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Flow Re-Organization of the East Antarctic Ice Sheet Across
Glacial Cycles

Marie Genevieve P. Cavitte, Ph.D.
The University of Texas at Austin, 2017

Supervisor: Donald D. Blankenship

Constraining the stability of the East Antarctic Ice Sheet (EAIS) over glacialinterglacial timescales is important to both understand its sea level contributions in
the past and predict its future contributions in a warming world. Constraining how
fast the EAIS can deliver ice to the ocean is as important as how much. Total volume fluctuations can be inferred through the use of nunatak exposure ages and ice
core dating as well as through ice sheet modeling reconstructions of the Antarctic Ice Sheet as a whole. However, the EAIS’s ice volume fluctuations over long
timescales such as 100-kyr glacial cycles and short spatial scales such as single ice
flow catchment are less well known. I establish a method for dating internal reflections from ice-penetrating radar data between the Vostok and Dome C ice core
sites, and determine the associated uncertainties in depth and age. I constrain the
stability of two catchments of the EAIS through the use of internal stratigraphy
from ice-penetrating radar, dated using correlated ice cores, combined with 1D ice
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flow models to reconstruct past accumulation rates. Here, I show that the ice catchment at the South Pole was highly active during the last glacial maximum while
the ice dome/divide at Dome C was fairly stable during the entire last glacial cycle.
Enhanced flow reaching South Pole implies the EAIS’s interior is much more susceptible to changes than previously thought. The absence of flow re-organization
at Dome C for the last glacial maximum in contrast to South Pole shows that flow
re-organization can vary from catchment to catchment. In addition, the stability
of the Dome C region for the last 128 kyrs is highly promising for the retrieval
of 1.5 million-year-old ice. 1D inversions of the deep radar isochrones interpreted
above the subglacial relief of the Little Dome C (LDC) surface dome, ~30 km
south of Dome C, predict several 1.5 million-year-old ice drilling sites. However,
the complicated basal radar internal stratigraphy above the LDC and the presence
of subglacial lakes complicate the task of choosing an ice core drill site. The EAISwide internal stratigraphy from the extensive modern ice-penetrating radar data now
available over the EAIS have improved our understanding of its configuration and
stability on multiple scales and timescales, and provide a foundation for understanding East Antarctica’s future role in global sea level change.
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Chapter 1
Introduction

1.1

Background
The East Antarctic Ice Sheet, a largely unexplored part of the Antarctic Ice

Sheet, is the largest potential sea level contributor on Earth, containing 53.3 m of
potential sea level rise (Fretwell et al., 2013). The East Antarctic Ice Sheet (EAIS)
is often assumed to be relatively stable as its ice sits mostly above sea level and is
predominantly grounded on old continental shield (Fitzsimons, 2000). However, a
number of studies have recently shown it to be prone to dynamic changes sensitive
to climate change (Chen et al., 2008; Young et al., 2011). Large radar data surveys
of the EAIS have shown that, contrary to previous belief, the EAIS interior is characterized by large basins with floors more than a kilometer below sea le vel (e.g. the
Italy-scale Wilkes Subglacial Basin (DREWRY, 1975; Frederick et al., 2016) and
the France-scale Aurora Subglacial Basin, Fig. 1.1, Young et al., 2011) implying
that the EAIS is much more dynamically connected to sea level changes than previously thought and therefore more susceptible to the marine ice sheet instability
(Weertman, 1974). The Aurora Subglacial Basin connects the East Antarctic interior all the way to Totten Glacier reaching down to 1 km below sea-level (Young
et al., 2011), while a similar topographic configuration can be found in the Wilkes
Basin which, as the largest marine-based drainage basin in East Antarctica, could
1

yield a sea level rise of 3 to 4 m (Winkelmann et al., 2015). Princess Elizabeth
Land has recently revealed a very deep and extensive series of canyons penetrating
from the coast deep into the interior (Jamieson et al., 2015), while closer to the
coast, Greenbaum et al. (2015) have uncovered a deep coastal trough under Totten
Glacier grounding zone that allows direct ocean incursion into the low-lying parts
of the glacier. It seems that the more we know about the EAIS, the more evidence
we have for a very dynamic EAIS. When compared to the 4.3 m projected sea level
contribution of the similarly configured submarine-based West Antarctic Ice Sheet
(WAIS) and placed in the context of previous sea level events as large as Meltwater Pulse (MWP) 1A (a rapid freshwater addition of ~15 m to sea level at the last
deglaciation; Gregoire et al., 2012), the EAIS likely has had, and likely will have,
a major role to play in sea level responses to significant global climate change.
A long-standing theory about the way that ice-sheets can have strong impacts on sea level is through a “binge-purge” mechanism first hypothesized by
MacAyeal (1993) for the northern hemisphere former Laurentide Ice Sheet. Contemporaneous to MWP 1A, significant and rapid ice delivery to the ocean such as
large ice-rafted debris events in the Hudson Strait is required to raise sea level by
both the amount and the short time period observed as Heinrich events in the marine
record (Bond et al., 1993; Bard et al., 1996; Clark et al., 2002). The binge-purge
mechanism represents free oscillations of the ice sheet whereby the ice sheet slowly
grows and quickly shrinks as a critical ice thickness is reached. With a positive surface mass balance, the ice sheet can thicken until a critical ice thickness is reached
when gravitational stress overwhelms basal friction, often through increased basal
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ASB
WSB

Figure 1.1: Modern bedrock elevations that are below sea level (Pollard et al., 2015,
based on Fretwell et al. (2013)). The Aurora Subglacial Basin (ASB) and Wilkes
Subglacial Basin (WSB) are clearly visible in East Antarctica.
lubrication. The reduced basal friction is therefore unable to hold the ice back and
causes rapid ice discharge to the coast and a return to a stable ice sheet configuration.
Less dramatic than full ice sheet collapse, ice streams, regions of the ice
sheets that flow at ~100 m yr−1 or more, are another way of delivering significant
volumes of ice to the oceans from the EAIS interior. Ice streams are most found
near the grounding line as clearly seen on the MEaSUREs ice surface velocity map

3

of the ice sheet (Rignot et al., 2011). Ice stream tributaries however can reach much
deeper into the ice sheet where the largest ice thicknesses are found. The Weddell
Sea embayment is an area where ice stream tributaries are highly active reaching
far into the interior of the EAIS (Bingham et al., 2015; Siegert et al., 2016; Winter
et al., 2015; Rippin et al., 2014). Both ice streams and tributaries can experience
significant flow variability over time.
The transient behavior of tributary or ice stream flow in the ice sheet interior will have a strong impact on the ice flow of the ice sheet as a whole. What
exactly controls the instigation or cessation of tributary or streaming flow is still under debate. Is it a large-scale mechanism where thick areas of the ice sheet become
unstable as described by binge-purge (MacAyeal, 1993), or is it a smaller-scale
phenomenon where an individual ice stream’s behavior relies on the interactions
between the ice surface topography and the deformational heating produced by ice
flow (Payne, 1998)? While the transient nature of enhanced flow has been interpreted from several regions in both East and West Antarctica (Ng and Conway,
2004; Bougamont et al., 2015; Rippin et al., 2006; Bingham et al., 2015, 2007;
Conway et al., 2002; Siegert et al., 2004), the timing and extent of changes are yet
to be determined for the East Antarctic interior.
Ice divides play a key role in recording ice sheet stability and have so far
been assumed to be relatively static. Modeling efforts presently assume ice divide stability over previous glacial-interglacial cycles but evidence has so far shown
transient flow can penetrate deep into the interior (Beem et al., in press), suggesting divides could also be affected by transient behavior. Radar imaging of internal
4

stratigraphy is key to understand flow disruptions in past climatic cycles (Siegert,
2003). When combined with ice core data, radar imaging has the strong advantage
of placing absolute ages on ice flow re-organization.
The research presented here uses airborne ice-penetrating radar data collected by the University of Texas Institute for Geophysics (UTIG), augmented with
external data where needed, to assess the potential for re-organization of the EAIS.
Moreover, ice flow stability is required for the recovery of interpretable millionyear-old ice (Fischer et al., 2013). Van Liefferinge and Pattyn (2013) show that
the deep interior of the EAIS, and the divide regions in particular, have the highest
potential for recovering million-year-old ice (Fig. 1.2).
Recovery of million-year-old ice is a key goal under the International Partnerships in Ice Core Sciences (IPICS) umbrella which aims to retrieve a paleoclimate record that would sample the Mid-Pleistocene Transition (MPT) when the
glacial-interglacial climate cyclicity went from a 40-kyr to a 100-kyr periodicity as
observed in the marine records (Lisiecki and Raymo, 2005). The MPT represents
a significant change in the climate system’s natural variability that remains unexplained using marine and lacustrine paleoclimate records (Elderfield et al., 2012;
Hönisch et al., 2009; Melles et al., 2012). The exact timing and length of the MPT
is still under debate. Only an ice core can have the required temporal resolution
to better constrain the MPT’s exact timing and understand the MPT’s greenhouse
gas forcings (Fischer et al., 2013). In addition, an ice-trapped record of paleoatmospheres from a deep ice core might also provide the opportunity to resolve the
orbital cyclicity dominance mismatch with climate records by providing a southern
5

Figure 1.2: Million-year-old ice candidate sites (in magenta, Van Liefferinge and
Pattyn, 2013) cluster around the ice divides (dark blue lines, Bamber et al., 2009)
of the EAIS. They are plotted on top of Bamber et al. (2009) ice surface elevations
(datum WGS84).
ice record (Fischer et al., 2013).
To constrain the stability of the EAIS, I examine two critical regions in
detail, using radar internal stratigraphy. The first is the ice divide region between
Byrd Glacier and Totten Glacier (two of the world’s largest glacier catchments)
linking Lake Vostok to Dome C. The second is a long corridor between South Pole
and the Transantarctic Mountains. These two regions are both situated in the deep
interior where constraining the stability of the EAIS is crucial to understand flow
re-organization over long timescales and therefore help guide the decision of where
to core for million-year-old ice. Figure 1.4 shows the radar surveys used in this
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Figure 1.3: The marine R04 Lisiecki and Raymo (2005) δ 18 O stack shows the strong
contrast in cyclicities and amplitudes of glacial-interglacial cycles across the MPT.
thesis color coded by chapter.
UTIG’s 60 MHz ice-penetrating radar is designed to image internal reflections considered to represent isochronal surfaces buried by subsequent accumulation (Siegert, 1999). Properties of these reflections such as lateral continuity and
spatial expansiveness allow them to be traced over extensive areas of the ice sheet.
When correlated to ice core data, these reflections allow the propagation of geochemical age-depth chronologies at the core sites laterally to obtain detailed agedepth stratigraphy over large areas of the ice sheet (Fujita et al., 2011; MacGregor
et al., 2015; Siegert et al., 1998a; Cavitte et al., 2016).
Dated radar internal reflections, also called radar isochrones, are used as
input to 1D and 2D models to obtain paleoclimate parameters such as basal melt
rates, paleo-accumulation rates, and ice thickness through time. These quantities are crucial to understand temporal ice flow variation in the areas surveyed,
and to model ice flow re-organization of the ice sheet interior. Because radar
isochrone geometries retain paleo-ice flow history (Jacobel et al., 1993; Siegert
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Figure 1.4: Radar surveys used in this thesis, color coded by chapter. Van Liefferinge and Pattyn (2013) million-year-old ice candidates are shown for context (in
magenta).
et al., 2004; Leysinger Vieli et al., 2007), they preserve information about ice flow
re-organization across glacial cycles. The radar isochrones can be used to establish
the configuration of the interior EAIS across glacial-interglacial cycles. The radar
isochrones used here span one glacial cycle for the South Pole region, and three
glacial-cycles for the Dome C region.
The primary goal of this work is to constrain the stability of the EAIS inte-
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rior over the last glacial cycle. A secondary goal of this work, is to use the age-depth
stratigraphy obtained in each of the two study areas to constrain million-year-old ice
targets in support of the IPICS goal of retrieving a paleoclimate record that samples
the MPT and the 40-kyr world (Fischer et al., 2013).

1.2

Radar data
The UTIG aerogeophysical radar platform has been collecting ice-penetrating

radar data over wide areas of the Antarctic Ice Sheet during the past two decades,
resulting in a rich dataset of ice thickness, bedrock topography, and internal stratigraphy from the grounding line into the Antarctic interior. The use of radar data to
visualize internal ice stratigraphy dates back to the Bailey et al. (1964) study. Internal radar reflections are thought to originate from variations in ice density (in the
upper firn part of the ice column), acidity content, and crystal fabric (Dowdeswell
and Evans, 2004). Millar (1981) first showed acidity content variation to be a possible cause for radar echo returns in Greenland and the Siegert et al. (1998a) study
confirmed this in Antarctica by comparing Vostok ice core acidity concentration
profiles and radar depth profiles at the same location. Volcanic aerosols dominate
radar reflections through the top two-thirds of the ice sheet; gases homogenize in
the stratosphere and are then deposited simultaneously on the ice surface as laterally
extensive sheets to be preserved and buried by subsequent precipitation. These internal reflectors therefore represent isochronal surfaces, which are imaged as radar
englacial reflections by our airborne radar system. Due to the radar’s finite vertical
resolution (which is a function of radar bandwidth), radar internal reflections do not
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a
represent single depositional events but rather groups of closely spaced reflectors
forming a reflective zone (Millar, 1981). Radar internal stratigraphy can therefore
provide detailed englacial geometries inside the ice sheet, but ice cores are needed
to provide temporal controls to these reflections.

b

Where radar transects intersect an ice c
core site, the radar reflection depth

and the ice core depth will represent the same depositional event, which allows us
to then correlate the age of the ice core at that particular depth to the radar reflection
(Fig. 1.5).

Figure 1.5: Cartoon illustrating the process of tracing radar internal reflections and
assigning ages from an ice core.
Under the same assumption of isochroneity, this age can be propagated to
the entire radar reflection, which allows the dating of wide areas of the ice sheet
more efficiently than is possible with ice cores alone.
However, internal reflections become increasingly difficult to trace with
proximity to the bedrock: dynamic processes at work in the lower part of the ice
10

column such as basal melting (Carter et al., 2007), meltwater accretion (MacGregor
et al., 2009; Bell et al., 2011), basal ice shearing and folding (Dahl-Jensen et al.,
2013), can complicate deep stratigraphy or destroy it completely. Figure 1.6 illustrates a few of these processes. Echo-free zones exist where internal reflections are
absent (due to a lack of coherent radar reflectors or re-crystallization processes, e.g.
Drews et al. (2009); Fujita et al. (1999) or due to increased attenuation of the radar
signal at depth, e.g. MacGregor et al. (2012); Matsuoka (2011)).

a

c

b

Figure 1.6: Basal processes that can affect the lower part of the ice column: (a) ice
accretion (Bell et al., 2011), (b) ice melting (Carter et al., 2007), (c) ice folding and
overturning (Dahl-Jensen et al., 2013).
In addition to these processes, wind-driven redistribution of snow at the ice
sheet’s surface can affect the radar internal stratigraphy’s lateral continuity at any
11

depth (Arcone et al., 2012a,b). Megadunes are extreme examples of where wind
can erode large areas of the surface. Such aeolian structures have been mapped
extensively at the surface, and have been identified englacially in the East Antarctic
interior (Arcone et al., 2012a,b; Das et al., 2013; Frezzotti et al., 2002b,a). Winddriven effects are carefully evaluated as part of this study.
Where radar stratigraphy is preserved, internal reflections can give us crucial information on glacial-interglacial cyclicity as climatic periods mapped in ice
cores temporally can be mapped spatially through internal stratigraphy. Isochrone
geometries can then be used to reconstruct previous ice sheet geometries and ice
sheet behavior; slow-flowing parts of the ice sheet will show conformable internal reflectors to the bed with longer wavelength characteristics while fast-flowing
areas will show opposite internal characteristics (Hindmarsh et al., 2006). Identification of varying radar reflection geometries can then serve as input to modeling
experiments to retrace ice sheet flow evolution (e.g. Leysinger Vieli et al., 2011;
Parrenin et al., 2006). Such reconstructions will help decide on the reliability of our
projections of past and future stability of the EAIS and Antarctica as a whole.
Finally, radar isochrones are crucial constraints for 1D - 3D modeling of
the ice to invert for key boundary conditions such as geothermal heat flux, surface
mass balance, basal melting, vertical strain rates, basal ages, etc. These parameters
will guide our decision for where to drill for million-year-old ice as it would not be
realistic to measure these directly on the ground. Such work is already underway at
the Dome C candidate site, as well as at the Dome Fuji candidate site.
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1.3

