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Abstract

The current ice core record extends back 800,000 years. Geologic and glaciological evidence
suggests that the Allan Hills Blue Ice Area, East Antarctica, may preserve a continuous record that extends
further back in time. In this study, we use ice-penetrating radar and existing age constraints to map the
internal stratigraphy and age structure of the Allan Hills Main Ice Field. The dated isochrones provide
constraints for an ice ﬂow model to estimate the age of ice near the bed. Previous drilling in the region
recovered stratigraphically disturbed sections of ice up to 2.7 million years old. Our study identiﬁes a site
~5 km upstream, which likely preserves a continuous record through Marine Isotope Stage 11 with the
possibility that the record extends back 1 million years. Such records would provide new insight into the past
climate and glacial history of the Ross Sea Sector.

Plain Language Summary Ice cores currently provide detailed, continuous records of Earth’s
climate and atmosphere over the past 800,000 years. Discrete ice samples with ages up to 2.7 million years
have been recovered from the Allan Hills Blue Ice Area, East Antarctica, indicating that the region may
preserve a continuous record that extends beyond 800,000 years. In this study, we use ice-penetrating radar
and an ice ﬂow model to identify an optimal site for a continuous ice core record from the Allan Hills, which
may extend over the last 1 million years. Such a long ice core record would help us better understand the
fundamental drivers of Earth’s climate.
1. Introduction
Ice cores currently provide detailed, continuous records of Earth’s climate and atmosphere over the past
800,000 years (800 ka; EPICA Community Members, 2004; Masson-Delmotte et al., 2010). Lower-resolution
climate records from before 800 ka have been obtained from marine sediments (Clark et al., 2006; Lisiecki
& Raymo, 2005). Together, these records show that glacial cycles transitioned from a periodicity of 41 to
100 ka between 1200 and 700 ka ago during the mid-Pleistocene transition (MPT). The causes of the MPT
remain poorly understood; hypotheses include a long-term decrease in atmospheric carbon dioxide concentrations (Berger et al., 1999), changes in sea ice extent (Tziperman & Gildor, 2003), and the removal of regolith
by glacial erosion in the Northern Hemisphere (Clark et al., 2006). Interest in the MPT has fueled the search for
an ice core that spans this time interval, which could help elucidate the characteristics of the transition
(Fischer et al., 2013; Jouzel & Masson-Delmotte, 2010).
Previous studies have concluded that a continuous, million-year-old ice core record is more likely to be preserved at a site that satisﬁes certain conditions: (1) it is near an ice divide, where stratigraphically disturbed ice
is less likely due to slow ﬂow (van Liefferinge & Pattyn, 2013); (2) there is negligible basal melt, which removes
old ice from the bed (Fischer et al., 2013; Parrenin et al., 2017; van Liefferinge & Pattyn, 2013); and (3) there is
limited basal relief, as steep basal topography tends to deform basal ice (Fischer et al., 2013). The Allan Hills
Blue Ice Area, East Antarctica (Figure 1), is characterized by steep basal topography, seemingly disqualifying it
in the search for an old ice core. Yet stratigraphically discrete ice samples as old as 2.7 ± 0.3 million years (Ma)
have been recovered from the region (site BIT-58 in Figure 1a; Higgins et al., 2015; Yan et al., 2017), indicating
that the region could preserve a continuous, 1-Ma+ paleoclimate record.

©2018. American Geophysical Union.
All Rights Reserved.

KEHRL ET AL.

