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ABSTRACT. We present a new surface-balance and ice-motion dataset derived from high-precision GPS
measurements from a network of steel poles within three icefields of the Allan Hills blue-ice area,
Antarctica. The surveys were conducted over a 14 year time period. Ice-flow velocities and mass-
balance estimates for the main icefield (MIF) are consistent with those from pre-GPS era measurements
but have much smaller uncertainties. The current study also extends these measurements through the
near-western icefield (NWIF) to the eastern edge of the mid-western icefield (MWIF). The new dataset
includes, for the first time, well-constrained evidence of upward motion within the Allan Hills MIF,
indicating that old ice should be present at the surface. These data and terrestrial meteorite ages
suggest that paleoclimate reconstructions using the surface record within the Allan Hills MIF could
potentially extend the ice-core-based record beyond the 800 000 years currently available in the EPICA
Dome C core.

INTRODUCTION
The recognition of blue-ice areas (BIAs) as archives of long
climate records is based on the pioneering work of Whillans
and Cassidy (1983) and subsequent work by Grinsted and
others (2003), Moore and others (2006) and Sinisalo and
others (2007). BIAs are anomalous mass-loss regions within
the accumulation zones of ice sheets that owe their origin to a
combination of slow-moving ice, steep topography and
strong winds in the vicinity of nunataks (Bintanja, 1999). As
mountains or nunataks block ice flow, glacial ice is projected
upward, creating steeply sloped surfaces that enhance local
katabatic (or gravity-driven) winds. Ice downslope is sub-
jected to intense and prolonged ablation, causing inclined
strata of old ice to outcrop at the surface. Several studies point
to the possibility that ice exposed at the surface in the Allan
Hills (Antarctica) BIA (76843’ S, 159840’ E; Fig. 1) is as old as
1Ma. This estimate is based on terrestrial ages from �100 of
the �1500 meteorites found in the area (Nishiizumi and
others, 1989; Scherer and others, 1997; Mokos and others,
2000; Nishiizumi, 2006; Nishiizumi and Welten, 2008). In
addition, ages from a layer of micrometeoritic debris found
embedded in the ice of the Allan Hills main icefield (MIF)
suggest stranded ice as old as 2.5Ma is also present (Harvey
and others, 1998). Whillans and Cassidy (1983) predicted
that ice in the Allan Hills would flow from the mid-western
icefield (MWIF) through the near-western icefield (NWIF)
into the MIF, with ice and meteorites being exposed on each
icefield, buried by new snow accumulation when flowing
through the downstream snow plains and re-exposed at the
next icefield. This pattern suggests that the oldest ice and thus
the longest climate record should be found in the MIF.

To better understand ice flow and mass balance within the
Allan Hills BIA, a multi-year precision GPS survey was

undertaken. Measurements from this survey are used to
provide a framework for the identification of a predicted
flowline within theMIFalong which ice of sequential age can
be collected, and to test the feasibility of developing
paleoclimate records from the Allan Hills using the hori-
zontal coring method proposed by Whillans and Cassidy
(1983). Many important insights into climate dynamics have
come from deep ice cores including: the responsiveness of
global climate to changes in orbitally induced insolation
patterns (e.g. Kawamura and others, 2007; Suwa and Bender,
2008); the role of volcanic forcing (Gao and others, 2008);
the identification of abrupt high-magnitude changes in
climate (Dansgaard and others, 1993; Grootes and others,
1993; Mayewski and others, 1994); and the close association
between atmospheric greenhouse gases and temperature
(EPICA Community Members, 2004). However, the longest
ice-core-based climate record covers only the last
800 000 years, and resolution and sample volume are
limited, particularly in deep time (Jouzel and others, 2007).
Horizontal cores from the Allan Hills BIA could both extend
this record and augment it through increased sample volume.

Site description
The Allan Hills are located on the western flank of a portion
of the Transantarctic Mountains known as the Convoy Range
(Fig. 1c). This range is a barrier to ice flow that drains the
East Antarctic ice sheet into the Mawson and Mackay outlet
glaciers (Fig. 1a and e). Three icefields situated just west of
the Allan Hills nunatak and between the two outlet glaciers
are the focus of this study. Together, the MIF, NWIF and
MWIF consist of �200 km2 of exposed blue ice separated by
snow plains that are usually underlain by firn (Cassidy and
others, 1992). The position of these icefields between two
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outlet glaciers puts them very close to a local ice divide
(Fig. 1d), which can be used to constrain the location of the
accumulation area of the MIF under present conditions.