Chapter structure
Chapter 2 sets the background for interpreting UTIG radar internal reflec-

tions as isochrones and establishes a rigorous method for reporting radar depth and
age uncertainties, which is used in the other chapters. These premises are established over the Vostok - Dome C divide region, where thirteen isochrones establish a
direct connection between the two ice core sites over the last two glacial-interglacial
cycles (between 38 ka and 248 ka) using International Collaborative Exploration of
the Cryosphere through Airborne Profiling (ICECAP) radar surveys. Wind-driven
processes are discussed where they truncate radar internal stratigraphy. This is a
manuscript published in the Journal of Glaciology (Cavitte et al., 2016).
Chapter 3 focuses on flow re-organization in the last glacial cycle around
the South Pole region. Traced isochrones throughout the Pensacola-Pole Transect
(PPT) radar survey (see Fig. 1.4) are used as input to a simple 1D vertical strain rate
model which calculates submergence rates through time, i.e. rates of relative vertical thinning or thickening of ice layers bounded by the interpreted radar isochrones.
Using both the radar isochrones’ geometries and the model results, I show that the
South Pole region sustained fast tributary flow between 51 ka and 17 ka. This is
a manuscript that was submitted to the Journal of Geophysical Research, parts of
which are in Beem et al. (in press).
Chapter 4 focuses on flow re-organization in the last glacial cycle around
Dome C. The same isochrones as in Chapter 2, augmented by younger and deeper
isochrones spanning 10 - 366 ka, are used to reconstruct paleoaccumulation rates
through the last 128 ka using the new Oldest Ice candidate A (OIA) radar survey
13

collected in January 2016. A 1D pseudo-steady ice flow model inverts for the accumulation rates by inverting the radar isochrones. I show that the large-scale gradients (100s km) and small-scale (10s km) patterns of accumulation are spatially
stationary which suggest a stable surface topography for the region for the last 128
ka. Flow stability over the last glacial cycle therefore confirms the validity of the
Dome C region as an million-year-old candidate site. This is a manuscript in review
with a companion paper by Parrenin et al. to The Cryosphere Discussions (Parrenin
et al., 2017; Cavitte et al., 2017).
Chapter 5 describes current work to understand the basal ice record of the
Little Dome C (LDC), a secondary topographic dome just south of Dome C in
collaboration with colleagues at the Institut des Géosciences de l’Environnement
(IGE). The LDC is one of the Van Liefferinge and Pattyn (2013) million-year-old
ice candidate sites and the OIA radar survey collected January 2016 provides an
unprecedented wealth of information on the deep ice record in the area. The OIA
survey (see Fig. 1.4) allows the interpretation of radar isochrones through three
glacial-interglacial cycles as well as the interpretation of additional undated internal reflections that inform modeling work done to find the ideal site for drilling a
million-year-old ice record. I describe the radar interpretation work I did in the region, as well as the modeling work done with Frédéric Parrenin, Catherine Ritz and
Olivier Passalacqua. The radar isochrones described in this chapter will be published this summer 2017 as a data release paper in Geoscientific Instrumentation,
Methods and Data Systems.
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Chapter 2
Deep radiostratigraphy of the East Antarctic Plateau:
connecting the Dome C and Vostok ice core sites1

Several airborne radar-sounding surveys are used to trace internal reflections
around the EPICA Dome C and Vostok ice-core sites. Thirteen reflections, spanning the last two glacial cycles, are traced within 200 km of Dome C, a promising
region for million-year-old-ice, using the UTIG HiCARS radar. This provides a
dated stratigraphy to 2318 m depth at Dome C. Reflection age uncertainties are
calculated from the radar range precision and signal-to-noise ratio of the internal
reflections. The radar stratigraphy matches well with the MCoRDS radar stratigraphy obtained independently. We show that radar-sounding enables the extension
of ice-core ages through the ice-sheet with an additional radar-related age uncertainty of ~one third to a half of that of the ice-cores. Reflections are extended along
the Byrd-Totten Glacier divide, using UT/TUD and MCoRDS surveys. However,
core-to-core connection is impeded by pervasive aeolian terranes, and Lake Vos1

A version of this chapter has been published in the Journal of Glaciology under the title “Deep
radiostratigraphy of the East Antarctic Plateau: connecting the Dome C and Vostok ice core sites”
Marie G. P. Cavitte, Donald D. Blankenship, Duncan A. Young, Dustin M. Schroeder, Frédéric
Parrenin, Emmanuel Le Meur,Joseph A. MacGregor and Martin J. Siegert, doi:10.1017/jog.2016.11.
Marie G. P. Cavitte interpreted the radar isochrones, Marie G. P. Cavitte and Dustin M. Schroeder
evaluated the uncertainties with the help of Donald D. Blankenship and Duncan A. Young, Marie G.
P Cavitte prepared the manuscript with input from all co-authors.
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tok’s influence on reflection geometry. Poor radar connection of the two ice cores
is attributed to these effects and suboptimal survey design in affected areas. We
demonstrate that, while ice-sheet internal radar reflections are generally isochronal
and can be mapped over large distances, careful survey planning is necessary to
extend ice-core chronologies to distant regions of the East Antarctic ice-sheet.

2.1

Introduction
Ice cores retrieved from East Antarctica provide the longest record of di-

rect greenhouse gas concentrations and are key to understanding late Quaternary
climate forcings. EPICA Dome C (75◦ 280 S 106◦ 480 E; Augustin et al., 2004) and
Vostok (75◦ 060 S 123◦ 210 E; Petit et al., 1999) provide dated records down to depths
of 3192 m and 3272 m, respectively, corresponding to ages of 808 ka and 407 ka,
respectively (Bazin et al., 2013; Veres et al., 2013). However, age uncertainties
at such depths become significant using traditional ice core dating methods: single core chronologies vary between confidence intervals of 2 ka at Vostok (O2 /N2
dating method, Suwa and Bender, 2008) and 6 ka at Dome C (EDC3 chronology,
Parrenin et al., 2007a) for ice older than 100 ka. Given these age uncertainties, there
are limits on the temporal and spatial synchronicity and duration of climate change
interpretations available from ice core chronologies. To improve the chronologies,
efforts have focused on developing multi-core statistical approaches such as the
AICC2012 timescale (Lemieux-Dudon et al., 2010; Veres et al., 2013; Bazin et al.,
2013), which synchronizes five deep polar ice cores. Both cores also lack a well
established absolute depth uncertainty (Parrenin et al., 2012). For any deep ice core,
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factors such as borehole inclination, post-coring relaxation, broken-core length errors, logging gauge uncertainties and temperature of logging with respect to in-situ
temperature can induce several meters of accumulated error (Parrenin et al., 2012).
With the introduction of radio-echo sounding (RES) recording isochronous layering over large (>100s km) distances, the age-depth record represented by ice cores
can benefit substantially from extensive site selection activity, giving additional local knowledge about bed, surface and internal reflections before the core is drilled
and to inform flow modeling for developing ice core chronologies. We adopt the
AICC2012 chronology to date the radar reflections in this study as it should provide
the best comparison of ages between the EPICA Dome C and Vostok ice core.
In Antarctica, internal RES reflections are pervasive and can be related to
(a) density changes, (b) ice chemistry variation and/or (c) ice fabrics (Clough, 1977;
Fujita and Mae, 1994; Fujita et al., 1999). For the depths considered in this study,
ice chemistry variation (b) is thought to be the dominant source of internal radar
reflections. These result from the deposition of discrete acidic aerosols as laterally
extensive sheets on the ice surface, preserved by later accumulation (Millar, 1981,
1982; Fujita and Mae, 1994; Siegert et al., 1998a). The radar stratigraphy represents
an additional method for ice core chronology extrapolation as it is related to discrete
volcanic events and not solely climatic events. The isochronous nature of internal
reflections has been discussed and exploited over the last ~40 years (pers.comm.
S. Fujita): Whillans (1976) first showed their usefulness as isochrones in ice sheet
models, Fujita et al. (1999) pointed out the lateral continuity of the internal reflections and therefore the validity of their use as isochronal markers, Jacobel et al.
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(1993) then demonstrated their use as markers of internal flow properties.
Modern RES surveys of the ice sheet provide the potential for extending
ice core age-depth relationships over large areas where no cores exist (e.g., Siegert
et al., 1998b; Leysinger Vieli et al., 2011; Huybrechts et al., 2009; MacGregor et al.,
2015), and, given good survey coverage, for the connection of ice core chronologies (Steinhage et al., 2013; MacGregor et al., 2015). Internal reflectors have been
increasingly used in the reconstruction of temporal and spatial climate parameters
(e.g., Leysinger Vieli et al., 2011; MacGregor et al., 2015). Use of continuous radar
stratigraphy as an alternative method for ice core extrapolation has the advantage
of: (1) imaging spatially large areas to map englacial flow, (2) extending the stratigraphies measured in ice cores to other places (Parrenin et al., 2012). Extensive
RES stratigraphy can provide the level of depth and age accuracy needed for modeling studies and is proving extremely useful in the community’s search for million
year old ice (Fischer et al., 2013). Furthermore, through the collection of surveys
that use coherent radar combined with a gridded survey design, RES stratigraphy
could help constrain depth errors and inform ice core synchronization methods (e.g.
Lemieux-Dudon et al., 2010; Veres et al., 2013; Bazin et al., 2013). In this study, we
attempt to connect the Dome C and Vostok ice core sites and evaluate the challenges
associated with such extensions of ice core stratigraphy.

18

2.2
2.2.1

Data and methods
Radar surveys
We use RES lines acquired over several seasons by the University of Texas

Institute for Geophysics (UTIG) aerogeophysical program (see Figure 2.1; University of Texas/Technical University of Denmark/Lake Vostok Survey (UT/TUD/LVS)
from Carter et al. (2007); International Collaborative Exploration of the Cryosphere
through Airborne Profiling/International Polar Year (ICECAP/IPY) in Young et al.
(2011); (Blankenship et al., 2012a,b)). The radar system operates with a center
frequency of 60 MHz (Blankenship et al., 2001). Pre-2008 radar data (UT/TUD,
Vostok site coverage) were acquired using a pulse width of 290 ns (~24.4 m in ice)
and a pulse repetition frequency (PRF) of 12.5 kHz; log detected signals were digitised at 16 ns intervals for 65.5 sec and incoherently stacked 2048 times to generate
a trace every ~20 m along-track (Carter et al., 2009). Post-2008 data (HiCARS
1&2, Dome C site coverage) were acquired using a 1 µs chirp width with a 15 MHz
bandwidth corresponding to a 100 ns pulse after compression (~8.4 m in ice) and
a 6.4 kHz PRF; signals were digitised at 20 ns intervals and coherently stacked ten
times, log detected and incoherently stacked five times to yield records every ~22 m
along-track (Young et al., 2011). Unfocused coherent stacking improves the signalto-noise ratio of flat internal reflections and reduces surface scattering but can eliminate dipping reflectors, while incoherent stacking retains steeply dipping reflections
with some loss of geometric fidelity (Peters et al., 2007). In parallel, we use a RES
line acquired by the CReSIS MCoRDS in 2013 (MCoRDS, v2, Rodrı́guez-Morales
et al., 2014). The radar system operates with a 180 to 210 MHz frequency range
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with multiple receivers and an adjustable bandwidth up to 30 MHz, corresponding to a post-processing 4.5 m vertical resolution in ice and a data product with an
along-track sampling of 30 m (Leuschen et al., 2000).

2.2.2

Internal reflection tracing strategy
Data interpretation is performed by tracking continuous radar reflections

in ice following peaks in processed amplitude using Landmark’s Decision Space
Desktop 5000.8.3.0. Reflections are traced using a semi-automated tracking algorithm that uses an adjustable travel-time window to track peaks in echo amplitude.
This tracing was completed in three phases:
1. Dome C stratigraphy - First, we tested the accuracy of the HiCARS radar
system for radar stratigraphy by tracing radar reflections beginning at the
furthest point from the Dome C ice core site (Figure 2.1) and tracked them
continuously to the Dome C ice core site - a distance of ~230 km - where
their travel-times were recorded. All HiCARS radar transects were used in
this exercise to ensure a large number of crossovers (30), supporting the reliability of reflection tracing. Our reflection selection criteria are based on
echo strength and continuity: reflections chosen have to be distinguishably
brighter than adjacent layers and continuous, based on visual identification
in Decision Space Desktop. If one of these properties failed, the reflection
being traced was terminated. Reflections were sampled throughout the entire
ice column at regular depth intervals where possible.
2. MCoRDS repeat - Second, we repeated the same steps using a MCoRDS
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Figure 2.1: Map of the East Antarctic Plateau focused on the study area. A red box
locates the study area in East Antarctica in the inset. All the radar transects used
are shown as red lines (HiCARS coherent radar data), magenta lines (UT/TUD
incoherent radar data) and a blue line (MCoRDS coherent radar data) overlaid on
ice surface velocities (Rignot et al., 2011); dark gray contours are RAMP ice surface
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locations of the two deep ice core sites connected in this study; a yellow star locates
where radar reflections are initiated; Lake Vostok is outlined in blue. The basemap
uses the SCAR projection.
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100

radar transect, starting at the same location (at the intersection of the MCoRDS
and the HiCARS radar transects, Figure 2.1). Reflections at similar depths to
those observed in HiCARS were traced to the Dome C ice core site. The
MCoRDS transect stopped short of the Dome C ice core site, we therefore
extended the MCoRDS-traced reflections onto two short HiCARS segments
to measure their respective travel-times at the same site for comparison.
3. Bridge to Vostok - In the third and final phase, we extended the HiCARS
radar reflections described in the first phase, but this time we extended them
in the direction of the Vostok ice core site along the UT/TUD survey (see
Figure 2.1), so as to connect the Dome C and the Vostok ice cores. We independently repeated the same exercise, using only the MCoRDS transect. The
lack of crossovers in both UT/TUD and MCoRDS data precluded circumventing areas of disturbed internal stratigraphy.
Complex internal reflection geometries attributed to the aeolian terranes and
lake-induced strain-rate contrasts required extensive manual interpretation of the
reflections (see later section). Radar crossover errors (see Supplement 2.7.1, Tables
2.4 and 2.5) give a qualitative measure of the reliability of the internal stratigraphy
and of the depth uncertainties stated (described next).
2.2.3

Reflection depth estimation
A total of thirteen reflections are traced between the Dome C and Vostok

ice core sites. Some reflections can be traced throughout the entire region, while
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others are restricted to the Dome C area, which has a relatively conformable subhorizontal internal stratigraphy (see Figure 2.2). The deepest reflection traced at
Dome C reaches 2318 m, which represents 73% of the full EPICA/DMC core length
retrieved. Reflection depths relative to the surface are computed for each reflection
assuming a constant electromagnetic velocity of 168.5 m/µs and 300 m/µs in ice
and air, respectively, obtained using an ice dielectric constant ε0 of 3.17 (Peters
√
et al., 2005; Gudmandsen, 1971) and Cice = Cair / ε0 . Variations in Cice are taken
into account in calculating reflection depth uncertainties (Fujita et al., 2000) (see
section below for a detailed error analysis).
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Figure 2.2: Radargram of the EPICA Dome C ice core site, using the HiCARS
radar system. Top panel shows the raw radargram, bottom panel shows the radar
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All thirteen reflections meet our reflection selection criteria of brightness
and continuity. Where a radar transect intersects an ice core site, we measure reflection depths, using diffraction hyperbolae in the radar data arising from station
structures as reference locations (e.g. Figures 2.2 and 2.5). Depths are measured
from the surface, to which we apply firn corrections (zf ) of 13.60 m and 14.60 m at
Vostok and Dome C, respectively. These corrections are computed using Equation
2.1 given below, following Dowdeswell and Evans (2004) and published vertical
density profiles for each site (Lipenkov et al., 1997; Barnes et al., 2002), respectively.

K
zf = 0
ni

Z
(ρi − ρ(z)) dz

(2.1)

K coefficient adopted by Robin et al. (1969), 0.85 m3 Mg−1 .
n0i refractive index of solid ice, 1.78.
ρi density of solid ice, 0.917 Mg m−3 .
ρ(z) density at a depth z, Mg m−3 .

These firn corrections are confirmed within uncertainty bounds by a seismic
refraction study at Dome C (12.52±1.21 m; Gassett, 1982) and from literature at
Vostok (15±2 m; Dowdeswell and Evans, 2004).
2.2.4

Radar depth error sources
To assess the uncertainties in the dating of the radar reflections, we first

account for all known sources of error in determining reflection depths. Errors arise
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from three sources: (1) range estimate precision in determining reflection depth, (2)
firn correction and (3) variations in electromagnetic (EM) wave propagation in ice.
These are computed for each radar system independently (UT/TUD, HiCARS and
MCoRDS) as their vertical resolution varies. Horizontal continuity was assumed
over the minor data gaps between the ice core sites and the radar lines of closest
approach, corresponding to 1.2 km and 0.4 km at Vostok and Dome C, respectively.
We describe treatment of each error in order:
1. Vertical resolution of the radar system is given by the measured field radar
pulse width (Millar, 1982); it represents 24.4 m for the UT/TUD radar, 8.4
m for HiCARS and 4.5 m for MCoRDS. However, the precision of reflection
depth estimates is a function of the radar system’s pulse width and the signalto-noise ratio (SNR) for each reflection at each ice core site. This is given
by the range precision σr∗ , the standard deviation of the range estimate (see
Appendix). Additional errors could arise from sub-resolution reflector fluctuations, but the continuity of reflection amplitudes and subsequent traceability
of the reflections suggests that this is not significant outside of terranes of
disturbed radar reflections (aeolian terranes and lake-induced strain rate contrasts).
2. Firn correction uncertainty is given by published errors in depth-density curves
at each ice core site (see previous section). This represents a 2% standard error in density values at EPICA Dome C (Barnes et al., 2002) and we use the
same standard error at Vostok. This is propagated into the reflection depth er-
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ror and represents a variation of ±1.37 m and ±1.35 m at Vostok and Dome
C, respectively.
3. The uncertainty arising from EM velocity in ice takes into account variations
of the dielectric constant due to varying impurity concentrations, anisotropy
and temperature (Fujita et al., 2000; Dowdeswell and Evans, 2004; Peters
et al., 2005). EM velocities in ice vary between 168 and 169.5 m/µs (Fujita et al., 2000), which increases the uncertainty of our depth measurements
as we go further down the ice column. This represents a maximum depth
variation of ±11.69 m and ±10.32 m at Vostok (UT/TUD) and Dome C (HiCARS) for the deepest reflection traced, respectively, and ±6.14 m at Vostok
(MCoRDS, the deepest reflection traced in this case is shallower than for the
other radar systems).
All three sources of error are calculated at each ice core site and for each
radar system (see Tables 2.1, 2.2 and 2.3).
In addition, a crossover error analysis is performed on all cross-lines and
reflections as an independent validation of our reflection depth error estimates (see
Supplement 2.7.1). The measured crossover errors are less than the depth error
estimates, further suggesting that our error estimates are conservative. This is done
for the Dome C district (Table 2.4), where reflections are not perturbed by dune
terranes (see Discussion), and in the Vostok district (Table 2.5) .
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2.2.5