In this study, we determine the likely duration and continuity of a potential paleoclimate record from the
Allan Hills Blue Ice Area. Blue ice areas form in regions of high winds, where enhanced sublimation and wind
erosion cause net ablation (Bintanja, 1999; Sinisalo & Moore, 2010). Net ablation, combined with subglacial
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Figure 1. Allan Hills Main Ice Field, East Antarctica. (a) Map showing ice-penetrating radar transects (black curves), ice cores (red circles; Higgins et al., 2015; Spaulding
et al., 2013), stakes (blue circles; Spaulding et al., 2012), and surface velocities (blue vectors; Spaulding et al., 2012). Black dashed curve extends Radar Track 1 to the
local ice divide. Black arrow indicates south direction. Surface elevation contours from BedMap2 (light gray lines) are shown every 10 m (Fretwell et al., 2013).
Background image is a Landsat 8 image from 12 January 2016. Coordinate system is Antarctica Polar Stereographic. (b) Ice-penetrating radar data along Radar Track
4, annotated to show locations of surface ice ages (red circles) as well as ice core S27 (black line), and (c) picked layer ages (colors) and bed (black dashed curve)
along Radar Track 4. (d) Height of 105-ka ice above the bed. Bed elevation contours from BedMap2 (black lines) are shown every 100 m. Star indicates the proposed
drill site shown in Figure 3b.

topographic barriers, causes the ice to ﬂow toward the surface. These conditions produce steeply dipping
englacial layers that outcrop at the surface (Bintanja, 1999; Grinsted et al., 2003; Turney et al., 2013;
Whillans & Cassidy, 1983). In the Allan Hills, tephra layers as old as 205 ka are exposed at the surface
(Dunbar et al., 1995), and meteorites with ages up to 2.2 Ma have been recovered (Delisle & Sievers, 1991;
Nishiizumi et al., 1989).
A continuous ice core record from the Allan Hills could provide insight into the MPT and would offer details
about the past climate and stability of the Ross Sea Sector (Spaulding et al., 2013). Only two ice core records
from the Ross Sea Sector (Taylor Dome and Talos Dome) currently extend through the penultimate glacial
maximum (140 ka; Steig et al., 2000; Stenni et al., 2011), and no record covers Marine Isotope Stage (MIS)
11 (420–360 ka), which is the best known analog for the present-day interglacial period (Howard, 1997;
Loutre & Berger, 2003). To determine the likely duration and continuity of a potential ice core record from
the Allan Hills Main Ice Field (AH MIF; Figure 1a), we combine an ice ﬂow model (Grinsted et al., 2003) with
new ice-penetrating radar data and existing age constraints (Spaulding et al., 2013).

2. Methods
2.1. Ice-Penetrating Radar
Blue ice areas are typically characterized by steeply dipping englacial layers (Bintanja, 1999; Grinsted et al.,
2003), but previous studies (Sinisalo et al., 2004; Spaulding et al., 2013; K. Winter et al., 2016), which used very
high frequency (50–200 MHz) radar, have only detected these layers to a depth of ~100 m. We used a highfrequency system, with resistively loaded dipole antennas tuned to a center frequency of 7 MHz (wavelength
in ice of 24 m), to image englacial layers to a depth of ~900 m in the AH MIF (Figure 1b). To our knowledge,
our radar proﬁles provide the ﬁrst direct observations of deep englacial stratigraphy in a blue ice area. Radar
reﬂections at this frequency primarily result from electrical conductivity contrasts caused by changes in acidity due to volcanic eruptions or deposition of impurities (Fujita et al., 1999) and can be considered isochrones
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(layers of equal age). The transmitter and receiver (a digital oscilloscope) were separated by 39 m and towed
in-line behind a snowmobile traveling at ~7 km/hr. The receiver was triggered by the airwave from the transmitter. Each radar record consists of 512-stacked waveforms to improve the signal-to-noise ratio. The average
distance between records is 2.5 m. We determine the location of each radar record using a Global Positioning
System antenna (Garmin 17HVS) mounted 1.5 m behind the receiver; position uncertainties are less than 3 m.
Additional data processing includes band-pass ﬁltering and correcting for surface topography. Two-way
travel time is converted to depth using wave speeds of 300 m/μs in air and 168.5 m/μs in ice.
2.2. Age Constraints
We manually pick layers of local maximum power return in the radargrams and date those layers using age
constraints from horizontal and vertical ice cores near site S27 (Spaulding et al., 2013), which intersects Radar
Track 4 (Figures 1a and 1b). Ages from the 225 m, vertical core are linearly interpolated to 13 picked layers
that intersect the core; these layers are determined to have ages of 117–243 ka (Spaulding et al., 2013).
Where englacial layers intersect the surface upstream of S27, we assign ages from the horizontal core.
Near-ﬁeld radar effects prevent imaging within ~40 m of the surface, so we estimate the point of surface
intersection by extrapolating layers using layer slopes calculated below this 40-m threshold. We then linearly
interpolate ages from the horizontal ice core to these points of surface intersection, assigning ages spanning
89–108 ka to 15 layers. Figure 1c shows the depth-age scale for Radar Track 4. Finally, we use cross over points
between Radar Track 4 and the other tracks to determine layer ages for all radar transects. Figure 1d shows
the height of 105-ka ice above the bed for all radar transects. We estimate an age uncertainty of 7 ka for the
inferred layer ages (supporting information Text S1).
2.3. Ice Flow Model
To determine the age structure near the bed, we adapt a ﬂowline model that is based on mass conservation
(Grinsted et al., 2003). We deﬁne x to be the distance along the ﬂowline, y to be the coordinate perpendicular
to the ﬂowline, z to be the water equivalent height above the bed, H to be the water equivalent ice thickness,
e,
and ez ¼ z=H to be the fractional ice thickness. The velocity components of x, y, z, and ez are u, v, w, and w
respectively. The horizontal velocity is
uðze Þ ¼ f ðze Þus

