations with partic-
ular geological configurations. We conclude that in general,
an understanding of the shallow-medium depth subglacial
geology beneath fast-flowing glaciers and ice streams is
one of the essential components required to enable reliable
predictions of future ice sheet behavior.
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