Reflection age attribution
Next, we date radar reflections at the Dome C and Vostok sites using the

published AICC2012 age-depth chronology (Veres et al., 2013; Bazin et al., 2013)
with the caveat that ice core absolute depth errors have not been estimated for the
cores recovered at either site but are thought to “sum up to several meters” (Parrenin
et al., 2012). We linearly interpolate bagged ice core age-depth data to fit our picked
radar depths, and assign ages to the reflections.
Thirteen radar reflections spanning a ~200 ka period, from the last glacial to
the MIS 8 glacial, are traced around the EPICA Dome C ice core site. Age coverage
is shown on Figure 2.3. Only three reflections out of thirteen could be connected to
the Vostok ice core site using MCoRDS (see Figure 2.4) due to the complicating effects of aeolian terranes and Lake Vostok on the radar reflections. More reflections
are traced using the UT/TUD data as a result of its coarser vertical resolution (see
Figure 2.5): reflections observed in the UT/TUD radar integrate more physical reflectors than the higher bandwidth systems, so while more local discrete reflections
are identifiable in the more advanced data, reflections are more laterally continuous
in the older data. However, a few reflections traced are unreliable (Figure 2.6), also
as a result of the presence of aeolian terranes and Lake Vostok (see later discussion).
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Figure 2.4: Radargram of the Vostok ice core site, using the MCoRDS radar system.
Note the orientation of this transect is at an angle to that of Figure 2.5. Top panel
shows the raw radargram, bottom panel shows the radar reflections traced in blue.
A vertical magenta line highlights the location of the ice core site; reflections are
numbered according to Table 2.3. Again, reflection geometries over Lake Vostok
are complex and strongly warped over the bed topography. The radar transect is
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arrow.
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Figure 2.5: Radargram of the Vostok ice core site, using the UT/TUD radar system.
Note the orientation of this transect is at an angle to that of Figure 2.4. Top panel
shows the raw radargram, bottom panel shows the radar reflections traced in blue.
A vertical magenta line highlights the location of the ice core site; reflections are
numbered according to Table 2.1. Note this time the complex reflection geometries,
as a result of the steep bed topography and the presence of Lake Vostok. The radar
transect is oblique to flow, as indicated by the arrow head.
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Figure 2.6: Radar reflection age differences between Vostok and Dome C ice cores
using the combined HiCARS and UT/TUD radar systems, as a function of their
age at the Dome C ice core site using HiCARS-determined reflection ages. Each
data point represents each of the thirteen radar reflections traced. The vertical black
dashed line separates reflections belonging to the last glacial from the penultimate
glacial. Error bars are displayed for each reflection representing the total age uncertainty for each system. Both age uncertainties are displayed, red and blue corresponding to HiCARS and UT/TUD, respectively. Three reflections fall well outside
of their respective total age uncertainty bounds: we attribute this to the presence of
aeolian terranes in the vicinity of Lake Vostok.
Once dated, we then calculate age uncertainties for each radar reflection.
The total age uncertainty of an individual reflection is a combination of the published ice core age uncertainty (Veres et al., 2013; Bazin et al., 2013) and the specific radar reflection’s depth error (described above). Each radar reflection corresponds to a specific age-gradient in the age-depth ice core curve, due to variations
in strain thinning and accumulation rates through glacial/interglacial cycles. This
age-gradient can be used to translate the reflection depth error to a relative radar
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age error for each radar reflection. The total age uncertainty for an individual radar
reflection is the root-mean-square (rms) combination of the ice core published age
error and the relative radar age error for the individual radar reflection (different for
each radar system) (also used by MacGregor et al. (2015)). All uncertainties are
summarized in Tables 2.1, 2.2 and 2.3.

2.3

Results
A distinction must be made between the internal stratigraphy within a ~200

km radius of the Dome C ice core site, which shows relatively uniform, sub-parallel
and continuous reflections, with that of areas further upflow towards Lake Vostok,
characterized by more complex or truncated reflections due to the presence of the
tectonically-controlled deep subglacial Lake Vostok basin (Studinger et al., 2003),
and aeolian reworking of the ice surface. Figures 2.2, 2.4 and 2.5 show the contrast in internal reflections between these two districts: the Vostok transect show
strongly up- and down-warped reflections, as they flow over the jagged bed topography, as opposed to the “smooth” Dome C stratigraphy. These various transects
have different orientations with respect to ice flow and care must be taken when
comparing them: Figure 2.2 is mainly along the ridge, along-flow, with very slow
ice flow speeds, while Figure 2.4 is mainly along-flow and Figure 2.5 is oblique to
flow, both with significantly faster flow speeds.
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2.3.1

The Dome C district
The internal radar stratigraphy around Dome C is fairly straightforward and

conformable: all thirteen radar reflections can be traced through the entire district,
using all radar lines available (Figure 2.2). The surveys were designed as grids,
providing multiple intersecting lines and, therefore, crossover points to ensure that
the same radar reflection is being tracked throughout (see Supplement 2.7.1, Table
2.4). The gridded parts of the survey provide a qualitative check on the isochroneity of the radar reflections traced: spatially, reflections intersect with themselves on
radar cross-lines. Table 2.1 shows the depth, age and uncertainty associated with
each reflection. The MCoRDS transect, as a separate radar system, serves as an additional test of the accuracy of reflection dating and assignment of errors. As it was
collected at a different bandwidth, center frequency, with different processing steps,
it is an ideal independent test of the accuracy of our HiCARS internal reflections.
Starting from the same site (labeled in Figure 2.1), we are able to match each HiCARS reflection to a MCoRDS reflection. Table 2.2 shows reflection depths, ages
and uncertainties associated to the MCoRDS data.
2.3.2

Linking Dome C and Vostok
Radar internal stratigraphy becomes more complex as we move upflow to-

wards Lake Vostok (see Figures 2.4 and 2.5). We attempt to trace all thirteen reflections to the Vostok ice core site. Again, this is done twice: once using mostly
UT/TUD incoherent radar data, and a second time with the independent MCoRDS
radar transect. Note the difference in character of the reflections between the two

37

radar systems (Figures 2.4 and 2.5), in part due to the difference in vertical exaggeration but also, the orientation of the transect with respect to ice flow. Using the
MCoRDS data, only three reflections can be traced continuously between Dome C
and Vostok (displayed on Figure 2.4). The majority traced from Dome C stop short
of the Vostok region. Table 2.3 shows the depth, age and uncertainty associated of
the three connected reflections.
We are able to trace more reflections from Dome C all the way to the Vostok
site using the UT/TUD survey. Figure 2.5 displays all eleven “successful” radar
reflections where they intersect the Vostok ice core site.
2.3.3

The Vostok district
We hypothesize that the lack of radar line crossovers precludes the success-

ful stratigraphic tie between the two ice cores for all reflections. To test this, we
attempt a short experiment by tracing thirteen reflections inside the UT/TUD Vostok grid, initiating them at the Vostok ice core site location in the radargrams and
expanding them as far out as possible through the grid. Reflections are not chosen
at random: the ages obtained at Dome C for the thirteen reflections are converted to
an equivalent depth at Vostok using the AICC2012 chronology. From the Dome C
total age uncertainties for each reflection, we calculate the depth uncertainty range
expected at Vostok which gives us a depth interval within which the brightest reflection is chosen, or as close to it as possible. This is done to satisfy our reflection
selection criteria described earlier and choose reflections that are of approximately
the same age as at Dome C.
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Although buried dune terranes are pervasive in the Vostok grid (Figure 2.7),
the tight grid design enables circumvention of highly disturbed areas. The multiple
crossovers ensure reflections traced are internally consistent and have the isochronal
character required. We then calculate crossover errors for this set of reflections
(see Supplement 2.7.1, Table 2.5): we show that they are below the radar depth
uncertainty of the UT/TUD system.
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Figure 2.7: Radar transects showing aeolian terranes and features, for the (a)
MCoRDS, (b) HiCARS and (c) UT/TUD radar systems. Their locations are highlighted on Figure 2.1. (a) shows a radar reflection (in blue) truncated by an erosional
surface on the MCoRDS transect. The transect is oriented along flow and ice thickness varies greatly between ~3050 m and ~4440 m. (b) shows a complete buried
dune structure displaying well-distinguishable cross-strata separated from the rest
of the ice column by a highly visible upper and lower erosional surface, highlighted
by black arrows. The transect is oriented along flow and ice thickness is ~3020
m. (c) although lower resolution, this incoherent transect shows a strong transition, highlighted by arrows, between isochronal “well-behaved” internal reflections
to more re-worked stratigraphy in the shallower portion. The transect is oriented
oblique to flow and ice thickness is ~3120 m.
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2.4

Discussion
The straightforward internal reflections in the Dome C district allows the re-

trieval of a reliable radar stratigraphy where the total age uncertainty for each radar
reflection is dominated by ice core age uncertainties and only weakly impacted by
the additional relative radar age uncertainties of the radar reflections of the HiCARS
radar system. Due to the finer vertical resolution of MCoRDS, HiCARS reflections
can sometimes correspond to set of several (thinner) MCoRDS reflections (see Supplement 2.7.2), in which case only one of the set is traced, but, as seen from Figure
2.8, this does not affect the reflection matching. Figure 2.8 shows the depth difference for a reflection traced with only HiCARS versus only MCoRDS data, and
the depth errors displayed are the range precision errors σr∗ only, which are a function of the radar vertical resolution and the SNR obtained for each reflection only.
The repeatability of the radar stratigraphy obtained from two independent radars
supports our assumption that our error estimates are conservative. This comparison
increases our confidence that the radar reflections traced are isochronal, as the two
radar systems not only use different frequencies and processing steps, but are flown
over different parts of the ice surface. We note that our third reflection selected at
Dome C for its brightness is dated at 73.10±2.00 ka, and may originate from the
acidity peaks associated with the Toba event(s) (Svensson et al., 2012).
Although the MCoRDS data have a finer vertical resolution and use coherent processing, they are only a single line, and, therefore, stratigraphically complex
areas cannot be avoided. The UT/TUD Vostok survey avoids this issue, through its
gridded survey design. The presence of buried aeolian terranes can perturb reflec42
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Figure 2.8: Radar reflection depth differences between HiCARS and MCoRDS at
Dome C using only σr∗ depth errors, as a function of their age at the Dome C
ice core site using HiCARS-determined reflection ages. Each data point represents
each of the thirteen radar reflections traced. The vertical black dashed line separates
reflections belonging to the last glacial from the penultimate glacial. Error bars are
displayed for each reflection representing the depth uncertainty related to the SNR
of the reflections only (i.e. σr∗ only), for each system. Both depth uncertainties
are displayed, red and blue corresponding to HiCARS and MCoRDS, respectively.
Reflection depths obtained are almost identical for each independent radar system,
except for one, and shows that the depth uncertainty bounds are conservative.
tion isochroneity, which can be difficult to recognize in the absence of crossovers.
Figure 2.7a shows an example of such effects in the MCoRDS data. This explains
the difficulty connecting reflections between the Dome C and Vostok region. However, for all three reflections continuously traced, the age differences between the
Dome C and Vostok sites fall inside the total age uncertainty ranges (see Figure
2.9).
A majority of the thirteen reflections can be connected from Dome C to the
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Figure 2.9: Radar reflection age differences between Vostok and Dome C ice cores
using the MCoRDS radar system, as a function of their age at the Dome C ice core
site using MCoRDS-determined reflection ages. Each data point represents each
of the thirteen radar reflections traced. The vertical black dashed line separates
reflections belonging to the last glacial from the penultimate glacial. Error bars are
displayed for each reflection representing the total age uncertainty for each system.
Both age uncertainties are displayed, red and blue corresponding to HiCARS and
MCoRDS, respectively. The age differences between the two cores all fall withing
their total age uncertainty bounds. Only three reflections could be traced between
the two cores: we attribute this to the pervasive presence of buried aeolian terranes
which affect all depths of the ice column and preclude a successful connection of
the two cores.
Vostok site as a result of the gridded design of the UT/TUD survey. The difference in age for a reflection between the two ice core sites varies within the total
age uncertainty ranges for most reflections, as seen from Figure 2.6. However, this
difference also varies beyond the age uncertainties stated previously for a few reflections. We suspect this is in most part due to the pervasive presence of buried
aeolian terranes, which affect all depths of the ice column. These terranes are more
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difficult to recognize due to the incoherent processing and low bandwidth of the
UT/TUD data (see Figure 2.7c). In addition, the UT/TUD grid used to trace the
reflections around Vostok is connected to the HiCARS lines via a single ~200 km
long UT/TUD line (see Figure 2.1). This means no crossovers can be used as checkpoints on the integrity of the reflections used for 200 km, which we conclude is the
key to a successful radar connection of the cores. We therefore infer that the total
age uncertainty bounds calculated for all radar reflections represent the “expected”
age uncertainty in the case of straightforward and conformable stratigraphy. Our
radar connection of the two cores also agrees well in depth with that obtained using volcanic tie-points in the cores (Parrenin et al., 2012) (see further details in
Supplement 2.7.3.
Active dune terranes cover significant parts of the East Antarctic Plateau
(Das et al., 2013; Arcone et al., 2012a,b). Aeolian terranes are readily visible in
the HiCARS, UT/TUD and MCoRDS radar transects, as shown in Figure 2.7; further internal details are identifiable in the coherent radar profiles (HiCARS and
MCoRDS). For UT/TUD data, the type of processing applied and the coarser vertical resolution of the radar system make identification of these dunes more difficult.
Aeolian terranes are therefore generally identified by the presence of erosional surfaces in the UT/TUD data. These terranes affect all depths of the ice column sampled by the reflections traced, and their locations vary with depth. Note also that
significant reflection disruptions have been reported along flow lines over Lake Vostok: they are likely to be associated with anomalously high accumulation over the
lake edge (Leonard et al., 2004). These can further compromise the isochroneity of
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the internal reflections.
The crossover analysis performed for the Vostok district-reflections gives us
confidence that the incoherent UT/TUD system is adequate for reflection tracing,
despite its coarser resolution. We therefore suggest that the link between the Vostok
and Dome C sites is limited by the suboptimal survey design rather than perturbed
reflections as a result of buried aeolian terranes and lake-induced strain rate contrasts. The lack of crossovers along the single ~200 km long UT/TUD line, and
along the MCoRDS transect makes it difficult to reliably extend radar reflections.

2.5

Conclusions
In this study, thirteen bright and continuous radar reflections were identified

in UTIG airborne surveys from 2000 to 2011 and traced around the EPICA Dome
C and Vostok ice core sites. These tracings were repeated with the MCoRDS radar
transect flown between the two cores in 2013, and the respective reflections show
a good stratigraphic match. The reflection ages span the last two glacial cycles, an
important constraint on ongoing modeling efforts in the area to identify millionyear-old ice target sites (Fischer et al., 2013). We show that in the vicinity of Dome
C, radar reflections represent very reliable isochronal surfaces, which will be key to
modeling efforts to select a new deep ice core site. As we move away from Dome
C and closer to Vostok, we enter an area of buried aeolian terranes which rework
and truncate some radar reflections beyond isochroneity. Lake Vostok also affects
layer geometries as the ice flows over it, due to anomalous accumulation effects and
flow over steep bedrock topography (Leonard et al., 2004; Studinger et al., 2003),
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and can contribute to the complex stratigraphy observed in the area. Despite these
natural hurdles, most reflections could be successfully traced along the Byrd-Totten
Glacier divide and connect the two ice core sites.
It is still well within our reach to obtain a more complete and direct chronostratigraphic link between the ice cores. It simply requires the collection of further
radar data with gridded survey designs to get better alternative routes to link the
Dome C and Vostok areas. Our investigation informs us that the only impediment
to connecting the two cores more completely is the design of these particular surveys, which was ultimately not well suited to the particular challenges of the East
Antarctic plateau. However, we acknowledge that the primary purpose of these
surveys was not the connection of the two cores. After tracing multiple reflections with a variety of radar systems, processing techniques, and survey geometries, we advise survey designs that include numerous crossovers for reliability and
reproducibility of the reflection tracings, including stratigraphically complex areas.
Indeed, when it comes to the latter, even the most recent radar systems and processing techniques cannot recover a reflection that has been extensively truncated
or thickened/thinned. In those cases, we found that the most reliable method was to
circumvent the area, using crossing transects. We therefore emphasize the importance of collecting (pseudo-)grids over wide areas of Antarctica, as well as carefully
connecting interpreted radar surveys (and new surveys) to existing ice cores. We
encourage new linkages with grid spacings appropriate for the regional distribution
of erosion-related unconformities. This spacing should be estimated from the distribution of aeolian and strain rate anomalies extracted from the existing surveys
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at the ice core districts, needed for accurate ice core extrapolation objectives. On
the condition that further data can be collected, we are confident that the two deep
ice cores can be more fully connected, thus providing additional information, and
perhaps most usefully depth uncertainties, in existing synchronizations of the two
cores.
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Depth
(m)
699.59
797.07
1073.36
1169.68
1335.77
1444.06
1591.20
1679.99
1884.75
1911.97
2085.31
2190.95
2317.83

Depth uncertainty
(±m)
2.67
2.93
3.56
3.15
3.62
3.90
4.39
4.54
5.04
5.14
5.64
5.92
6.41

Age
(ka)
38.10
46.29
73.10
81.83
96.28
105.98
120.88
127.64
159.67
165.13
201.58
219.56
248.04

Radar rel. age uncertainty. Total age uncertaintya
(±ka)
(±ka)
0.23
0.62
0.27
0.76
0.36
2.00
0.26
1.56
0.33
1.73
0.40
1.79
0.35
1.69
0.35
1.78
1.06
3.73
1.12
3.35
1.01
2.23
1.16
2.82
1.51
2.97

Note that here, total age uncertainty of an individual radar reflection represents the rms of the Dome C
relative radar age uncertainty of each radar reflection and the ice core age uncertainty (AICC2012, (Veres
et al., 2013; Bazin et al., 2013)).

a

1
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4
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8
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Reflection

Table 2.1: HiCARS radar reflections at Dome C. Our top six reflections span the last glacial cycle; our bottom
seven reflections span the penultimate glacial cycle. Abbreviations: “rel” = relative, “SNR” = signal-to-noise
ratio.
SNR
(dB)
8.60
7.95
7.25
19.40
15.05
14.60
10.90
12.50
12.65
11.55
9.85
9.30
6.75
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Depth
(m)
699.59
798.99
1073.36
1169.68
1335.77
1444.06
1591.20
1679.99
1884.75
1912.24
2085.31
2202.14
2317.83

Depth uncertainty
(±m)
2.01
2.54
2.98
3.30
3.65
3.94
4.20
4.49
5.02
5.22
5.51
5.77
6.06

Age
(ka)
38.10
46.44
73.10
81.83
96.28
105.98
120.88
127.64
159.67
165.19
201.58
221.98
248.04

Radar rel. age uncertainty. Total age uncertaintya
(±ka)
(±ka)
0.17
0.60
0.24
0.81
0.30
1.99
0.27
1.55
0.33
1.73
0.40
1.79
0.34
1.69
0.34
1.78
1.06
3.73
1.14
3.35
0.99
2.22
1.30
3.22
1.43
2.93

Note that here, total age uncertainty of an individual radar reflection represents the rms of the Dome C
relative radar age uncertainty of each radar reflection and the ice core age uncertainty (AICC2012, (Veres
et al., 2013; Bazin et al., 2013)).
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Table 2.2: MCoRDS radar reflections at Dome C. Our top six reflections span the last glacial cycle; our bottom
seven reflections span the penultimate glacial. Abbreviations: “rel” = relative, “SNR” = signal-to-noise ratio.
SNR
(dB)
15.51
6.17
10.01
7.45
8.54
7.63
13.49
8.55
7.97
4.35
8.30
9.88
10.39
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Depth
(m)
568.38
1039.13
1380.45

Depth uncertainty Age
(±m)
(ka)
1.80
37.95
2.89
73.94
3.68
97.61

Radar rel. age uncertainty. Total age uncertaintya
(±ka)
(±ka)
0.15
1.22
0.21
1.78
0.28
1.70

total age uncertainty of an individual radar reflection represents the rms of the Vostok relative radar age
uncertainty of each radar reflection and the ice core age uncertainty (Veres et al., 2013; Bazin et al., 2013)).

a

1
3
5

Reflection

SNR
(dB)
11.55
10.40
13.55

Table 2.3: MCoRDS radar reflections at Vostok. Only three reflections made it across to the Vostok ice core
site, and only report those three. Abbreviations: “rel” = relative, “SNR” = signal-to-noise ratio.