(1a)

v ðze Þ ¼ 0

(1b)

∂u
∂us
¼ f ðze Þ
∂x
∂x

(2a)

∂v
∂v s
¼ f ðze Þ
;
∂y
∂y

(2b)

and the horizontal velocity gradient is

where f ðze Þ is a shape factor and the subscript s signiﬁes the value at the surface. Following Grinsted et al.
(2003), we use
f ðze Þ ¼

tanhðke
zÞ
;
tanhðk Þ

(3)

which is similar to the shallow-ice approximation assuming no basal sliding (Cuffey & Paterson, 2010). The
value of k determines the ice softness and thereby temperature proﬁle used in the model. At the equilibrium
line, the steady state temperature proﬁle is linear (Cuffey & Paterson, 2010). Surface velocities are less than
0.5 m/a on both sides of the equilibrium line in the AH MIF (Spaulding et al., 2012), indicating that a linear
temperature proﬁle is likely a reasonable assumption for the entire ﬂowline (Grinsted et al., 2003). We set
k = 5 for a linear temperature proﬁle that decreases from 10 °C at the bed to 30 °C at the ice surface.
The model assumes that the ice thickness remains constant through time. Cosmogenic dating and erosional
features indicate that the ice was roughly 100 m thicker in the AH MIF during the Last Glacial Maximum
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(26–19 ka; Atkins et al., 2002) but likely remained within that range over
the last 1 Ma (Yamane et al., 2015). Given this assumption, volume conservation requires


∂us ∂v s
1 ∂um ∂v m
b_
þ
¼
þ
¼
;
f m ∂x
∂x
∂y
∂y
f mH

(4)

where b_ is the surface mass balance, with subscript m indicating the mean
over the ice column. From mass continuity, we also have

Figure 2. Measured and modeled depth-age scale for Radar Track 1.
_ linearly
(a) Present-day surface velocity (us) and surface mass balance (b)
interpolated from measured values (colored circles) from Spaulding et al.
(2012), (b) measured depth-age scale, and (c) modeled depth-age scale.
Black curves in (b) indicate undated, picked layers. For this model run, the
present-day accumulation rate (b_ o ) is 10-mm water equivalent per year
(mmWE/a) and surface velocities decrease to 30% of their present-day values
during glacial periods (r = 0.3).