Surveys of subglacial topography have been carried out
using radar (Faure and Buchanan, 1987; Delisle and Sievers,
1991) and gravity (Fudali, 1982, 1989) measurements. The
measurements of Delisle and Sievers (1991), reproduced in
Figure 1 along transect F–F’, show that maximum ice
thickness under any blue-ice surface is generally no more
than 400m. Thicker ice with snow cover is prevalent in the
subglacial troughs between the BIAs. The ice thickness
between the MWIF and the NWIF ranges from 200 to

1200m, with a typical thickness of >300m. Ice thicknesses
between the NWIF and the MIF are typically >1000m
because of a deep bedrock trough that opens up to the north
(Delisle and Sievers, 1991).

METHODS
A network of 40 steel poles extending 40 km west from the
base of the Allan Hills nunatak was established in December
1997 and augmented with an additional 15 poles in January
2004 (Fig. 1). Metal poles 3m in length were inserted at least
1m deep into hand-augered vertical holes in the snow and

Fig. 1. The Allan Hills BIA (roughly bounded by square b within the inset) comprises four icefields separated by snow plains. The 200 km2 of
exposed blue ice in the MIF, NWIF and MWIF (stippled areas) are shown. The extent of exposed blue ice within each icefield is based on
Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) images from November 2001; snow cover is known to change
seasonally and annually. The locations of a network of steel poles established in 1997 (prefix A and M) and augmented in 2004 (prefix P), as
well as geodetic control points (ALNO, B1, B2 and B3) are shown. Within the inset the locations of the surrounding Convoy Range (c),
Mawson (a) and Mackay (e) Glaciers and a local ice divide (d) are indicated. Ice thickness (shown at the bottom) along line F–F’ is derived
using figures 1 and 5 of Delisle and Sievers (1991).
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ice. Each pole was surveyed four times over the �14 year
time period using a dual-frequency Trimble 4000 series
(1997, 1999, 2004) or Trimble 5700 (2010) GPS receiver and
stop-and-go kinematic (1997, 1999, 2004) and fast-static
(2010) survey methods in order to determine precise pole
position. These positions were used to calculate vertical and
horizontal ice velocities and changes in surface elevations.

Geodetic control was provided by a reference GPS station
(ALNO) set up on the Allan Hills nunatak (Fig. 1) in 1997. Its
position was computed using the NASA Jet Propulsion
Laboratory’s Automatic Precise Positioning Service (APPS), a
GPS inferred positioning system (GIPSY). Trimble GPSurvey
software was used to calculate five baselines between
ALNO and an additional GPS station on the ice (B1) over a
5 day period. A mean position for B1 was calculated from
those baselines. In 1999, 2004 and 2010 no reference
receiver was set up on the Allan Hills nunatak; rather, GIPSY
was used to determine the position of a base station installed
on the ice (B2, B3) throughout each season and the
calculated mean position was used as the fixed base-station
position. Daily and mean positions used for each season are
summarized in table S1 available from the US National
Snow and Ice Data Center at http://nsidc.org/data/nsidc-
0507.html. All supplementary tables and data are available
for download from that site.

In 1999, 2004 and 2010, subsets of the pole network
were resurveyed and Trimble software was used to calculate
pole positions relative to the fixed base station adopted for
each season. Precise ephemerides were used during post-
processing. The position accuracy of each pole was variable
around a mean three-dimensional rms (root mean square
encompassing vertical and horizontal position) of 0.013m.
The initial and final position of each pole and a complete
error report for each position are available in tables S2 and
S3, respectively, at http://nsidc.org/data/nsidc-0507.html.
The height of each pole above the snow or ice surface was
also recorded in December 1997, December 1999, January
2004 and December 2010. Pole positions and heights were
used to determine horizontal and vertical ice-flow vectors,
as well as net accumulation rates.