2.6

Appendices

2.6.1
2.6.1.1

Radar horizon range precision
Radio Echo Tracking of Reflecting horizons
In this work, we use airborne radio echo sounding (RES) data to trace con-

tinuous reflectors between the Vostok and EPICA Dome C ice cores. We follow a
well-established approach in the glaciological interpretation of ice penetrating radar
stratigraphy by assuming that continuous reflectors represent isochronous englacial
horizons (Dowdeswell and Evans, 2004; Siegert et al., 1998a). By exploiting its
capability to both track and estimate the range to englacial reflecting horizons, RES
data offers the potential to compare and calibrate the time scale records of distinct
ice cores. The two primary factors that govern the applicability and precision of
this method of ice core inter-comparison are: 1) the continuous interpretability of
englacial reflectors (discussed in the primary manuscript text) and 2) the precision
of range estimates to those interpreted reflectors (the subject of this document).
2.6.1.2

Precision of Range Estimates to Englacial Reflectors
The precision of range estimates for point non-fluctuating targets like the

shallowly sloping englacial reflecting horizons examined in this work are a function
of the waveform bandwidth, β, the horizon signal power, PL , the noise power, N0 ,
and the speed of light in ice, Cice , (Evans and Hagfors, 1968). For this type of
target, the variance of the delay estimate, τ ∗ , is given by

V ar(τ ∗ ) =
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N0 1
PL β 2

(2.2)

and the variance of the corresponding range estimate is therefore

Cice 2 N0 1
V ar(r ) =
P 2 PL β 2
∗

(2.3)

where r∗ is the range estimate (Wehner, 1995). The signal-to-noise ratio,
SN R, of the radar return from a reflecting horizon is

PL
N0

SN R =

(2.4)

and the range resolution of an ice penetrating radar system is

∆r =

Cice
2β

(2.5)

where ∆r is the range resolution (Evans and Hagfors, 1968; Wehner, 1995).
By combining equations 2.3, 2.4, 2.5, the variance in the range estimate for a horizon can be written in terms of only the range resolution of the radar system and the
signal-to-noise ratio of the radar reflection from that horizon.

∆r2
SN R

V ar(r∗ ) =

(2.6)

Therefore, the precision of a range estimate for a reflecting englacial horizon
at the 68% confidence level will be given by

σ(r∗ ) = √
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∆r
SN R

(2.7)

where σ(r∗ ) is the standard deviation of the range estimate. It is worth
noting (and apparent in equation 2.7) that the precision of the range estimate to
englacial reflector is better than the range resolution of the ice penetrating radar for
signal-to-noise ratios greater than two. Indeed, as mentioned in Evans and Hagfors
(1968), “were it not for the noise, the finite signal duration or bandwidth would not
prevent the location of the peak [of the reflecting horizon in range] to arbitrarily
high precision”.
2.6.1.3

Precision of Range Estimates for Englacial Reflectors in this Work
In this work, we use three ice penetrating radar systems: the UT/TUD inco-

herent radar system with a 290 ns pulse and corresponding in-ice range resolution
of ∆r = 24.4 m for pre-2008 surveys (Carter et al., 2007), the HiCARS coherent 15
MHz bandwidth system with a pulse-compressed in-ice range resolution of ∆r =
8.4 m (Young et al., 2011) and the MCoRDS coherent 30 MHz bandwidth system
with a post-processing range resolution of ∆r = 4.5 m (Gogineni, 2012) for Cice =
168.5 m/µs. In our study areas, the signal-to-noise ratio of horizon echoes ranged
from SN R= 1.12 dB to 11.82 dB for the UT/TUD system, from SN R= 6.75 dB
to 19.40 dB for the HiCARS system and from SN R= 4.35 dB to 15.52 dB for the
MCoRDS system. Using equation 2.7, we find that the precision of the range estimates in this study range from σ(r∗ ) = 6.27 m to 21.48 m for the UT/TUD data
used at the Vostok core, from σ(r∗ ) = 0.90 m to 3.87 m for the HiCARS data used
at the Dome C EPICA core and from σ(r∗ ) = 0.75 m to 2.73 m and σ(r∗ ) = 0.95 m
to 1.36 m for the MCoRDS data used for Dome C EPICA and Vostok ice core sites,
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respectively.

2.7
2.7.1

Supplements
Supplement 1: Crossover error analysis
We report crossover errors as the rms deviation of the reflection depths at

intersecting transects. Crossover errors are measured within the Dome C district,
which uses only HiCARS data, where radar reflections are not affected by aeolian
terranes and lake-induced effects, to provide an objective measure of the accuracy of
our tracings in areas of conformable stratigraphy. The crossovers are all less than
the HiCARS radar reflection depth uncertainties reported for each reflection and
therefore validate the uncertainty assessment in this paper. Results are summarized
in Table 2.4. We also calculate crossover errors for reflections traced within the
Vostok district, which uses only UT/TUD data, and likewise, show that crossover
errors in the area are smaller than the UT/TUD radar reflection depth uncertainties.
Results are summarized in Table 2.5.
2.7.2

Supplement 2: Radar reflection matching across systems
All thirteen radar reflections used in this study are traced in different radar

systems, which use different center frequencies, bandwidths and processing steps.
As a result, the internal stratigraphy observed by one system might not match oneto-one that of another. As an example of these types of complications, we show
here a comparison between the HiCARS and the MCoRDS radar systems (Figure
2.10). The MCoRDS system has a higher vertical resolution than the HiCARS
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Table 2.4: Radar reflection depth uncertainties at the EPICA Dome C ice core
versus crossover errors in the Dome C district. Our top six reflections span
the last glacial cycle; our bottom seven reflections span the penultimate glacial.
Reflection depth uncertainties are repeated from Table 1 in the main manuscript.
Reflection
1
2
3
4
5
6
7
8
9
10
11
12
13

Depth uncertainty (±m)
Dome C HiCARS
2.67
2.93
3.56
3.15
3.62
3.90
4.39
4.54
5.04
5.14
5.64
5.92
6.41

Crossover depth error (±m)
HiCARS Dome C district
1.74
2.11
2.33
3.19
1.70
2.43
2.38
2.41
2.86
2.86
3.06
3.74
4.13

system (4.5 m and 8.4 m, respectively), therefore a single reflection observed by
the HiCARS system can correspond to multiple thinner reflections by the MCoRDS
system (Figure 2.11). In that case, only one MCoRDS-reflection is chosen from
the matching set for tracing. We do not believe this to be a significant source of
uncertainty, based on the very good match of reflection depths between the two
radar systems at the ice core site (refer to Figure 2.8 in the manuscript).
2.7.3

Supplement 3: Depth comparison
We compare the connection obtained between the Dome C and Vostok ice

cores using radar reflections-only with that obtained using volcanic tie-points in the
56

Table 2.5: Radar reflection depth uncertainties at the Vostok ice core versus
crossover errors in the Vostok district. Our top six reflections span the last glacial
cycle; our bottom seven reflections span the penultimate glacial.
Reflection
1
1
3
4
5
6
7
8
9
10
11
12
13

Depth uncertainty (±m)
Vostok UT/TUD
13.39
9.99
6.08
5.41
7.72
7.85
6.37
6.86
6.50
14.09
10.56
9.51
10.18

Crossover depth error (±m)
UT/TUD Vostok district
3.21
3.08
4.70
5.03
3.93
5.94
5.22
5.56
6.50
6.27
7.62
6.61
4.78

two ice cores (Parrenin et al., 2012). Both ice cores lack a well established absolute
depth uncertainty, which is estimated to sum up to several meters of accumulated
error (Parrenin et al., 2012). In order to compare the radar results to the ice core tiepoints, we assign a 5 m and 10 m total cumulative depth error between the surface
and the last volcanic markers for the Dome C and Vostok ice cores, respectively
(Parrenin pers. comm.). The deepest volcanic tie-point reaches 1804 m and 1992
m depth at Dome C and Vostok, respectively, and so the depth error is assigned to
increase linearly from 0 at the surface to 5 or 10 m at the bottom. Comparing the
core-to-core connections in the depth domain allows us to assess the success of the
radar stratigraphy without the added contributions of age-depth chronology uncer-
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tainties for each ice core. We also compare the stratigraphic relationship obtained
with that of Delmonte et al. (2004) which uses dust peaks identified in both cores.
We show that, for any of the radar systems used, the radar connection obtained using reflections matches pretty closely that of the core dust and volcanic tie-points
(Figure 2.12). The reflections that deviate beyond their depth uncertainties are the
same reflections that showed an age difference between the two cores that fell outside of their total age uncertainty bounds (reflection numbers 1,3 and 5) (Figure 2.6
in the manuscript). These reflections are mostly likely impacted by the pervasive
presence of buried aeolian terranes which affect all depths of the ice column and
preclude a successful connection of the two ice cores.
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Figure 2.10: Reflection matching between the HiCARS and MCoRDS radar systems. Top panel shows the intersecting raw radargrams, bottom panel shows the
superimposed radar reflections traced in blue. A dashed yellow line highlights the
intersection locations of the two radargrams. Refer to Figure 2.1 of the manuscript
for the location of the transects.
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Figure 2.12: Connection of the Dome C and Vostok ice core sites, using all radar
surveys. In pink and ligh blue, the radar reflection depths at each ice core site using
either the combined HiCARS and UT/TUD systems, or the MCoRDS transect only,
respectively; pink and light blue error bars display their total age uncertainties,
respectively; in dark gray, the Delmonte et al. (2004) Dome C dust tie-points; in
dark blue, the Parrenin et al. (2012) Dome C volcanic tie-points; the blue band
represents the cummulative depth errors for the Dome C and Vostok ice cores (here
5 m and 10 m, respectively). The vertical and horizontal black dashed lines separate
reflections belonging to the last glacial from the penultimate glacial. Reflections are
numbered as in the manuscript. Most radar reflections agree with the ice core tiepoint synchronizations. Black arrows highlight the reflections that do not. Note that
reflection numbers 1, 3 and 5 overlap for all radar systems.
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Chapter 3
Transient former enhanced flow within the East
Antarctic Ice Sheet (EAIS) at the South Pole1

Satellite measurements of ice-surface velocity reveal enhanced ice flow deep
in the Antarctic ice-sheet interior. Less clear is the evolution of such flow in space
and time. Around South Pole, balance velocities, the only current velocity assessment, indicate enhanced flow feeding Support Force Ice Stream. Lack of satellite
data at the Pole precludes precise definition of this enhanced flow. Here, we analyze englacial radar stratigraphy to reveal a discrete region where reflections are
noticeably drawn-down to the bed, which we interpret as evidence for former enhanced flow. The edge of enhanced flow is clearly defined by a sharp transition in
reflection depths, denoting a shear margin. By analyzing the region and englacial
reflections with known ages, we show South Pole has experienced spatial change
over a width of ~100 km during the last glacial cycle. We suggest this change is a
1

A version of this was submitted to the Journal of Geophysical Research under the title“Transient
former enhanced flow within the East Antarctic Ice Sheet at the South Pole”, Marie G. P. Cavitte,
Donald D. Blankenship, Duncan A. Young, Glen D. Granzow, Jesse V. Johnson, Sasha P. Carter,
Gail R. Gutowski, Charles S. Jackson, and Martin J. Siegert. Sasha P. Carter interpreted the radar
isochrones and developed the vertical strain rate model, Glen D. Granzow developed the 2D flow
model, Marie G. P. Cavitte applied both models to South Pole isochrones with added model experiments with contributions from Donald D. Blankenship, Duncan A. Young and Jesse V. Johnson,
Marie G. P Cavitte and Martin J. Siegert prepared the manuscript with input from all co-authors.
Parts of this work are in Beem et al. (in press).
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result of continental-scale reorganization of ice-sheet drainage and/or the transient
behavior of flow processes.

3.1

Introduction
The influence of transient enhanced flow on the stability of large ice sheets

has been debated in glaciology for over 20 years (Ng and Conway, 2004; Whillans,
1976; MacAyeal, 1992). One theory is that oscillations in ice sheet size are possible
as a consequence of enhanced flow processes, triggered when the bed reaches the
pressure melting temperature due to ice-sheet growth, leading to periods of rapid
ice loss (MacAyeal, 1993). This so-called “binge-purge” behavior was modeled and
revealed local stream-like flow accelerations when thermo-dynamic processes were
taken into account (Payne, 1998; Robel et al., 2013). Enhanced flow refers here to
ice flow speeds greater than the current slow ice sheet flow (~10 m yr−1 ) measured
at South Pole (Aartsen et al., 2013). While the transient nature of enhanced flow
has been interpreted from several regions in both East and West Antarctica (Rippin
et al., 2006; Bingham et al., 2015, 2007; Conway et al., 2002), information about
the timing and extent of change are yet to be determined for the East Antarctic
interior.
Due to its low rate of ice accumulation, the East Antarctic Ice Sheet (EAIS)
contains very old ice, dating back to the last glacial-interglacial transition and up to
a maximum of ~800 ka for the deepest retrieved EPICA Dome C ice core (Parrenin
et al., 2007a). At South Pole, recent dust profiles of deep boreholes demonstrate
ice as old as ~95,000 years (Aartsen et al., 2013). Today, ice around South Pole
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originates from either of two source regions, the western edge of Dome A (80◦
300 S, 76◦ E) 970 km away, or around Titan Dome (we define its location as the
highest elevation using the Cryo-Sat-2 dataset at 88◦ 40 4900 S, 175◦ 280 2900 W;
Helm et al., 2014) 180 km from Pole (McInnes and Radok, 1984), consistent with
Rignot et al. (2011) measurements. The ice sheet spatial configuration at the last
glacial maximum (LGM) was different (Whitehouse et al., 2012) from today’s, and
the origin of the ice flowing at South Pole is likely to have changed over the course
of the last glacial-interglacial cycle. Around South Pole, numerous subglacial lakes,
including one located at South Pole, attest to wet-based conditions beneath ice more
than 2500 m thick (Carter et al., 2007; Peters et al., 2008; Wright and Siegert, 2012).
Analysis of englacial radar stratigraphy, which can preserve signatures of
ice sheet dynamics (see Section 3.2), has been used to infer past ice sheet changes
at and around South Pole in two ways. First, buckled reflections, created by former
enhanced ice flow, cover a broad area around South Pole (Bingham et al., 2007).
Second, continuous reflections upstream of the region of buckling has been used
to calculate rates of ice accumulation, which are higher at South prior to the last
glacial maximum relative to other regions of the interior during the same time period (Leysinger Vieli et al., 2011). These studies indicate former changes to the ice
sheet around South Pole during the last glacial maximum have yet to be understood.
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3.2
3.2.1

Data and Methods
Radar survey
We use the Pensacola-Pole Transect (PPT), a South Pole aerogeophysical

survey acquired in 1998-99 by the University of Texas Institute for Geophysics
(UTIG) (Blankenship et al., 2001; Carter et al., 2007), shown in Figure 3.1, to
investigate the englacial signature of ice flow changes at and around South Pole.
The survey extends approximately 540 km in length along the 150◦ W longitude
line, from the Ross Ice Shelf, over the Transantarctic Mountains between Scott and
Reedy Glaciers, through and past South Pole. North-south and east-west profiles
have a 10 km and 30 km spacing respectively. The UT/TUD ice-penetrating radar
system operated with a center frequency of 60 MHz (Blankenship et al., 2001), a
pulse width of 250 ns and a pulse repetition frequency of 12.5 kHz. Data acquisition
was digital, with signals stacked incoherently to generate a trace every ~20 m alongtrack (Blankenship et al., 2001; Carter et al., 2009).
3.2.2

Englacial stratigraphy
Internal radar reflections are assumed to arise from three mechanisms: con-

trasts in density, acidity content of the ice, or anisotropy (Fujita and Mae, 1994;
Clough, 1977). For the middle two-thirds of the ice column, where the radar reflections are observed, acidity contrasts are commonly accepted to be the dominant
mechanism, resulting from the atmospheric deposition of aerosols on the ice surface
preserved by subsequent surface accumulation. They are believed to be isochronous
(Whillans, 1976; Siegert et al., 1998a; MacGregor et al., 2015) as a result of depo-
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Figure 3.1: Radar survey grid superimposed on RAMP (Liu et al., 2001) ice surface
elevations. The red box locates the study area on the inset. Thick black lines highlight the radar transects shown in Figure 3.2, a red dot locates Titan Dome, an arrow
indicates ice flow direction along 40◦ W (Aartsen et al., 2013) and thin maroon lines
represent subglacial lakes near South Pole (Peters et al., 2008). Purple lines represent ice divides (Bamber et al., 2009), and a magenta triangle locates South Pole
station.
sitional processes forming them.
Radar reflections are traced through the South Pole survey by following
peaks in returned amplitude in the time domain. Control points where two radar
transects cross ensure the same reflection is traced in multiple profiles. The resulting radar stratigraphy is well constrained as a result of the gridded nature of the
survey and the high number of crossover control points (308). This gives us confidence that the reflections themselves are stratigraphically preserved (Hodgkins
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et al., 2000). Reflection depths are computed from two-way travel time using the
electromagnetic velocities in air and in ice and the ice dielectric constant (Siegert
et al., 1998b).