∂u ∂v ∂w
þ þ
¼0
∂x ∂y ∂z

(5a)



∂w
∂us ∂v s
¼ f ðezÞ
þ
:
∂z
∂x
∂y

(5b)

Equations (5a) and (5b) can be integrated to determine the normalized
vertical velocity:


∂us ∂v s z̃  0  0
e ðze Þ ¼ 
w
þ
∫ f ze dez
∂x
∂y 0


∂us
∂v s 



∂x þ ∂y
1 þ e2k z̃
¼
þ kez :
(6)
log
2
k tanhðk Þ

We combine the horizontal and vertical velocities from equations (1a), (1b), and (6) with a Lagrangian integration scheme to determine particle back trajectories and hence the age structure of the ice (Grinsted
et al., 2003).
While more sophisticated models provide better representations of ice ﬂow behavior (e.g., Elmer/Ice;
Gagliardini et al., 2013), these models require constraints from detailed observations that are not yet available
for the AH MIF. Field observations are sparse (Spaulding et al., 2012), and very little is known about the regional ice ﬂow history over the last 1 to 2 Ma (Atkins et al., 2002; Yamane et al., 2015). The chosen model only
requires surface elevation, bed elevation, surface velocity, mass balance, and ice softness parameter (k) along
a ﬂowline.
We use Radar Track 1 as the basis for our ﬂowline model because it extends the farthest upstream
(Figure 1a). The model domain extends Radar Track 1 to the local ice divide (dashed line in Figure 1a;
Spaulding et al., 2012), with the upstream geometry deﬁned by surface and bed elevations from
_ and surface velocity measurements (us) from four
BedMap2 (Fretwell et al., 2013). We use ablation ( b)
stakes installed within 500 m of the ﬂowline from 1997 to 2010 (Figures 1a and 2a; Spaulding et al.,
2012). No stake measurements exist within 10 km of the ice divide, so we assume that the velocity
decreases linearly to 0 at the divide. Dadic et al. (2015) estimated a long-term accumulation rate of
7.5 mm/a from a shallow ice core, but accumulation rates likely vary spatially and temporally (Bintanja,
1999; Spaulding et al., 2012). For simplicity, we assume a constant, present-day accumulation rate across
the accumulation zone, b_ o , which we vary from 5- to 14-mm water equivalent per year (mmWE/a) in
1-mmWE/a increments to assess model sensitivity.
Surface velocity and mass balance likely changed through time. Accumulation rates have been shown to
decrease by ~30–50% during glacial periods at other East Antarctica sites (Masson-Delmotte et al., 2010;
Watanabe et al., 2003). The change in sublimation rates during glacial periods, however, remains less clear
(Bintanja, 1999; Dadic et al., 2013). We assume that snow accumulation rates decrease by 50% during glacial
periods and that ablation rates remain constant through time. Surface velocities also likely varied due to
changes in surface mass balance, ice temperature, and glacier geometry. To match the age of meteorites
exposed at the surface in the Allan Hills Near Western Ice Field, Grinsted et al. (2003) found that presentday velocities must have decreased by 75% during glacial periods. We vary the ratio of glacial to presentday velocities, r, from 0 to 1 in 0.1 increments to assess the sensitivity of our results to this parameter.
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Glacial periods are determined using the MIS record from the EPICA Dome C ice core (EPICA Community
Members, 2004).
To assess model performance for the 110 different combinations of present-day accumulation rate (b_ o ) and
the ratio of glacial to present-day velocities (r), we compare the modeled ages to the picked layer ages to
determine the model misﬁt M:
ﬃ

 rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 Xn
2
_
M bo ; r ¼
ðt ðiÞ  t m ðiÞÞ ;
(7)
i¼1
n
where t(i) is the measured age of layer i at depth z(i) and tm(i) is its modeled age. The number of layers n varies
along the ﬂowline. We calculate model misﬁt from x = 0 to x = 19 km to avoid biasing our results by high
model misﬁt values in the ablation zone, where we are less interested in the depth-age scale. High model misﬁt values in the ablation zone do not affect the upstream model performance.