During the 1999 and 2004 seasons the topography of the
region was mapped using kinematic GPS surveying tech-
niques. The average rms error for each kinematic segment
was 0.12m. Elevation contours were produced by gridding
and resampling kinematic GPS data to a 50m spacing using
a nearest-neighbor algorithm within the Spatial Analyst
toolbox of ArcMap 10. The contours were used to calculate
the slope in the direction of ice flow for each pole.

RESULTS
Table 1 summarizes the measurements at each of the poles.
The mean and maximum rms for horizontal motion are
0.003 and 0.007ma–1, respectively. Larger uncertainties
occur when baselines are longer than 10 km, when there is
multipath interference from the blue-ice surface or ice ridges
obscure satellites low to the horizon, or when the time
between surveys is short. Ice-flow velocities and directions
found on the MIF are consistent with an earlier study by
Schultz and others (1990) who determined that ice enters
the MIF from the southwest at 0.60ma–1 and decreases to
nearly zero at the nunatak. Horizontal velocity vectors and
surface contours suggest that ice might flow from the MWIF
to the NWIF, but that it does not flow from the NWIF to the

MIF as predicted by Whillans and Cassidy (1983) due to the
subglacial bedrock trough that separates these icefields and
directs ice flow to the north (Figs 2 and 3).

The mean and maximum rms for vertical motion are
0.011 and 0.033ma–1, respectively. Uncertainties in firn
density make the vertical velocities of the poles in the snow
plains subject to large errors; however, the upward motion of
the poles within the icefields is well constrained. Of the 12
poles installed in blue ice, 11 have upward flow velocities
higher than the associated error (Fig. 4).

Ablation rate measurements from the current study agree
well with values reported by earlier studies (Nishio and
Annexstad, 1980; Annexstad and Schultz, 1983; Shultz and
Annexstad, 1984; Faure and Buchanan, 1987) in which it
was established that most of the ablation occurs during the
summer months. Ablation rates range from 0.046� 0.003
ma–1 near the western flank of the Allan Hills nunatak to
0.03� 0.003ma–1 near the western boundary of the MIF.
The NWIF has a mean ablation of 0.026� 0.003ma–1. The
only pole installed on the MWIF has an ablation rate of
0.009� 0.003ma–1. Measurements of accumulation rate in
the snow plains are highly variable as both the presence of
large migrating sastrugi (up to 1m high), formed by katabatic
winds, and seasonal and annual variability in the strength
and direction of surface winds cause short-term fluctuations
in the apparent accumulation rate at each pole. These
complex wind patterns also result in the formation of small
patches of blue ice and firn within the snow plains, often
partially covered by new snow and/or sastrugi.

DISCUSSION
Blue-ice dynamics
The data in Table 1 were used to calculate the rate of
thickness change _H (m a–1) by:

_H ¼
_bm
�

þ _z þ �u ð1Þ

where _bm is the net accumulation rate (Mgm–2 a–1), � is the
density of the material to which the movement marker is
attached (Mgm–3), _z is the vertical velocity (ma–1) of the
marker, � is the surface slope in the direction of ice flow
(rad; positive downward) and u is the horizontal velocity
(m a–1). This so-called ‘coffee-can method’ is described in
more detail by Hulbe and Whillans (1994) and Hamilton
and others (1998).

_H and the associated uncertainties for all poles are
presented in Table 1 (see details in table S4 at http://
nsidc.org/data/nsidc-0507.html). Variability in the density of
snow is one of the largest contributors to errors when using
the coffee-can method. The density of ice is well known and
the value 0.90� 0.01Mgm–3 was used for poles installed in
blue ice. To establish the average density for new snow and
firn in this area, ten 1m cores were drilled up- and down-
glacier of the NWIF in 1999. The cores were cut into
segments ranging from 10 to 20 cm. The length, diameter and
mass were recorded for each segment. The density of each
segment was then calculated to determine how the snow
density changed with depth (core location and depth
profile available in Spikes (2000) and also as a supplementary
data file). An average surface density of 0.40�0.10Mgm–3

was used to calculate the ice equivalent accumulation for
each pole in snow plains. An average 1m density of
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Table 1. GPS-based measurements for each pole. Measurements for poles located on blue ice and firn (as opposed to snow plains) are shown
in bold. Headings are as in the text where u is horizontal velocity, Azimuth is direction of motion, _z is vertical velocity, _bm is net
accumulation rate, � is surface slope in the direction of ice flow (positive downward) and _H is rate of thickness change. _bm and _H are
omitted for the snow plains because of high uncertainty