67

40

40

500 m

35

bed
35

45

TWT below surface (µs)
30
25
20

TWT below surface (µs)
30
25
20

30

35

25

45

15

10

10

10.7 ka

15

5

5

C'

16.8 ka
29.1 ka

51.4 ka

TAM

45

Figure 3.2: (Continued next page.)
500 m

45

500 m

40

40

45

TAM

20

40

40

20 km

15

500 m

C
10

35

20 km

35

35

TWT below surface (µs)
30
25
20

TWT below surface (µs)
30
25
20

15

15

10

10

TWT below surface (µs)
25
20
15

30

10

5

5

5

C'

5

30

45

40
35
500 m

C

45

5

40

25

68
bed
35

20

40

TAM
30

15

35

20 km
25

10

bed
5

B'
20

TAM
15

B
10

20 km
45

10

B'

40

TWT below surface (µs)
25
20
15

B
5

bed
35

25

30

20

15

bed
30

10

TAM
5

A'
25

A
40

TAM
20

bed
15

20 km
10

35

20 km

A'
5

30

25

15

20

10

30

A
5

40
35
500 m

a

b

4.7 ka

37.6 ka

72.5 ka

Figure 3.2: Radar englacial stratigraphy around the South Pole region. (a) Percentage depth of the 6th radar reflection (see Figure 3.1 for grid coverage), superimposed
on RAMP (Liu et al., 2001) ice surface elevations. The red box locates the study
area on the inset. Thick black lines highlight the radar transects shown in (b), a red
dot locates Titan Dome, an arrow indicates ice flow direction along 40◦ W (Aartsen
et al., 2013), thin maroon lines represent subglacial lakes near South Pole (Peters
et al., 2008), purple lines represent ice divides (Bamber et al., 2009), and a magenta
triangle locates South Pole station. A sharp transition in the reflection depth (of approximately 10%) occurs just grid-north of South Pole station and can be followed
along the 40◦ W line of longitude. The transition corresponds to the northern-most
position of the narrow shear margin seen in the radargrams and submergence maps
(Figure 3.3). (b) Radar transects AA’, BB’ and CC’, without (upper panel) and with
(lower panel) traced englacial reflections. These are highlighted in blue and the
location of the two shear margins are indicated by pairs of blue triangles. Radar
transect CC’ crosses through South Pole, where the reflections are dated, as annotated, using the IceCube age-depth timescale (Aartsen et al., 2013). The ice core
site is indicated by a dashed magenta line. Reflections from the station are visible
as surface hyperbolae. TAM stands for Transantarctic Mountains.

69

We analyze eight radar reflections within the PPT survey (Figures 3.1 and
3.2, and Supplementary Figures 3.5, 3.6 and 3.7 for detailed radargrams), selected
for their continuity and wide spatial extent. Transect data are used to form maps
of internal stratigraphy throughout the survey region (e.g. Figure 3.2a). Where
reflections intersect South Pole station and the IceCube neutrino detector, we are
able to transfer the age-depth timescale measured from the dust record (Aartsen
et al., 2013) (which is based on detailed dust stratigraphy tied to the EDC3 ice
core chronology, Parrenin et al. (2007a)) to date individual reflections. These eight
isochrones attempt to sample the entire ice column at regular depth intervals, and
span from the start of the last glacial cycle to the Holocene, from 93.9 ka up to
4.6 ka. Deep radar reflection profiles (below 800 m) exhibit shorter spatial wavelengths than the bed, which is a typical characteristic of enhanced ice flow of 100s
of m yr-1 (Jacobel et al., 1993; Ng and Conway, 2004) and is consistent with earlier
findings in the region (Bingham et al., 2007). Notably, the shallow section is undisturbed, implying the superposition of contemporary slow flow on deeper, older ice
disturbed by enhanced flow. This could be the result of the smoothing of the effect
of bed topography with distance from the bed; however, the shallowest reflection
appears to become shallower where the deeper reflections show sharp draw-downs
(this is more clearly visible on transects AA’ and BB’). Two locations of sharp
reflection “down-draw” can be seen in the radargrams, where the reflections are
pulled down closer to the bed (Figure 3.2b). In these locations, some of the reflections become difficult to trace continuously due to a combination of enhanced
buckling and fading of the signal at depth (e.g. transect BB’ on Figure 3.2b, lower
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panel). These regions of down-draw are significantly different from the regional
radar stratigraphy (see Supplement 3.7).

3.2.3

Calculation of submergence rates
According to Weertman (1976), englacial reflections will be drawn down

under the transition from slow to enhanced ice flow across the zone where the ice
base becomes wet. To understand whether reflections at South Pole have experienced such change, we use a 1-D Nye vertical strain rate model to calculate ice
submergence rates between reflections traced (Figure 3.3), which is similar to determining accumulation rates in the Nye approach (Waddington et al., 2007; MacGregor et al., 2012, 2015). We use the dated internal stratigraphy to calculate the mean
submergence rate within the reflection-bounded layers. Basal and shear melting is
not accounted for explicitly in this approach, but will result in a further increase
of the submergence rate if melting has occurred. Shallow layers will have experienced very little ice flow-related strain thinning, and a simple Nye vertical strain
rate model is therefore appropriate here (Waddington et al., 2007). The submergence rate in that case (0 - 4.6 ka, between the surface and the first radar reflection)
corresponds to the surface accumulation.
Here, the mean submergence rate is given by

∆ḃ0−1 =

H − ∆z0−1
−H
ln
∆a0−1
H

(3.1)

where ∆ḃ0−1 is the mean submergence rate for the first layer, bounded by
the surface and the first reflection with ages a0 and a1 , and depths z0 and z1 , respec71

tively, H is the total ice thickness, and ∆a0−1 and ∆z0−1 represent the age interval
and depth interval between the two reflections, respectively.
For layers below the 4.6 ka isochrone, we use a similar method to MacGregor et al. (2015) but with the main difference that we add a “back-stripping step” to
remove the imprint of later paleo-climate signatures and ensure the layers are once
again shallow enough to apply a Nye model. This step involves isolating the top
layer bounded by the surface and the first reflection and remove it from the total ice
thickness. The lower-bounding reflection is therefore lifted upward to replace the
surface and all the deeper reflections are lifted upward by the same factor. Equation
3.1 can then be applied once again to calculate the submergence rate for the second
layer, between the first reflection (which is now at the surface) and the second reflection. Each subsequent reflection-bounded layer is removed similarly, assuming
a constant ice thickness, H, when applying the back-stripping factor, F .
To remove each layer bounded by the (n-1)th and the nth reflections, we apply
the back-stripping factor:

F(n−1)−n =

H
H
H
×
× ... ×
H − ∆z(n−1)−n H − ∆z(n−2)−(n−1)
H − ∆z0−1

(3.2)

such that the submergence rate is given by:

∆ḃ(n−1)−n =

H − (∆z(n−1)−n × F(n−2)−(n−2) × F0−1 )
−H
ln
∆a(n−1)−n
H
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(3.3)

Figure 3.3 illustrates the average submergence rate for the time intervals
represented by the reflection-bounded layers. These rates are normalized to the
average submergence rate computed for a subsection of the PPT grid considered to
be slow-flowing, i.e. where there is no sliding throughout the time period studied.
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Figure 3.3: Ice submergence rate maps for reflection-bounded layers. Submergence
rates for each time interval (indicated in top left corner of each panel) are normalized to mean submergence rates in the undisturbed grid-northeastern corner of the
survey (“Nye av” given on panel), plotted on the PPT survey. They are overlain on
RAMP (Liu et al., 2001) ice surface elevations. White arrows show proposed former ice flow paths (McInnes and Radok, 1984). A red dot locates Titan Dome (TD),
Dome A (DA) is indicated further upstream, purple lines show ice divides (Bamber
et al., 2009), a magenta triangle locates South Pole station. a. 51.4-37.6 ka, a first
narrow (26-50 km) Nye anomaly is visible aligned with 40◦ W (140◦ E label here),
highlighted by a thin black box. b. 37.6-29.1 ka, a second wider tributary (70-104
km) is visible, also marked by a black box. c. 29.1-16.8 ka, the Nye anomaly seen
in a remains present, aligned still with 40◦ W, but slightly narrower in width. d.
4.7-0 ka, no Nye anomalies are visible. A dashed black box highlights areas where
weakened tributary flow might be occurring.
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For stable and uniform flow, without basal melting, we expect spatial variability of the submergence rates to be consistent with contemporary ice surface
accumulation rates. Submergence rates will increase in areas of fast flow, due to
basal and shear melting which will increase the calculated submergence rate as
well as preferential infill of the down-drawn ice surface, which will also increase
the submergence rate. Bedrock topography effects on submergence rates are reduced by the back-stripping step. Unusually high submergence rates with respect
to surrounding submergence rate values (Figure 3.3) are termed Nye anomalies.
Two distinct Nye anomalies are observed in the submergence maps: a narrow flow unit at South Pole, which is most visible between 54.1 ka and 16.8 ka, and
a wider one grid south of the first (boxed areas on Figure 3.3), which is strongest at
37.6 ka. We measure their respective widths through ice-depth and therefore time.

3.3

Results
By inspecting radar data, we identified two distinct areas of strong reflection

down-draw, where reflection-bounded layers are thicker and anomalously lower in
the ice column than in surrounding regions, grid-north of South Pole (Figure 3.2).
The down-draw boundaries are clearly defined spatially (see the radargrams in the
upper panel of 3.2b) and are typical of shear margin positions for fast flowing ice
(Siegert et al., 2004). As Aartsen et al. (2013) show that ice flow here is slow at
present (~10 m yr-1 ), the most plausible explanation is that these shear margins are
relicts of tributary flow originating upstream of South Pole in the past.
From the submergence rates (Figure 3.3), we identify two Nye anomalies
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bounded by the shear margins, active through the last glacial maximum, consistently across the survey region, and measure their widths. The submergence maps
show a narrow (26 - 50 km wide) Nye anomaly aligned over South Pole dated at
51.4 ka (highlighted on Figure 3.3a) was followed by a second wider (70 - 104 km)
Nye anomaly at 37.6 ka (Figure 3.3b) ~50 km grid-south. This wider Nye anomaly
appears to have subsided by 29.1 ka, whereas the first feature narrows and continues
through to 16.8 ka (Figure 3.3c). By 4.7 ka, the spatial pattern of submergence is
representative of contemporary surface accumulation gradients in the area (Payne
et al., 2004) (Figure 3.3d), indicating modern slow-flowing ice sheet conditions.
Together, the englacial reflections, shear margins, and reconstructed submergence rates point to the existence of focused former enhanced ice flow active at
South Pole from the last glacial maximum through the deglaciation, and suggest a
history of spatially varying tributary flow affecting the deep EAIS interior.

3.4

Discussion
Given that an enhanced flow unit has existed at South Pole in the past, we

now consider possible source locations, given the measured flow units’ widths. We
use a 2D cross-flow steady-state model to compute the possible source locations of
the observed flow units, by comparing the model’s calculation of ice stream widths
with the measured widths.
The model, similar to the one used in Granzow (2013), begins from Stokes’
equations and neglects variations of velocity and pressure in the flow direction, as
well as temperature variations. This model uses a finite element approach, for which
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we solve the Stokes equations in the strong form:

∇· [µ∇u] = −ρ gz

(3.4)

where u is the vertically-averaged flow velocity along flow, µ is the viscosity, ρ is the density of ice and gz is the gravitational force in the direction of flow.
Here, g = g · sin(tan−1 |s|), with s is the surface slope. Glen’s flow law expresses
the viscosity µ with the following relationship:

µ=

1 −1/n −(n−1)
A
· n
2

(3.5)

where A is a temperature dependent parameter (or so-called creep parameter), n is the Glen exponent and ˙ is the second invariant of the strain rate tensor as
defined by:

1
˙ =
2

"

du
dx

2


+

du
dy

2 #1/2
(3.6)

where x is across flow and y is perpendicular to the surface.
The model inputs are: the creep parameter A, n, the ice thickness H, the
width of the study area W , the perfectly sliding portion of W called Y0 , as well as
the slope s. Outside of the shear margins, the ice is assumed frozen to the bed. All
parameters are given in Tables 3.1 and 3.2. The sliding region Y0 , is incrementally
augmented from 2 km to 90 km and at each iteration, we calculate the vertically
averaged centerline flow velocity in the direction of flow u. By analyzing the values
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of u for varying sliding widths Y0 , we can determine the minimum value of Y0 where
the sliding velocities change from an ice sheet-type slow flow to a streaming-type
flow.
Table 3.1: Parameters used in the finite element 2D cross-flow model
Symbol Description
Value
A
Temperature dependent parameter
3.66e−26 Pa−3 s−1 *
ρ
Density of ice
0.917 g cm−3
s
Surface slope
see Table 2
n
Glen exponent
3
H
Ice thickness at South Pole
see Table 2
W
Width of the study area at South Pole
100 km
LM
Location of the left shear margin within W
Variable
RM
Location of the right shear margin within W Variable
*isotropic polar ice (Cuffey and Paterson, 2010)
Table 3.2: Vialov ice sheet values obtained as input to the 2D cross-flow model
Symbol Description
Value
Titan Dome
Dome A
0 ka
51 ka
0 ka
51 ka
s
H

Surface slope (radians)
Ice thickness at South Pole (m)

3.7129e-4 3.1148e-4 6.969e-4 5.6679e-4
2449
2050
2201
2407

For each run, the model requires a value of the surface slope s and the ice
thickness H. We assume a simple Vialov-type profile of the ice sheet for 0 ka and 51
ka flow conditions in order to obtain a value for s and H, in the absence of upstream
data constraints. 0 ka represents present-day flow conditions at South Pole and 51
ka corresponds to the first appearance of an enhanced flow unit in the submergence
maps (Figure 3.3). The Vialov profile assumes a circular ice sheet of thickness H ∗
at the dome and radius L, given by
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H
H∗

2+2/n
=1−

h x i1+1/n
L

(3.7)

where x is the distance along L and H is the ice thickness at a distance x.
We measure L as the distance between the source dome and the Support
Force ice stream (SFIS) grounding line along the McInnes and Radok (1984) flow
path illustrated in Figure 3.3, for the 0 ka and 51 ka configurations of the ice sheet.
In the absence of further satellite data around the “Pole hole”, these flow trajectories remain the most current. Satellite ice surface velocities and balance velocities
(Bingham et al., 2007) show a consistent present SFIS flow path for the ice between
South Pole and the grounding line. Results from Pollard and DeConto (2009) give
us an estimate of ice elevation at both 0 ka and 51 ka, from which we obtain values
for H ∗ , the ice thickness at the source. Next, using Bedmap2 (Fretwell et al., 2013),
we obtain ice thickness H and surface slope s at South Pole, using the Vialov profile, in 0 ka and 51 ka configurations, respectively, at a distance x from the source
area. We center the ice sheet at either Titan Dome or the edge of Dome A, the two
hypothesized source areas for streaming flow at South Pole (McInnes and Radok,
1984), for each time interval. We list the H and s values used for South Pole in
Table 3.2.
The model uses finite element methods, built on the FEniCS platform (Logg
et al., 2012). The mesh consists of rectangular cells, which are each divided into two
triangles with straight sides. In this study, the domain is divided into 800 rectangles
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horizontally (across flow) by 300 vertically. For a slippery ice stream, Raymond
(1996) predicts u to be related to the fourth power of the width of the ice stream Y0
and we use this criterion for determining slow v.s. streaming flow (Figure 3.4).

Figure 3.4: Plot of 2D model results for umax , centerline flow velocity, versus the
fourth power of Y0 , streaming width, for Dome A and Titan Dome source locations. Red and blue lines correspond to a last glacial (51 ka) and present day (0
ka) ice sheet configuration respectively; magenta dots indicate the critical value of
Y0 at which flow is considered to be streaming, umax then varies linearly with Y04
(MacAyeal, 1993).
For an ice sheet centered on Dome A, both modeled ice sheet configurations
(0 and 51 ka) show how streaming-type behavior would work for a minimum sliding width, Y0 , of 46 km. These two configurations differ only in the level of the
streaming velocity, with the glacial ice sheet sliding at 143 m/yr and the modern
ice sheet at 105 m/yr. For a Titan Dome source, the 51 ka and 0 ka configuration
yield a 74 km minimum width for an active ice stream with a flow velocity of 136
m/yr and 175 m/yr, respectively. In other words, the model shows that narrow ice
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stream activity is likely sourced from Dome A, and wider ice stream flow comes
from Titan Dome.
Given the similarity between measured and modeled ice stream widths, we
are able to postulate how the ice stream at South Pole may have evolved in three
phases during the last glacial cycle. First, a relatively narrow ice stream tributary
flowed from Dome A to South Pole until 39.6 ka. Second, this was replaced by,
or was contemporaneous with, a wider tributary from Titan Dome until 29.1 ka.
Third, this ice stream then waned and was replaced by a return to the previous
narrow flow configuration from Dome A. It is difficult to tell from the submergence
maps whether the Dome A tributary paused while the Titan Dome tributary was
active or whether Titan Dome’s signature dominates that of Dome A. Further data
are needed upstream to further understand the system as a whole.
Two theories have been proposed to describe how ice sheet interiors undergo changes in ice flow. On one hand, ice lowering and retreating grounding
lines can propagate effects upstream by increasing both surface slopes and gravitational driving stresses, as is thought to be the case for Pine Island Glacier (Payne
et al., 2004). This seems unlikely for the South Pole case, considering the translation of the grounding line effects to the interior would need to be across a significant distance (~1400 km). Alternatively, ice sheet dynamic changes, as proposed by MacAyeal (1993) for the Laurentide Ice Sheet and modified to account
for smaller change in the Siple Coast of the West Antarctic ice sheet (Robel et al.,
2013; Payne, 1998), are thought to lead to ice-flow changes in the interior as a consequence of the thermal evolution of a thick ice sheet, which undergoes oscillations
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driven by thermomechanical dynamic feedbacks. According to Payne (1998), ice
volume loss is likely due to the availability of meltwater and basal lubrication enabling enhanced ice flow, which can trigger positive feedbacks through increased
deformational heating, leading to ice softening and therefore increased streaming
velocities. In East Antarctica, as a consequence of its size, this type of behavior
may allow for abrupt speed up without requiring a large-scale ice sheet response to
external forcing. Such processes can explain our observations at South Pole. We
do not attempt further 3D modeling of the layers or calculate melt generation at the
upstream domes as this requires boundary conditions that are unavailable due to the
lack of geophysical data upstream.