3. Results
Figures 2b and 2c show the measured and modeled depth-age scales for Radar Track 1. We test the sensitivity
of the modeled depth-age scale to the present-day accumulation rate (b_ o) and the ratio of glacial to present-

day velocities (r). Different combinations of b_ o and r produce similar model misﬁt values M of 8–10 ka, as
shown in Figure 3a. An increase in b_ o requires a decrease in r to match the age constraints. The modeled
depth-age scale is relatively insensitive to the chosen model parameters. Figure 3b shows the depth-age
scale for different best ﬁt combinations of b_ o and r at x = 16 km (star in Figure 1d; 76° 44.1840 S, 159°

4.0040 E). At this location, 500-ka ice is 65–70 m above the bed and 1-Ma ice is 31–33 m above the bed for
all best ﬁt model combinations. The temporal resolution of the depth-age scale at this location is ~1 ka/m
at 250 ka, ~4 ka/m at 500 ka, ~23 ka/m at 750 ka, and ~38 ka/m at 1 Ma. For the rest of the basin, 500-ka
ice is 55–70 m above the bed and 1-Ma ice is 25–35 m above the bed (Figure S2).

Given modern observations of accumulation rates and surface velocities (Dadic et al., 2015; Spaulding et al.,
2012), our results imply a signiﬁcant decrease in surface velocity during glacial periods (Figure 3). For a
present-day accumulation rate of b_ o ¼7 mmWE/a, surface velocity must have decreased to 80% of presentday values during glacial periods (r = 0.8); for a present-day accumulation rate of b_ o ¼10 mmWE/a, velocity
must have decreased to 30% of present-day values (r = 0.3).

This decrease in surface velocity is conﬁrmed by the near-surface internal stratigraphy, as shown in Figure 4.
Near the surface in Layer 1, a positive thickness anomaly forms after the bedrock bump at x = 7 km (Figures 4a
and 4c), perhaps due to enhanced ﬂow convergence or snow accumulation. The thickness anomaly is then
buried and advected downstream. By measuring how far this anomaly has moved over a given time interval,
we can determine its velocity. The thickness anomaly is 12 km downstream in Layer 5, which is bound by isochrones with ages of 89 and 97 ka, implying a near-surface velocity of ~0.13 m/a, roughly 30% of present-day
velocities over the basin (Spaulding et al., 2012). In the ﬂowline model, if we similarly decrease surface velocities to 30% of their present-day values during glacial periods (r = 0.3), the model produces a similar downstream progression in layer thickness (Figures 4b and 4d).

4. Discussion
Ice core drilling in blue ice areas has the potential to replicate and extend the existing ice core record back
beyond 800 ka. Low accumulation rates, thin ice cover, and slow ﬂow promote the preservation of old ice
in these regions (Spaulding et al., 2012). Together with previous modeling studies in blue ice areas
(Grinsted et al., 2003; Moore et al., 2006), our results show that surface velocities were slower in the past,
and consequently, ice older than expected from modern ice ﬂow observations is likely present. Blue ice areas,
however, are also frequently characterized by complex ﬂow as ice interacts with steep basal topography
(Zwinger et al., 2014), which can result in spatial variations in the extent of old ice (Figure 1d) or stratigraphically disturbed ice (Higgins et al., 2015). Hence, even with evidence of very old ice from exposed tephra layers,
meteorites, and discrete ice samples (Dunbar et al., 1995; Higgins et al., 2015; Yan et al., 2017), careful site
selection is necessary to ensure the retrieval of a continuous, undisturbed ice core record.
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b

Figure 3. Model sensitivity to the present-day accumulation rate (b_ o) and the ratio of glacial to present-day velocities (r). (a) Model misﬁt M and (b) measured (points)
and modeled (lines) depth-age scales for the proposed drill site at x = 16 km (red star in Figure 1d). mmWE/a = millimeter water equivalent per year.