Pole u Azimuth _z _bm � _H

ma–1 8 E ma–1 ma–1 rad ma–1

A01 0.302�0.002 –135.659 0.032�0.009 –0.030� 0.003 0.040�0.0005 0.013�0.009
A02 0.258�0.007 –152.634 0.061�0.033 –0.013� 0.003 0.032�0.0013 0.056�0.033
A03 0.356�0.003 –164.813 –0.002� 0.009 –0.001� 0.003 0.029�0.0009 0.007�0.009
A04 0.269�0.004 –172.082 0.005�0.020 –0.018� 0.003 0.027�0.0008 –0.006� 0.021
A05 0.364�0.002 178.888 0.007�0.007 –0.024� 0.003 0.040�0.0005 –0.003� 0.007
A06 0.398�0.003 164.121 –0.005� 0.010 –0.015� 0.003 0.013�0.0008 –0.015� 0.011
A07 0.402�0.003 158.111 –0.038� 0.011 – 0.006�0.0004 –
A08 0.457�0.003 155.508 –0.070� 0.010 – 0.006�0.0004 –
A09 0.475�0.004 154.326 –0.057� 0.012 – 0.007�0.0004 –
A10 0.469�0.003 153.391 –0.088� 0.009 – 0.004�0.0003 –
A11 0.424�0.007 151.804 –0.081� 0.025 – 0.004�0.0004 –
A12 0.341�0.004 149.431 –0.106� 0.014 – 0.002�0.0002 –
A13 0.176�0.002 154.284 –0.113� 0.007 – 0.004�0.0003 –
A14 0.058�0.001 172.753 –0.050� 0.005 – 0.027�0.0008 –
M01 0.087�0.002 –133.956 –0.052� 0.008 –0.009� 0.003 0.007�0.0004 –0.061� 0.009
M02 0.077�0.005 –135.988 –0.038� 0.021 – 0.008�0.0005 –
M03 0.072�0.004 –158.734 –0.017� 0.018 – 0.006�0.0004 –
M04 0.063�0.004 –174.995 –0.053� 0.014 – 0.007�0.0004 –
M05 0.059�0.005 165.547 –0.046� 0.017 – 0.006�0.0004 –
M06 0.060�0.003 148.639 –0.088� 0.012 – 0.002�0.0001 –
M07 0.052�0.005 143.180 –0.069� 0.026 – 0.002�0.0001 –
M08 0.064�0.003 142.700 –0.046� 0.015 – 0.002�0.0001 –
M09 0.052�0.004 134.672 –0.051� 0.014 – 0.008�0.0005 –
M10 0.049�0.005 166.617 –0.035� 0.016 – 0.010�0.0006 –
M11 0.037�0.004 163.909 –0.012� 0.018 – 0.010�0.0006 –
M12 0.017�0.005 170.017 –0.042� 0.017 – 0.007�0.0004 –
M13 0.005�0.005 –70.276 –0.047� 0.017 – 0.007�0.0004 –
M14 0.022�0.004 –61.780 –0.016� 0.011 – 0.003�0.0002 –
M15 0.015�0.004 –98.426 –0.015� 0.012 – 0.004�0.0003 –
M16 0.025�0.005 –168.712 –0.014� 0.016 –0.019� 0.003 0.013�0.0008 –0.033� 0.017
N01 0.089�0.004 –141.116 0.011�0.011 –0.025� 0.003 0.008�0.0005 –0.013� 0.011
N02 0.082�0.003 –142.600 0.015�0.010 –0.033� 0.003 0.008�0.0005 –0.017� 0.010
N03 0.083�0.003 –143.597 0.010�0.008 –0.008� 0.003 0.008�0.0005 0.003�0.008
N04 0.081�0.003 –136.717 0.000�0.008 –0.034� 0.003 0.008�0.0005 –0.034� 0.009