3.5

Interpretation and wider significance
A conceptual model of ice sheet change requires a feedback between ice

growth and basal conditions (MacAyeal, 1993), in which tributary initiation is triggered by the availability of meltwater at upstream domes. Tributary fast flow is
possible when each respective dome reaches an ice thickness sufficient to cause
basal melting. The well-lubricated bed can then trigger a corridor of enhanced flow,
sustained by thick ice over a long period. The width of the corridor is dependent
on the distance to the respective dome and the surface slope. The higher the surface driving stress, the narrower the tributary instigating fast flow can be according
to the 2D modeling experiment. This could explain the two distinct Nye anomalies observed in Figure 3.3 and the difference in their widths. We suggest that as
ice sheet volume is gradually depleted at both domes, less heat is available due to
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lower surface driving stress while glacial surface temperatures are more easily advected to the bed, which can eventually partially refreeze and cease tributary fast
flow (Van Liefferinge and Pattyn, 2013). The thicker ice at Dome A can sustain
enhanced fast flow for a longer period than Titan Dome; even today, there is significant subglacial water under Dome A (Wolovick et al., 2013).
We note that the whole system is experiencing downstream advection of ice
as a consequence of normal ice flow. Importantly, the translation of this ice is on the
order of hundreds of kilometers since the shutdown of fast flow around 17 ka, which
could affect the interpretation of enhanced flow changes, but poor data constraints
upstream of the survey region does not allow us to address this question.
The ongoing drilling of a South Pole ice core (SPICECORE, Casey et al.,
2014) is targeting a maximum depth of 1500 m, which, based on our observations,
will sample the enhanced flow time period. In particular, the 51.4 ka and 16.8 ka
isochrones are situated at ~1784 m and ~1040 m depth at South Pole, respectively.
However, although enhanced flow might distort the age-depth curve (e.g. frictional
basal melting lowering layers, Leysinger Vieli et al., 2007), if the shear margins did
not migrate across the core site, the retrieved climate record might not be affected
(Casey et al., 2014). It is difficult to tell from our discrete time sampling, a result
of the finite number of radar reflections and the restricted spatial extent of the PPT
survey, if this is the case at South Pole or not. It will depend on the stability of the
tributaries, whether they acted as two independent flow units or represent the migration of enhanced flow across the region and will need more data at and upstream
of South Pole to fully comprehend.
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3.6

Conclusions
We have found evidence for now-extinct shear margins and their positions

through depth and time using radar reflections. We interpret these reflection geometries as evidence of ice sheet draw-down of englacial layers, as a consequence of
enhanced ice flow. By dating the radar reflections, we are able to show former ice
flow streaming behavior at South Pole during the LGM into the last deglaciation.
From this we are able to build a conceptual model for ice stream development and
evolution at South Pole and deeper into the EAIS interior. Our study shows that
the central EAIS can experience internal dynamic change. Although glacial periods have lower accumulation rates, the gradual accumulation of snow over time can
cause basal temperatures to reach the pressure melting point and trigger major ice
sheet lowering and ice mass loss. These units can eventually shut down as enhanced
flow increases vertical advection of surface temperatures to the base (Payne, 1998).
As ice elevation is lowered, multiple domes, influenced by subglacial topography,
can emerge and dictate ice flow change, as reconstructed for the Laurentide ice sheet
during dynamic mass loss (Gregoire et al., 2012). The modern domes upstream of
South Pole (such as Titan and Dome X, Siegert, 2003) are evocative of such a situation in the EAIS, providing a well-studied context in which our observations may
be further considered.

3.7

Supplement: Detailed radar stratigraphy in the PPT survey
Figures 3.5, 3.6 and 3.7 are detailed radargrams for the three transect sec-

tions shown in the manuscript. The two locations of sharp reflection down-draw
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are more apparent when contrasted with the more conformable geometries of the
internal reflections further up and down section.
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Chapter 4
Stable accumulation patterns around Dome C, East
Antarctica, over the last glacial cycle1

We reconstruct the pattern of surface accumulation in the region around
Dome C, East Antarctica, through the last glacial cycle. We use a set of internal
isochrones interpreted from various ice-penetrating radar surveys and a 1D pseudosteady ice flow model to invert for both time-averaged accumulation rates and paleoaccumulation rates between isochrone pairs. We observe that the surface accumulation pattern is stable through the last 128 kyrs, both the large-scale (100s km)
gradients which reflect current modeled and observed precipitation gradients in the
region, as well as the small-scale (10s km) accumulation variations linked to snow
redistribution at the surface due to changes in its slope and curvature in the prevailing wind direction. This suggests a stable position of the dome throughout the last
glacial cycle.
1

A version of this chapter is under review in the The Cryosphere Discussions under the same title,
Marie G. P. Cavitte, Frédéric Parrenin, Catherine Ritz, Duncan A. Young, Donald D. Blankenship,
Massimo Frezzotti, Jason L. Roberts; a companion paper entitled “Is there 1.5 million-year old
ice near Dome C, Antarctica?” is under review in the The Cryosphere Discussions by Frédéric
Parrenin. Marie G. P. Cavitte interpreted the radar isochrones, Frédéric Parrenin and Marie G. P.
Cavitte developed the model and ran experiments with C. Ritz input, Duncan A.Young, Jason L.
Roberts and Donald D. Blankenship were involved in survey design and data acquisition, Massimo
Frezzotti provided data and discussion material. Marie G.P. Cavitte prepared the manuscript with
contributions from all co-authors. Part of the companion manuscript is reproduced in Appendix A.
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4.1

Introduction
The Dome C region, located on the East Antarctic interior plateau, has long

been the focus of extensive research: it is the site of the oldest as-yet-retrieved
ice core, the European Project for Ice Coring in Antarctica (EPICA) Dome C ice
core, going back ~800 ka (Parrenin et al., 2007a). It is also an area where surface
precipitation is extremely low (Stenni et al., 2016). At other inland plateau sites
(e.g. in Drönning Maud Land, Fujita et al., 2011), occasional large precipitation
events represent a large part (more than 50%) of the total annual precipitation, and
this is the case at Dome C too (Frezzotti et al., 2005). Precipitation on the Dome
C plateau is mostly dominated by coastal air masses which advect moisture inland.
The presence of the dome creates an upslope and a downslope component of air
flow: moisture is released preferentially on the upslope/windward side of the dome,
and the leeward/downslope side is therefore exposed to drier air (Genthon et al.,
2016). This is reflected in the large scale gradient of modern precipitation measured
(Arthern et al., 2006; Genthon et al., 2016; Kållberg et al., 2004) and modeled
(Gallée et al., 2013; Palerme et al., 2014; Van Wessem et al., 2014).
Although observations and model results suggest a spatially variable shift
in dust particle sizes, they indicate a uniform geographic provenance for mineral
dust measured at EPICA Dome C. An efficient and persistent westerly circulation
pattern would have transferred dust from South America and Australia to the East
Antarctic plateau during glacial-interglacial cycles (Delmonte et al., 2010; Albani
et al., 2012). Present-day moisture-bearing air mass trajectories (Scarchilli et al.,
2011; Genthon et al., 2016) point to a western Indian Ocean provenance for the
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snow precipitation at Dome C (85% of the precipitation), and suggest this could
have persisted through glacial-interglacial cycles. Snow precipitation is homogeneous at a large-scale, whereas local variations in snow accumulation are controlled
by local surface topography as a function of wind direction. Black and Budd (1964)
and Budd (1971) first observed the close relationship between bedrock relief, surface slope and accumulation rates in Wilkes Land. Frezzotti et al. (2007) show that
slope in the prevailing wind direction (SPWD) is a key constraint in determining
spatial and temporal variability of precipitation; a higher SPWD can lead to significant ablation and redeposition of snow (Frezzotti et al., 2002b,a, 2005, 2007). Das
et al. (2013) show that glsspwd is a strong threshold for the formation of wind scour
or megadune fields.
Airborne and ground-based ice-penetrating radar data have long been used
to constrain the surface and bedrock topography over large parts of the Antarctic Ice
Sheet (Gudmandsen, 1971; Drewry et al., 1980; Millar, 1981; Siegert, 2003; Bingham and Siegert, 2009, and many others), as well its internal stratigraphy (Siegert,
1999; MacGregor et al., 2012; Cavitte et al., 2016). Because the internal stratigraphy represents isochronal surfaces throughout much of the ice sheet, dated internal
radar reflectors can be used to constrain the surface mass balance of the ice sheet
(Medley et al., 2013). Several radar isochrone studies have also shown the existence
of a coast-to-dome precipitation gradient: Verfaillie et al. (2012) show a continuous
existence through historical timescales, while Siegert (2003) shows the persistence
of a strong accumulation gradient between Dome C and Ridge B (a topographic
high upstream of Lake Vostok) over glacial-interglacial timescales.
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The position of Dome C and the adjacent ice divide have been presumed to
be stable through time. However, there is no reason that this should be the case:
bounded to the east by the Byrd Glacier catchment and to the west by the Totten
Glacier catchment, these two glaciers have very different flow behaviors due to
different outflow and grounding line boundary conditions and therefore might have
influenced Dome C in an asymmetrical way. Shrinking of the stabilizing Ross Ice
shelf on the Byrd Glacier catchment side has been observed and modeled (Scherer
et al., 1998; Conway et al., 1999; Pollard et al., 2015), and Young et al. (2011)
have shown evidence for significantly different configurations of the Totten Glacier
catchment over long time-scales. There is potential for the dome to have migrated
or disappeared over time to simply become part of the ice ridge if the glaciers
destabilized at different times. Knowing the position of the dome is crucial for
three reasons:
1. The position of topographic domes characterizes the spatial distribution of
snow accumulation and the ice flow of outlet glaciers of the East Antarctic
Ice Sheet (EAIS). Mass balance strongly affects sea level variations (past
and future) as well as the geometry of the ice sheet through time. Several
recent studies have shown the influence of increasing precipitation trends over
Antarctica in a warming climate (Davis et al., 2005; Van Wessem et al., 2014;
Frieler et al., 2015).
2. The position of the dome through time is required for accurate dating and interpretation of ice cores. Knowing the flowlines of ice particles through time

92

is necessary to reconstruct ice core chronologies and correct for the effects
associated with deposition at a different location and elevation than the ice
coring site. Especially in the context of the search for 1.5 million-year-old
ice, knowing the position of the dome through time will have a significant
influence on the choice of an ice core site. Several candidate sites for such
old ice have been identified in the region (Van Liefferinge and Pattyn, 2013).
3. The location of the dome is required to model isochrones interpreted from
radar surveys. When modeling isochrones, the assumption that horizontal
advection is negligible is only valid in close proximity to a dome or ice divide.
If this is not the case, full 3D-type modeling with known dome and divide
positions is necessary to reproduce isochrone geometries accurately (Parrenin
et al., 2006; Leysinger Vieli et al., 2011).
Here, we reconstruct paleoaccumulation rates for the Dome C region using
a 1D pseudo-steady ice flow model (described in the companion paper) for the last
128 kyrs using the isochronal constraints obtained from radar surveys. We discuss
the large-scale accumulation and small-scale variations in accumulation which suggest a stable position of the dome for the last glacial cycle. We do not attempt to
reconstruct older paleoaccumulations due to the 1D assumptions.
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4.2
4.2.1

Methods
Dome C region
The Dome C region represents a topographic high in the middle of the EAIS

and is at the confluence of several ice divides, the largest of which separates the
Byrd Glacier catchment from the Totten Glacier catchment. The topography is gentle, reaching a maximum elevation at Dome C of ~3266 m above sea level (geoid
height) where the change in elevation is ~10 m across 50 km (Genthon et al., 2016).
A gentle saddle connects Dome C to Lake Vostok along the ice divide, with a secondary dome referred to as Little Dome C (LDC) just south of the Dome C ice core
site. The bedrock is characterized by a large subglacial massif ~40 km to the south
of the Dome C ice core site and ~10 km south of the LDC, easily identifiable on
Fig.4.1, where the radar survey grid is tightest. For ease of description, we refer
to it as the “Little Dome C massif (LDCm)” to differentiate from the surface topographic high. The deep Concordia Subglacial Trench runs along its eastern edge
and is followed by a steep ridge, ~2000 meters high (Young et al., 2016b), which
we will refer to as the Concordia Ridge (CR). Both the LDCm and the CR (see
Fig.4.1) have been identified as promising targets for retrieving 1.5 million-yearold ice (Van Liefferinge and Pattyn, 2013).
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Figure 4.1: (Continued next page.)
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Figure 4.1: Map of Dome C and the surrounding region. A red square locates the
study area on the inset. The radar lines used in the accumulation reconstructions
are displayed as blue lines. Highlighted in red are the two radar lines shown in
Fig.4.2. Dark gray blocks labeled A-E are the Van Liefferinge and Pattyn (2013)
Candidate regions. F labels a 1.5 million-year-old ice new Candidate site (see companion paper). The background is bedrock elevation in meters above sea level and
combines Bedmap2 bed elevations (Fretwell et al., 2013) and a recompilation based
on the OIA radar bed elevations (Young et al., 2016b) delimited by a dashed rectangle. Gray lines are Bamber et al. (2009) surface elevations, a black line locates the
ice divide. A red star locates the EPICA Dome C ice core. LDC locates the gentle secondary surface dome, the subglacial massif under the densest radar lines is
the LDCm, CR locates the Concordia Ridge steep escarpment along the Concordia
Subglacial Trench (CST).
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4.2.2

Radar data
We use several airborne ice penetrating radar surveys collected in the Dome

C region by the University of Texas Institute for Geophysics (UTIG) and the Australian Antarctic Division (AAD) as part of the International Collaborative Exploration of the Cryosphere through Airborne Profiling (ICECAP) project (Cavitte
et al., 2016) and the OIA survey flown in January 2016 (Young et al., 2016b)
(Fig.4.1). All surveys use the same center frequency of 60 MHz; internal isochrones
are therefore coherent from one season to the next. A set of 18 internal isochrones
are traced throughout the region, using the multiple crossovers, thus ensuring the
reliability of the tracing as outlined in Cavitte et al. (2016). The co-location of the
EPICA Dome C ice core in the survey region enables the dating of the isochrones
using the AICC2012 chronology (Bazin et al., 2013; Veres et al., 2013). Obtaining ages and associated uncertainties for each isochrone is described in Cavitte
et al. (2016). We extend the same isochrones to the newly acquired OIA survey
and add a number of shallower and deeper isochrones in the OIA region (Cavitte
et al., in prep.). We use all 18 isochrones for the 1D model inversion but only use
the youngest nine isochrones going back to the penultimate interglacial (i.e. 128 ka)
for paleoaccumulation reconstructions, explained below. All nine isochrone depths,
ages and uncertainties at the Dome C ice core site are given in Table 4.1.
4.2.3

Modeling
We use 18 radar isochrones, dated from 10 ka (before 1950) to 366 ka,

and the 1D pseudo-steady ice flow model described in the companion paper (Par-
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Table 4.1: Radar isochrones and their uncertainties at the Dome C ice core site.
Isochrone Depth Depth uncertainty
Age
Age uncertainty2
(m)
(±m)
(ka)
(±ka)
1
307.61
1.82
9.97
0.26
2
699.60
2.29
38.11
0.61
3
798.60
2.31
46.41
0.80
4
1076.10
3.11
73.37
2.07
5
1171.90
3.18
82.01
1.55
6
1337.90
3.78
96.49
1.74
7
1446.80
3.97
106.25
1.83
8
1593.90
4.32
121.09
1.70
9
1682.10
4.51
127.78
1.78
renin et al., 2017). The model inverts for time-averaged geothermal heat flux (G0 ),
time-averaged accumulation rate (ā), and time-averaged vertical strain rate profile
parameter (p0 ) every kilometer along a radar line. Pseudo-steady-state means that
all parameters in the model are considered steady except for R(t), a temporal factor applied to both basal melting and accumulation (see companion paper). In other
words, we can split the accumulation rate into a time-averaged component ā(x) that
varies spatially, and a temporally varying component, R(t):
a(x, t) = ā(x)R(t)

(4.1)

ā(x) therefore is the time-averaged accumulation rate at a certain point x, while
R(t) represents the variations in accumulation rate over glacial-interglacial cycles
over time. The model assumes that R(t) is spatially invariant over the entire study
region. R(t) is obtained from AICC2012 measured accumulation variations (Veres
et al., 2013; Bazin et al., 2013), and represents the ratio of the accumulation at time
t to the average accumulation over the last 800 kyrs.
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When inverting the radar isochrones using the pseudo-steady model, ages
and accumulations are all used in steady-state form, with glacial-interglacial accumulation variations normalized. The calculated time-averaged accumulation rate
ā (Fig.4.3), p0 , and G0 result from the best fit of all the radar isochrone depths
(dropping x for simpler notation). However, some differences between modeled
and observed isochrones remain as all isochrones have to be simultaneously fitted
for each point x. The 18 isochrones have to be used in the inversion as the deepest
isochrones provide the strongest constraints on p0 and G0 .
To reconstruct paleoaccumulation rates through time ā∆χ , where ∆χ represents a discrete age interval, we use the G0 and p0 values calculated and assume they
remain unchanged over each time so that the remaining misfit between modeled and
observed isochrones is entirely a result of the uncertainty in ā. ā∆χ represents the
time-averaged paleoaccumulation rate for a layer with an age interval ∆χ, bounded
above and below by a radar isochrone of AICC2012 age. We refer to these as
isochrone-bounded layers. To calculate ā∆χ values for each layer, we adjust the
value of ā such that modeled and observed isochrone-bounded layer age intervals
∆χ are fitted perfectly for each layer.
In mathematical form, if z is the depth of the isochrone and χ the age of the
isochrone, we can write the isochrone-bounded layer’s age interval as:
∆z
, for the model
τ ām,∆χ