Our results identify a potential region for a continuous, 1-Ma record from the AH MIF accumulation zone (star
in Figure 1d; 76° 44.1840 S, 159° 4.0040 E). While stratigraphically disturbed ice has been recovered near BIT-58
(Figure 1a; Higgins et al., 2015), our radargrams reveal undisturbed internal stratigraphy to at least 900-m
depth in the basin 5–10 km upstream, with no evidence of discontinuities near the surface due to erosion
(Figure 1b; K. Winter et al., 2016). Our ﬂow model predicts 1-Ma ice 25–35 m above the bed in this basin.
These results indicate that it may be possible to acquire a continuous, 1-Ma ice core record near steep basal
topography, which suggests that the current criteria for selecting a 1-Ma+ ice core site should be expanded
to include these regions (Fischer et al., 2013; van Liefferinge & Pattyn, 2013). Signiﬁcant thinning as ice ﬂows
out of this basin may help explain the stratigraphically disturbed ice near BIT-58.
The lack of radar-detected layers near the base of the ice makes it difﬁcult to assess whether 1-Ma ice near the
bed is disturbed. The oldest radar-detected englacial layer at EPICA Dome C was ~500 ka (A. Winter et al.,
2017), but the ice core record was continuous to 800 ka (EPICA Community Members, 2004). Ice retrieved
within 60 m of the bed at EPICA Dome C could not be stratigraphically interpreted (Tison et al., 2015). If layers
are continuous to 60 m above the bed in the AH MIF, our model predicts a continuous record through
~500 ka. Basal ice in the AH MIF is likely colder that at EPICA Dome C (Tison et al., 2015); Higgins et al.
(2015) found no evidence that the bed had chemically or physically altered ice collected 5 m above the

Figure 4. (a) Dated radiostratigraphy and (b) model-derived age structure along Radar Track 1. The thickness of discrete stratigraphic packages seen in the data
(shaded in a) and reproduced by the ﬂowline model (shaded in b) has been plotted in (c) and (d) respectively, normalized to the mean package thickness. Panels
(c) and (d) highlight the apparent propagation of a thickness anomaly downstream through time, seen in the youngest layers at x = 7 km. The rate of anomaly
propagation, deduced from dated isochrones and validated using the ﬂowline model, implies that surface velocities were 30% of modern observed velocities during
the last glacial period.
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bed at BIT-58. At Taylor Dome, where basal conditions are more similar to those in the AH MIF, the ice core
record was continuous to 24 m above the bed (Steig et al., 2000). If layers are continuous to 24 m above
the bed in the AH MIF, then a continuous, 1-Ma ice core record may be preserved.
The temporal resolution of 1-Ma ice in an AH MIF ice core (~38 ka/m) will be less than that from other
proposed 1-Ma+ sites where the ice thickness is much greater (e.g., 10 ka/m for 1.5-Ma ice near Dome C in
Parrenin et al., 2017). It is difﬁcult to evaluate whether the AH MIF record will have sufﬁcient temporal resolution to resolve 41-ka glacial cycles at 1 Ma (Bereiter et al., 2014; Fischer et al., 2013). However, the emergence
of new analytic methods and measurements (e.g., Baggenstos et al., 2017; Bender et al., 2008; Buizert et al.,
2014; Higgins et al., 2015; NEEM Community Members, 2013; Yan et al., 2017) is enabling the extraction of
paleoclimate records from low-resolution, stratigraphically disturbed ice. Hence, even if the basal section
of the AH MIF ice core is stratigraphically disturbed, it may still be possible to untangle the paleoclimate
record using these methods.
At the very least, the AH MIF should provide a continuous, high-resolution record through MIS 11. Only three
ice core records (Dome Fuji, Vostok, and EPICA Dome C) currently extend through this time interval (EPICA
Community Members, 2004; Petit et al., 1999), and none of these records are located in the Ross Sea
Sector. An ice core from the AH MIF could help constrain the behavior of the Ross Ice Shelf and West
Antarctic Ice Sheet during the closest known analog for the present-day interglacial period (Howard, 1997;
Loutre & Berger, 2003).

5. Conclusions
We combined an ice ﬂow model, ice-penetrating radar, and existing age constraints to assess past ice ﬂow in
the Allan Hills Main Ice Field. Using the approach outlined above, we found that surface velocities were 30%
of modern-day values during the last glacial period, indicating that older ice than expected from modern ﬁeld
observations is likely present. Our results reveal a potential drill site for a continuous, 1-Ma ice core record
from the Allan Hills Main Ice Field, with 1-Ma ice 25–35 m above the bed. This site does not meet current
criteria used in the search for 1-Ma+ ice core sites, indicating that rugged topography should not disqualify
potential ice core sites evaluated in future studies. While 1-Ma ice at this site may be stratigraphically
disturbed, the proposed drill site should provide a continuous record through at least MIS 11.
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