N05 0.063�0.002 –155.433 0.001�0.006 –0.038� 0.003 0.020�0.0013 –0.036� 0.007
N06 0.043�0.001 –98.917 –0.025� 0.004 –0.034� 0.003 0.020�0.0013 –0.058� 0.005
N07 0.096�0.002 –165.439 –0.007� 0.007 0.000�0.003 0.020�0.0013 –0.006� 0.008
N08 0.090�0.003 –138.392 –0.007� 0.011 –0.037� 0.003 0.010�0.0006 –0.043� 0.011
N09 0.090�0.003 –138.406 –0.024� 0.012 – 0.008�0.0005 –
N10 0.072�0.003 –127.052 –0.041� 0.013 – 0.008�0.0005 –
P1 0.014�0.001 –111.689 –0.002� 0.004 – 0.013�0.0019 –
P2 0.015�0.001 –149.589 0.000�0.006 – 0.007�0.0087 –
P3 0.051�0.001 –136.840 0.028�0.004 –0.046� 0.003 0.021�0.0065 –0.017� 0.005
P4 0.110�0.001 –141.788 0.026�0.004 –0.033� 0.003 0.015�0.0022 –0.005� 0.005
P5 0.224�0.002 –147.352 0.017�0.009 –0.022� 0.003 0.006�0.0066 –0.004� 0.009
P6 0.271�0.001 –145.474 0.021�0.005 –0.031� 0.003 0.004�0.0070 –0.009� 0.006
P8 0.186�0.001 –138.497 0.024�0.004 –0.035� 0.003 0.006�0.0053 –0.010� 0.006
P10 0.159�0.001 –134.963 0.021�0.003 –0.025� 0.003 0.003�0.0031 –0.003� 0.005
P11 0.168�0.001 –148.379 0.010�0.005 –0.032� 0.003 0.005�0.0030 –0.022� 0.006
P14 0.316�0.002 –161.724 0.024�0.007 –0.039� 0.003 0.004�0.0085 –0.014� 0.009
P15 0.320�0.002 –172.610 –0.002� 0.005 –0.032� 0.003 0.016�0.0007 –0.029� 0.006
P16 0.365�0.002 161.558 –0.016� 0.011 – 0.004�0.0011 –
P17 0.440�0.002 154.156 –0.027� 0.006 – 0.003�0.0005 –
P18 0.454�0.001 158.854 –0.022� 0.006 – 0.006�0.0003 –
P19 0.482�0.001 163.494 –0.024� 0.006 – 0.006�0.0010 –
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0.47� 0.10Mgm–3 was used to estimate the amount of
vertical movement caused by compaction of the snow
under each pole in the snow plains. These data indicate
that the Allan Hills icefields are thinning on average by
1.5�1.0 cma–1. _H was not calculated for the surrounding
snow plains due to large errors in density and accumulation
at these locations. The slow thinning rate is consistent with a
negative mass balance suggested by Bintanja (1999). This
thinning is likely balanced by thickening of the snow plains,
suggesting steady-state conditions and long-term continuity
of the icefields as a whole. The rate of thinning and high rates
of ablation within the icefields are good indicators that old
ice should be found at the surface in the MIF.