(4.2)

∆z
, for observations,
τ āo,∆χ

(4.3)

∆χm =
and
∆χo =
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where τ represents the vertical thinning rate. We therefore want to obtain āo,∆χ , the
“observed” paleoaccumulation rate for a certain age interval ∆χ.
Assuming all errors arise from accumulation rate uncertainty is equivalent
to assuming τ is modeled perfectly. Therefore we can equate Eq.4.2 with Eq.4.3
and obtain āo,∆χ :

āo,∆χ =

∆χm
ām,∆χ
∆χo

(4.4)

Using Eq.4.4, we calculate the best fit time-averaged paleoaccumulation
rates through time in one iteration after the model inversion. The values of āo,∆χ obtained are the time-averaged paleoaccumulation for each isochrone-bounded layer
of age interval ∆χ. This gives the spatial variations of the paleoaccumulation rates
through time. Temporal variations R(t) of the accumulation rates have been ignored
until this point. We use Eq.4.1 and calculated R(t) values from the AICC2012
chronology accumulation variations to obtain the corresponding paleoaccumulation
rates, ao,∆χ . These are shown in Fig.4.2 and 4.4.
In addition, the Metropolis-Hastings (MH) algorithm (described in the companion paper, Parrenin et al., 2017, and partly reproduced in Appendix A of this
thesis) enables the calculation of an accumulation rate uncertainty which takes into
account the age uncertainty of the radar isochrones. The age uncertainty of the
radar isochrones is a combination of the radar depth uncertainties translated to age
uncertainties (Cavitte et al., 2016) and the AICC12 ice core chronology uncertainties (Veres et al., 2013; Bazin et al., 2013). Cavitte et al. (2016) describe the various
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sources of radar depth uncertainty and how they are calculated. The radar isochrone
depth and age uncertainties are given in Table 4.1. We plot the time-averaged accumulation rate and the paleoaccumulation rates for each isochrone-bounded layer
over the survey region (see Fig.4.3, 4.4). The accumulation uncertainties are given
in Supplementary Fig.4.8.
Care must be taken in not over-interpreting the paleoaccumulation maps obtained. We do not argue that we have reconstructed absolute paleoaccumulations
for the past 128 kyrs. The 1D pseudo-steady ice flow model used here (see Parrenin
et al., 2017) does not take horizontal advection into account. Instead, our paleoaccumulations are valid at the ice divide and the dome where horizontal ice flow
speeds are negligible. Farther away, horizontal advection has a larger influence. We
therefore focus on the OIA survey, which is closest to the dome, augmented only
by radar lines from previous seasons nearest to the ice divide (Cavitte et al., 2016;
Young et al., 2016b). Our paleoaccumulation calculations does not apply deeper in
the ice column where the assumption that τ (Eq.4.4) is fitted perfectly breaks down.
We therefore reconstruct paleoaccumulation rates only over the last glacial cycle,
and use only the topmost nine isochrones which cover the period 10 - 128 ka (top
half of the ice column). Furthermore, the model assumes a constant ice thickness
through time. Even though small variations in the ice thickness through time will
affect the absolute value of the reconstructed accumulation rates, the assumption of
constant ice thickness is fair for the center of the EAIS where modeled ice thickness
variations have been reported up to 200 m (Bentley, 1999; Ritz et al., 2001) and is
commonly assumed in ice core chronology reconstructions.
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4.2.4

European Centre for Medium-Range Weather Forecasts (ECMWF) ERA40
snow precipitation rates
The snow accumulation rates in the Dome C region result from precipita-

tion in the form of snow (snowfall and diamond dust), then modified by wind-driven
processes. The wind erosion, wind redistribution and sublimation, as well as other
processes during or after a precipitation event, leads to a spatial deposition at the
surface that is much less homogeneous than the original precipitation (e.g., Frezzotti et al., 2004). To compare large-scale patterns of precipitation to independent
measurements, ECMWF ERA40 re-analysis data (Simmons et al., 2007) is used to
obtain a map of present-day estimated precipitation rates over the survey region.
The ECMWF ERA40 model seems to correctly reproduce the observed precipitation’s spatial and temporal variability at Dome C, but systematically underestimates
the precipitation magnitudes (Genthon et al., 2016; Stenni et al., 2016), probably
because clear-sky precipitation is not adequately parameterized (Bromwich et al.,
2004; Van de Berg et al., 2006). The ECMWF ERA40 model does not reproduce
snow accumulation because it does not consider the blowing snow transport/sublimation process. However, since the Dome C site is not influenced by strong winds,
this is expected to have a minor effect within the summit area, but cannot be completely neglected farther than 25 km from the dome/ice divide. ECMWF ERA40
data have been rescaled using the surface accumulation average of the last centuries
from existing ground-penetrating radar (GPR) within 25 km from Dome C summit
(Urbini et al., 2008).
A number of steps went into creating this data set, shown in Fig.4.5:
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1. ECMWF ERA40 monthly average precipitation rates were used to calculate
a long term precipitation average over the 1989 - 2011 period
2. Precipitations were then interpolated over the region of interest as a 1 km grid
3. Precipitation values were increased by 12.9 mm yr−1 to match GPR measurements in the area (Urbini et al., 2008) as ECMWF ERA40 precipitation
values are systematically too low compared to ground-based measurements.
Independent traverse accumulation measurements confirm the calculated accumulations (Emmanuel Le Meur, pers comm.)
4.2.5

Detrending paleoaccumulation rates
To look at small-scale paleoaccumulation variations more closely, we re-

move large-scale precipitation gradients (see Sect.4.4). For this, we calculate a
quadratic fit of the ECMWF ERA40 surface accumulation values (as described
above) with each isochrone-bounded layer’s paleoaccumulation, and subtract the
calculated fit from the layer’s paleoaccumulation values. The result is a map of
detrended paleoaccumulations for each isochrone-bounded layer (Fig.4.6).
4.2.6

Slope and curvature in the Prevailing Wind Direction (SPWD and CPWD)
In Sect.4.4, we discuss the importance of slope in the prevailing wind di-

rection (SPWD) and curvature in the prevailing wind direction (CPWD). We use
ECMWF 5-year average wind directions (Simmons et al., 2007) and (Bamber et al.,
2009) surface elevations to calculate SPWD and curvature in the prevailing wind
103

direction (CPWD) values over a 3 km radius in the survey region (Fig.4.6). A positive value of surface curvature indicates a surface trough, while a negative value of
surface curvature indicates a surface bump.

4.3

Results
We use a standard MH algorithm to run the pseudo-steady ice flow model

to invert for time-averaged ā, p0 and G0 . Values of the time-averaged ā, p0 and
G0 and their uncertainties are obtained after 1000 MH iterations, each taking 5
thermo-mechanical iterations (see companion paper, Parrenin et al., 2017). Parrenin
et al. (2017) describe the results obtained and the parameter priors used for the
inversion. Here, we focus on the accumulation rate reconstructions ā and ao,∆χ for
each isochrone-bounded layer, obtained using Eq.4.4.
The reconstructed paleoaccumulations ao,∆χ are shown in Fig.4.2 along the
A-A’ radar transect (VCD/JKB2g/DVD01a) marked on Fig.4.1. Ages given are
the mean of the age interval represented in each paleoaccumulation rate. The AA’ radar line runs along the ice divide, and a marked decreasing gradient can be
seen going from the northeast side towards the southwest consistently over all age
intervals. Bottom panel of Fig. 4.2 displays ao,∆χ along the B-B’ radar transect
(OIA/JKB2n/Y77a) marked on Fig.4.1. This transect runs across the divide and
there is no clearly visible accumulation gradient over time for most isochronebounded layers, except a weak one for the interglacial 10 ka and 128 ka isochrones.
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Figure 4.2: (Continued next page.)
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Figure 4.2: Paleoaccumulation rates along radar lines. Colors represent the mean of
the age interval ∆χ represented by each layer. Top panel shows the reconstructed
paleoaccumulation rate ao,∆χ along the A-A’ radar transect. Bottom panel is along
the B-B’ radar line. Both radar lines are highlighted on Fig.4.1. A-A’, along the ice
divide, displays a strong and consistent accumulation gradient. B-B’, perpendicular
to the ice divide, shows no similar gradient.
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We also show reconstructed accumulation rates in map view in Fig.4.3 and
4.4. Fig.4.3 displays the time-averaged accumulation rate ā and Fig.4.4 displays
the paleoaccumulation rate per isochrone-bounded layer ao,∆χ . We show six of the
age intervals calculated. We observe that the time-averaged accumulation (Fig.4.3)
has a clear north to south gradient, decreasing from > 21 mm water equivalent per
year (mm-we yr−1 ) in the north to 15 mm-we yr−1 in the south. Superimposed, we
observe a number of regions ~20 km wide that show a ~25% accumulation increase
over the LDCm, to ~75% increase over the CR. These are outlined by black lines on
Fig.4.3. Around the CR, we also note that the extended area of high accumulation
is preceded by an area of very low accumulation, parallel to it and just east of the
Concordia Subglacial Trench (CST). This corresponds to an area of drastic surface
slope and curvature change (see also Fig.4.6, Sect.4.4 and Supplement 4.7.3).
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Figure 4.3: (Continued next page.)
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Figure 4.3: Time-averaged accumulation rates ā along the radar lines in the Dome C
region. Accumulation rates are given in mm of water equivalent per year. There is a
clear large-scale N-S accumulation gradient, with accumulation decreasing with
distance from the Indian Ocean coast, the main pathway of snow precipitation.
Black lines outline areas of small-scale high accumulation: they correlate to areas
where surface contours (in gray) become further apart, i.e. where surface slope is
reduced. Background is the same as in Fig.4.1.
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Paleoaccumulation rates per isochrone-bounded layer (Fig.4.4) show a similar pattern in the accumulations: a large-scale gradient N-S with superimposed
areas of higher accumulation in the same locations as in the time-averaged reconstruction. We note a striking similarity between the time-averaged accumulation
rate (Fig.4.3) and the paleoaccumulation rates for the ages 0 ka - 38 ka (Fig.4.4).
We also note that gradients are stronger for interglacial age intervals (0 ka - 10
ka and 121 ka - 128 ka in Fig.4.4). The small-scale accumulation patterns remain
spatially stable through time: panels in Fig.4.4 ranging from 0 ka to 106 ka display these same three areas of high accumulation outlined in Fig.4.3. The areas are
~20 kilometers wide and ~50 km or more east of the CR. However, they are less
prominent on the 121 ka - 128 ka panel on Fig.4.4, except for east of the CR.
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Figure 4.4: (Continued next page.)

Figure 4.4: Paleoaccumulation reconstruction over the Dome C region. Panels show
paleoaccumulation rates calculated for each isochrone-bounded layer, age intervals
are given on each panel. The N-S accumulation gradient decreasing with distance
from the Indian Ocean coast and the small-scale areas of high accumulation both
remain stable through the last 128 kyrs. Small-scale accumulation variations are
less visible for 121-128 ka. Background is the same as in Fig.4.1.
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Also plotted on Fig.4.3 and 4.4 are bedrock elevations from Bedmap2 (Fretwell
et al., 2013) augmented with new OIA survey data outlined with a dashed rectangle
(Young et al., 2016b), as well as (Bamber et al., 2009) surface elevation contours.
The areas of higher accumulation are co-located with areas of low surface slopes,
visible from the surface contours. The accumulation variations we observe are also
co-located with significant bedrock relief changes, which reach e.g. ~2000 m for
the CR escarpment, and ~500 m for the south side of the LDCm (see Supplementary
Fig.4.7).
We use the time-averaged accumulation, ā, obtained from the model and
Eq.4.1 to plot Holocene average accumulation rates. For this, we take the ratio of
the average accumulation rate of the last 100 years to that of the last 800 kyrs using
the AICC2012 chronology, which has a value of 0.65. The time-averaged ā is scaled
by this factor of 0.65 to obtain Holocene average accumulation rates, which we call
a100yrs here. We plot a100yrs together with ECMWF ERA40-based precipitation
data in Fig.4.5 (see Sect.4.2.4 for details). We observe that the large-scale N-S
accumulation gradient in a100yrs closely resembles that of the ECMWF ERA40derived surface accumulation rate in Fig.4.5: high accumulation in the north nearer
the coast, and lower accumulation in the south as you move towards the interior.
The magnitude of the accumulation rates also match surprisingly well.
The calculated accumulation rate uncertainties from the model, with an average value of 0.16 mm-we yr−1 (see Supplementary Fig.4.8), are an order of magnitude (or more) smaller than the values of reconstructed time-averaged accumulation rate, providing confidence in the time-averaged accumulation rates calculated.
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Figure 4.5: Holocene average accumulation rates a100yrs along the radar lines superimposed on ECMWF ERA40 estimated present-day surface accumulation rates
(see Sect.4.2.4). There is a very good agreement in the magnitude of accumulation values between the two datasets and in their N-S accumulation gradient on
large-scales (100s km), with accumulation decreasing with distance from the coast.
White lines outline the same areas of small-scale high accumulation as in Fig.4.3.
Background is the same as in Fig.4.1.
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However errors have been treated as uncorrelated so we cannot apply these uncertainties to the paleoaccumulations. We hope to improve this in the future.
To focus on the small-scale variations in paleoaccumulations, we plot detrended paleoaccumulations (Sect.4.2.5) for the region on top of SPWD and CPWD
values (Sect.4.2.6), as shown on Fig.4.6. As a reminder, these accumulation maps
therefore display values of detrended paleoaccumulation once the large-scale precipitation gradient obtained from ECMWF ERA40 has been removed. Looking at
the spatial distribution of these detrended paleoaccumulations in relation to SPWD,
we observe that areas with high accumulation are co-located with areas of markedly
reduced SPWD values with respect to the surrounding values (~0.5-1.2 x 10−3 of
absolute SPWD decrease). This is displayed in Supplementary Fig.4.9. But more
striking is the clear relationship between the magnitude of the curvature (and polarity) and the magnitude of the residual paleoaccumulation (Fig.4.6. Areas of high
positive detrended paleoaccumulation, > 1.2 mm-we yr−1 , are well correlated with
areas of strongly positive curvature values (> 2 x 10−7 m−1 ). This is evident in the
LDCm area for the high accumulation areas highlighted on Fig.4.3. Areas of high
negative detrended accumulation, < -1.6 mm-we yr−1 , are also well correlated with
areas of strongly negative curvature. This is best seen east of the CR. Note that
the correlation holds particularly well for the youngest layer (0 - 10 ka); the residual paleoaccumulation values east of the CR are high directly where the surface
curvature is strongly positive, low where the surface curvature is strongly negative
(blue on blue, red on red on Fig.4.6). However, for layer 10 - 38 ka and older, this
relationship is slightly offset, best visible east of the CR area.
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Figure 4.6: Residual paleoaccumulations over the region, overlain on surface
CPWD (strongly positive and negative values are sketched on either end of the
colorbar). Panels show the same age intervals as Fig.4.4. The residual paleoaccumulation highs correlate well to areas of strongly positive CPWD. As layers get
older, increasing offsets are visible east of the CR. A black arrow indicates the area
of surface curvature discussed. A blue arrow indicates prevailing wind direction.
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4.4