Previous models have proposed an upward flow com-
ponent in ablation settings due to longitudinally compres-
sive ice flow (Whillans and Cassidy, 1983). However, all
previously reported emergence velocities (Nishio and
Annexstad, 1980) have had associated errors too large to
confirm the presence of upward motion. In the MWIF and
NWIF the pattern of horizontal speed change is generally
extensive and, as a result, most of the measured vertical
motions are downward (Fig. 4). Four poles crossing the
NWIF were placed perpendicular to a dust band described

by Delisle and Sievers (1991) as resulting from the vertical
flow of ice up a steep subglacial escarpment. Derived
vertical velocities for the poles only provide weak support
for vertical shearing along a discrete fault plane, being in the
range 0.001� 0.006 to 0.015�0.010. The uncertainties are
relatively large due to the short 2 year period of obser-
vations. Flow within the MIF is largely compressive and 11
of the 12 poles installed in blue ice have upward flow
velocities greater than the associated error. These measure-
ments further indicate that old ice is exposed at the surface
of the Allan Hills MIF.

Calculated horizontal velocities suggest that there are two
distinct flow regimes operating within the study area (Figs 2
and 3). The first is the very slow flow (<10 cm a–1)
characteristic of BIAs (bold in Table 1) and is controlled by
the presence of shallow bedrock ridges. The other flow
regime is a faster-moving outlet channel (�50 cm a–1)
between the NWIF and MIF. The impact of bedrock topog-
raphy within the Allan Hills on surface ice velocities provides
support for the presence of old ice in BIAs (Whillans and
Cassidy, 1983) as ablation of nearly stagnant ice is matched
by vertical velocity. Enhanced ablation rates are also the
result of bedrock topography as, where ice is relatively thin,

Fig. 2. Horizontal ice-flow velocity vectors as determined using repeat precision GPS survey. The steel poles are located in the center of each
arrow. ALNO and B3 are geodetic control points. Elevation is reported in ma.s.l. with a contour interval of 10m and a vertical resolution of
25 cm or better. Contouring includes only the area covered during GPS surveys in 2004. 1990 velocities from figure 1 of Schultz and others
(1990). Tephra layers from Dunbar and others (1995).
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surface slope on the leeward side of a subsurface obstruction
will steepen, enhancing local katabatic winds.

Implications for paleoclimate reconstructions
Beyond helping to understand the origin of BIAs this dataset
can be used to potentially extend the ice-core-based
paleoclimate record. Although ice does not flow from the
MWIF through the NWIF and into the MIF as previously
assumed, near-stagnant ice, upward vertical motion and a
higher concentration of older meteorites suggest that the MIF
is the most likely of the three icefields to contain very old
ice. The horizontal velocity vectors and surface topography
are used to identify a zone within the MIF in which ice of
sequential age can be collected. This zone is demarcated to
the east by a flow path derived using only the digital
elevation model (DEM) and the cost-path algorithm in the
Spatial Analyst toolbox of ArcMap 10 (Fig. 2, steepest
flowline). Small-scale deviations (<1000m) from the pri-
mary direction were removed to produce a general
(simplified) line. Although surface slope is the driving factor
of ice flow, ice thickness is also important (Paterson, 1994),
so a second flow path was derived using both the elevation
contours, estimates of ice thickness and vectors of horizontal
motion (Fig. 2, inferred flowline). This flow path demarcated

the western boundary of the identified flow zone. The
continuity of tephra layers within the identified flow zone
(Dunbar and others, 1995) rules out the occurrence of
significant brittle deformation, resulting in offsetting of
layers, although thinning of the ice column has probably
taken place. Thus, future sampling efforts for paleoclimate
reconstruction should be conducted within this zone.

CONCLUSIONS
Repeat GPS measurements over a �14 year time period
yielded well-constrained estimates of present-day horizontal
and vertical velocities, accumulation/ablation rates and
rates of thickness change in the Allan Hills BIA. Horizontal
velocities agree well with previous studies using traditional
survey methods and appear to indicate flow controlled by
bedrock topography. For the first time, reliable measure-
ments of upward motions were obtained from a BIA, thus
supporting the hypothesized presence of old ice at the
surface. The surface-balance measurements reveal a com-
plex pattern of accumulation/ablation that is probably
related to the interaction of ice flow with seasonally
variable surface wind patterns. Blue ice and adjacent firn
areas are thinning at an average rate of 1.5� 1.0 cma–1,

Fig. 3. Horizontal ice-flow velocity vectors as determined using repeat precision GPS survey. The steel poles are located in the center of each
arrow. B1 and B2 are geodetic control points. Elevation is reported in ma.s.l. with a contour interval of 10m and a vertical resolution of
25 cm or better. Contouring includes only the area covered during GPS surveys in 1999. See Figure 2 for legend.
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which appears to be offset by thickening in the adjacent
snow plains. These data suggest that steady-state conditions
enable the long-term continuity of the Allan Hills BIA. All
glaciological observations and meteorite ages point to the
presence of old ice at the surface in the MIF, and analysis of
these data was used to identify a flow zone in the MIF
within which ice for paleoclimate studies of deep time can
be collected.
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