Discussion
The observed patterns of paleoaccumulation agree well with previous stud-

ies of surface snow accumulation variability in the Dome C region. Considering
first the large-scale patterns in the accumulation reconstructions (Fig.4.3 and 4.4),
we observe a consistent large-scale gradient for each age interval. Large-scale here
refers to 100s of kilometers. Accumulation decreases from the north side of Dome
C to the south side. This is clearly seen in ECMWF ERA40 data for the region (see
Fig.4.5). Other large scale accumulation models of the region (e.g. Genthon et al.,
2016) or Regional Climate Model (MAR) (Gallée et al., 2013, 2015) also display
such accumulation patterns. GPR data collected during traverses across Dome C
and along the divide also show a clear N-S gradient in accumulation (Urbini et al.,
2008; Verfaillie et al., 2012, Emmanuel Le Meur, pers. comm). A Scott Polar Research Institute (SPRI) airborne transect collected over Dome C also shows a strong
accumulation gradient of 10s of mm yr−1 over a spatial scale of 100s of km (Siegert,
2003).
The fact that our paleoaccumulation reconstructions reproduce present-day
surface accumulation gradients and that this remains true back to 128 ka suggests
both a stable meteorologic system and location of Dome C. To preserve the same
N-S gradient, the moisture-bearing air masses coming from the coast must have
interacted with the same surface topography during those 128 kyrs. Measurements
made in other areas of the ice sheet, e.g. across Talos Dome (Frezzotti et al., 2007),
point to similar patterns: accumulation is highest near the moisture source and decreases with distance from the coast. Fujita et al. (2011) point to the same patterns
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of reduced accumulation inland across Dronning Maud Land. Such a consistent
large-scale depositional pattern indicates a stable regional topography of the Dome
C region. Urbini et al. (2008) show a small component of counter-clockwise rotation of the accumulation pattern in historical times centered on Dome C, but the
general N-S gradient difference in accumulation across the dome remains. We note
a good agreement between our accumulation values and trends along A-A’ going
from Dome C along the ice divide towards Vostok (Fig.4.2) and the GPR transect
measured by Verfaillie et al. (2012) on the other side of the Dome C divide.
Considering the small-scale (10s of kilometers or a few ice thicknesses) patterns of accumulation shown earlier, we described several regions of locally higher
accumulation. The co-location of the areas of higher accumulation with areas where
surface slope is reduced, as seen from the surface contours or the markedly reduced
SPWD values with respect to the surroundings (Supplementary Fig.4.9) fits well
with the model put forward by Frezzotti et al. (2007) over Talos Dome where accumulation increases when SPWD decreases. They attribute the correlation between
the absolute magnitude of SPWD and accumulation rates to katabatic wind-driven
ablation. Note that the prevailing wind direction over the area is more or less along
the long axis of Dome C flowing from further up the ice divide towards Dome C
(Frezzotti et al., 2005; Urbini et al., 2008).
The spatial correlation we obtain between the detrended paleoaccumulations and the CPWD can be explained by the same mechanisms as for SPWD, since
SPWD and CPWD are directly related. The proximity of the isochrone-bounded
layer to the surface influences how well the correlation holds, particularly visible
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in the CR region. Layer 0 - 10 ka shows high detrended paleoaccumulation values
where the surface curvature is strongly positive (i.e. surface trough), and low values where the surface curvature is strongly negative (i.e. surface bump). For any
deeper layer, this relationship is slightly offset in space. This could be due to ice
flow increasing with distance from the dome. Accumulation rates are calculated using radar isochrones at depths between ~9% and 53% of the ice thickness at Dome
C. Therefore, we expect that a strongly positive CPWD region would affect the
accumulation rate directly above this same region. These anomalies are preserved
by progressive burial and as ice flow speed over the CR relief is higher than over
the LDCm, radar isochrones observed at the CR will have carried this anomalous
accumulation signature further down-flow than they would have at the LDCm.
Even though the absolute magnitudes of slope and curvature changes we observe are relatively small (on the order of 10−3 and 10−7 m−1 , respectively), other
studies have shown that even very small slope changes can have a strong influence
on wind-borne redistribution of snow (Grima et al., 2014; King et al., 2004). However a single mechanism has yet to be described that would explain the relationship
between CPWD (and therefore SPWD) and small-scale accumulation variations.
Grima et al. (2014) observe strong surface density variations linked to surface slope
breaks, however some increases in accumulation occur over steeper surface slopes,
which is surprising when steep slopes are usually associated with reduced accumulation (Hamilton, 2004; Frezzotti et al., 2004). King et al. (2004) show that local
slope changes of 0.01 can create up to 30% variations in accumulation, and invoke
a highly non-linear relationship between wind speed and snow transport to explain
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the type of accumulation variability they observe. We attempted a series of low order (linear or quadratic) fits between CPWD and our detrended paleoaccumulations
but none explain all the variability. The data is suggestive of threshold behaviors
between low and high CPWD magnitudes. ECMWF wind speed magnitudes over
the LDCm and CR areas (Simmons et al., 2007) are below the 5 m s−1 threshold for
dune processes to be active in the region, and the radar data used does not show any
buried dune structures. The accumulation patterns observed are more suggestive of
the preferential infill of surface troughs by winds. These troughs might not fill-up
easily because of the very low surface precipitation rates in the region (Genthon
et al., 2016; Urbini et al., 2008) and the presence of some subglacial melting in the
region (Young et al., 2016b), creating additional draw-down of the surface.
Although we cannot yet explain the mechanisms causing the small-scale
paleoaccumulation variability we observe in the Dome C region, our results have
important ramifications for constraining the region’s stability through time. If we
assume slope morphology in the prevailing wind direction is the dominating control
on accumulation variability, the temporal persistence of the patterns of accumulation is only possible if the surface morphology, i.e the SPWD and CPWD, is also
spatially unchanging, independent of whether the control comes from the bedrock
topography. If the surface slope and curvature do not change, we can suppose this
implies the position of the divide and the dome must have remained relatively stable.
This implies that the present-day configuration of the ice sheet in the region could
have been the same through the last 128 kyrs. Geometric information on Dome C
and its surrounding region is critical and so far unconstrained in climate reconstruc-

121

tions of the EAIS. Dome C and the surrounding ice divides have long been modeled
as stable spatially but this hypothesis has lacked evidence. The results shown here
provide the first piece of such evidence.
Note the extreme pattern of high and low accumulation parallel to the CST
and east of the CR seems to be the ideal example of how surface topography changes
affect accumulation rates. The ice flowing radially away from Dome C has to flow
over the CST and over the prominent bedrock CR. CPWD shows a strongly negative values over the subglacial CR; it creates a surface which is concave down
perpendicular to the wind direction. We can imagine a scenario in which snow is
strongly plucked away on this steepest surface slope, but further down-wind, as
slope reduces and reaches a contrastingly strongly positive CPWD, the snow can
then be redeposited directly down-wind as suggested in Frezzotti et al. (2004).
We noted in the results that the small-scale accumulation variations were colocated with bedrock relief variations (see Supplementary Fig.4.7). Frezzotti et al.
(2007) explain that bedrock topography can be the underlying influence on the variability of snow accumulation at scales of 1-20 km, corresponding to the lengthscales
of the accumulation variations we calculate here. Bedrock topography will have a
stronger influence on the overlying ice in the presence of subglacial lubrication
(Rémy et al., 2003). Rémy et al. (2003) show that for the Dome C region the most
positive surface curvatures are directly linked to the largest ice thicknesses and the
presence of subglacial lakes. It is interesting to note that areas of higher detrended
paleoaccumulation correlated to high positive CPWD in this study are above deep
bedrock valleys dotted with many observed subglacial lakes (Young et al., 2016b).
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One interesting area is the band of high positive curvature highlighted on Fig.4.6
with a black arrow. Here we observe a band of high detrended paleoaccumulation
between 0 - 73 ka intervals, but not in the 73 - 82 ka interval. It seems instead to
get displaced further west. Ice here is resting in a shallower valley with limited subglacial lakes. The difference in behavior could be linked to transient freezing of the
bedrock in regions of thinner ice which would lead to transient surface topography
Small-scale accumulation patterns appear to be different for the age interval
121 - 128 ka. This period represents the penultimate interglacial and it is possible
surface topography changes occurred in the Dome C region. However, we do not
attempt to further explain these changes because this layer is at a depth of ~50% of
the ice column where the 1D inversion is less robust. This will be testable with a
3D model.
More accurate absolute accumulation rates could be obtained using a full
3D thermo-mechanical model. Further GPR data was recently collected over the
LDCm, and strain nets and various other instruments were deployed. These new
measurements will allow a test of the accumulation reconstruction of this study.

4.5

Conclusions
We reconstructed accumulation rates for the last 128 kyrs. Looking at both

large- and small-scale accumulation gradients, we show that these have not changed
significantly over the last glacial cycle. Large-scale accumulation gradients will remain constant if moisture-bearing air mass trajectories do not vary, which means
that the topographic controls must remain unchanged. Small-scale accumulation
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variations are strongly controlled by SPWD and CPWD and therefore, if the pattern of high and low accumulations remains fixed over a long period of time, this
requires consistent interactions between local surface slopes and prevailing winds
over the last 128 kyrs, independent of whether the control comes from the bedrock
topography and/or potential basal melting. Both suggest that the current surface
topography of the Dome C region has not changed significantly over the last glacial
cycle. This points to a stable position of the Dome C region and adjacent ice divides,
an important constraint for modeling efforts in the area, both for dating existing ice
cores as well as for the prospecting of a greater than 1 million-year-old ice core site.

4.6

Data accessibility
The radar isochrones used in this manuscript will be made publicly available

in summer 2017 as a separate publication. Code for the model is available publicly
under https://github.com/parrenin/IsoInv.

4.7
4.7.1

Supplements
Supplement 1: Bed topography in the Dome C region
Figure 4.7 shows Bedmap2 topography with the Young et al. (2016b) refined

bed elevation grid obtained using the OIA survey radar data (outlined with a dashed
rectangle). The surface contours highlight the areas of reduced surface slope. The
same areas of higher accumulation discussed in the manuscript (Fig.4.3 and 4.5 of
the manuscript) are highlighted here. The accumulation variations we observe are
co-located with significant bedrock relief changes, which reach e.g. ~2000 m for
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the CR escarpment, and ~500 m for the south side of the LDCm.
4.7.2

Supplement 2: Reconstructed accumulation rate uncertainties
The calculated time-averaged accumulation rate (ā) uncertainties are plot-

ted for the entire region in Fig.4.8, and have an average value of 0.16 mm-we yr−1.
The Metropolis-Hastings iterations calculate a steady-state uncertainty which takes
into account the age uncertainty of the radar isochrones, a combination of the radar
depth uncertainties translated to an age uncertainty (Cavitte et al., 2016) and the
AICC12 ice core chronology uncertainties (Veres et al., 2013; Bazin et al., 2013).
The calculated uncertainties are relatively small and uniform over the LDCm, remaining below 0.3 mm-we yr−1 . They more than double east of the CR, where the
rough topography limits the applicability of the 1D pseudo-steady ice flow model.
4.7.3

Supplement 3: Slope in the prevailing wind direction (SPWD) in the
Dome C region
Figure 4.9 shows surface SPWD calculated from ICESat surface topography

(Bamber et al., 2009) and ECMWF 5-year average wind directions. time-averaged
accumulation rates ā as shown in Fig.4.3 of the main manuscript are plotted on top.
We see that the small-scale areas of high accumulation observed are co-located with
areas of markedly reduced SPWD values with respect to the surrounding values
(~1.2-1.5 x 10−3 of SPWD change). This fits well with the model put forward by
Frezzotti et al. (2007) over Talos Dome where accumulation increases when the
SPWD decreases. We are only referring to the absolute magnitude of the SPWD
values as described in Frezzotti et al. (2007), but there is also an interesting polarity
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of the SPWD values across the divide. The prevailing wind direction over the area
is more or less along the long axis of Dome C flowing from further up the ice divide
towards Dome C (Frezzotti et al., 2005; Urbini et al., 2008).
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Figure 4.7: Bedmap2 bedrock elevations (Fretwell et al., 2013) with recompiled
OIA radar bed elevations (Young et al., 2016b) delimited by a dashed rectangle.
The same black lines highlighting the areas of small-scale high accumulation as on
Fig.4.3 are drawn to highlight the influence of the bed on small-scale accumulation
variations. Gray lines are Bamber et al. (2009) surface elevations, a black line
locates the ice divide. A red star locates the EPICA Dome C ice core. LDC locates
the gentle secondary dome, LDCm locates the Little Dome C massif under the
densest radar lines, CR locates the Concordia Ridge steep escarpment along the
Concordia Subglacial Trench (CST).
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Figure 4.8: Time-averaged accumulation rate uncertainties over the Dome C region.
Uncertainties are low over the LDCm, but increase east of the CR area. Background
is the same as in Fig.4.7 in grayscale.
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Figure 4.9: Time-averaged accumulation rates ā over the Dome C region, overlain
on surface slope in the prevailing wind direction (SPWD). The prevailing wind
direction (PWD) is indicated by a blue arrow.
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Chapter 5
The Little Dome C region as a 1.5 million-year-old
“Oldest Ice” target

1

In this Chapter, I describe work done in the context of the European project
Beyond EPICA - Oldest Ice (BE-OI) around the Dome C region. BE-OI is the
European contribution to the international effort to identify and drill a suitable site
for recovering a 1.5 million-year-old ice core (http://www.beyondepica.eu/about).
The BE-OI project is in progress and involves several field seasons of site selection
surveys in the Dome C and the Dome Fuji regions.
I have been involved with work done in the Dome C candidate region. The
Oldest Ice candidate A (OIA) ice-penetrating radar survey was collected by the
University of Texas Institute for Geophysics (UTIG) with the Australian Antarctic
Division (AAD) in January 2016 (described in Chapter 4) to characterize the Oldest
Ice Candidate regions around Dome C. The exercise of finding areas with potential
1.5 million-year-old ice was done together with Olivier Passalacqua (PhD student at
Institut des Géosciences de l’Environnement (IGE)), Frédéric Parrenin and Cather1

The radar isochrones used in this Chapter will be submitted to Geoscientific Instrumentation,
Methods and Data Systems & Discussions (GID)
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ine Ritz (also at IGE). I describe here the process involved in characterizing 1.5
million-year-old ice sites using ice-penetrating radar data. This starts from radar
internal stratigraphy interpretation to ultimately invert the radar-derived isochrones
and predict ages near the bedrock for the Dome C Candidate region. Locating the
ideal ice core site is a work in progress, however, the work described here enabled
the choice of site for further ground-based site selection work. Ground-based data
collected this past 2016/2017 field season should provide part of the answers to the
questions asked in this Chapter.

5.1

Introduction
Retrieving an ice core with a 1.5 million-year-old record of atmospheric

gases and other impurities is the holy grail for understanding the Mid-Pleistocene
Transition (MPT), when the climate system went from a 40-kyr glacial-interglacial
cyclicity to the current 100-kyr cyclicity. It is debated whether the MPT shift towards longer cycles and colder temperatures was gradual or sudden. Recent work
using observations of the MPT in marine records (Elderfield et al., 2012; Raymo
et al., 2006) has begun answering some of these questions. Marine records suggest
that the MPT consisted of a sudden shift (one glacial cycle) to colder conditions
during Marine Isotope Stage 22 (~900 ka), but that the 100-kyr cyclicity didn’t
“lock-in” until 650 ka (Elderfield et al., 2012). They also argue that the changes
occurred under a southern hemisphere insolation influence. Other studies show that
atmospheric CO2 and other greenhouse gases are likely controls on the MPT (e.g.
Abe-Ouchi et al., 2013; Hönisch et al., 2009). However, marine cores preserve only

131

a coarse record of CO2 concentrations (Hönisch et al., 2009) due to their comparatively low sedimentation rates (on the order of mm yr−1 for marine sediments versus
cm yr−1 for snow). This temporal resolution is not sufficient to determine the sensitivity of climate variations to CO2 (Fischer et al., 2013). An ice-trapped record of
paleo-atmospheres from a deep ice core could resolve the cyclicity dominance mismatch between insolation forcings and climate records by providing a southern ice
record. Indeed, Antarctica is the only location with such old ice potential; Greenland ice has been demonstrated to only go back to the Eemian interglacial (115 ka 130 ka) (MacGregor et al., 2015). It is worth noting at this point that the record of
1.5 million-year-old ice is often referred to as “Oldest Ice” in the community and I
will do the same here.
Various simple models have been developed to identify and constrain the
key boundary conditions (BCs) needed to preserve ice as old as 1.5 million years
(Fischer et al., 2013; Van Liefferinge and Pattyn, 2013). Fischer et al. (2013) describes the main BCs and their values for Oldest Ice to be preserved:
1. Snow accumulation rates (a) should be in the range of 15-20 cm ice equivalent (IE) yr−1 (depending on the magnitude of the geothermal flux, G0 ). s
must be sufficiently high to measure a high resolution record of greenhouse
gases. For this, “each 41 kyr cycle should represent no less than two meters
of ice” but not so high as to expect melt at the bottom of the record.
2. Ice thickness (H) should be less than 2400 m to avoid basal melting.
3. Bedrock topography should be sufficiently smooth to avoid basal ice flow
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disturbances. Combined with the H < 2400 m requirement, an ideal site
would be a reasonably smooth subglacial mountains (Tison et al., 2015).
4. Geothermal heat flux (G0 ) should remain in the range of 57-59 mW m2 . This
range depends on the value of a, for if a is too low, even low values of G0
will generate basal melting.
−
5. Horizontal flow speeds (→
u ) should be close to nil so that (1) ice has not traveled significantly laterally (for ice flow path reconstruction), (2) basal frictional heat does not generate significant basal melting and (3) basal drag does
not affect the bottom ice through folding or mixing of the internal stratigraphy.
6. It follows that basal temperatures should be lower than the pressure melting
point.
7. In addition, the site should not be affected by wind glazing or megadune
formations, as these would create hiatuses in the climate record.
With all these conditions in mind, divide- or saddle-adjacent sites have the highest
likelihood for Oldest Ice preservation as they meet most of these BCs. Van Liefferinge and Pattyn (2013) have a similar approach to Fischer et al. (2013) using an
−
ensemble model, restricting their search to regions with H > 2000 m, →
u <2m
yr−1 , G0 > 5 mW m−2 . Only regions with a basal temperature less than -5◦ C are
considered. Figure 5.1 shows the resulting distribution of proposed Oldest Ice drill
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Figure 5.1: Location of Van Liefferinge and Pattyn (2013) Oldest Ice Candidate
sites (magenta) in Antarctica, plotted with Bamber et al. (2009) surface elevations.
Dark blue lines outline the major ice divides (Bamber et al., 2009). All sites are
located in the EAIS and cluster around the ice divides. Ice core sites discussed in
this thesis are labeled. Data is given in WGS84 ps71 (geoid).
sites; all are divide- or saddle-adjacent. Dome Fuji and Dome C are the two regions
actively being investigated for Oldest Ice under the BE-OI umbrella.
Van Liefferinge and Pattyn (2013) modeling efforts have tagged several localized “Candidate” Oldest Ice regions on the bed around Dome C, specifically
Candidates A through E shown in Fig. 5.2. Candidate A is the largest by far (~80
km x ~30 km) and consists of a large subglacial massif southwest of Dome C be-
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low the ice divide. This is the Little Dome C massif (LDCm) described in Chapter
4. Candidates B through D are all located along the subglacial ridge that bounds
the northeastern side of the Concordia Subglacial Trench, called here the Concordia Ridge (CR). The CR represents a ~2000 m high barrier to ice flowing radially
away from Dome C. Since the ice flow direction is most strongly influenced by
the surface slope, there is a high likelihood that the bottom of the ice core record
would be disturbed as it has to flow over the Concordia Trench-Ridge bedrock relief. Candidate E is small and located on the southwest side of the LDCm. Because
of Candidate E’s position just downstream of a significant subglacial trough, it also
less likely to contain Oldest Ice.
To test for the existence of Oldest Ice at these Candidate sites, the Oldest Ice
candidate A (OIA) ice-penetrating radar survey was collected in late January 2016
by the University of Texas Institute for Geophysics (UTIG) and the AAD as part
of the International Collaborative Exploration of the Cryosphere through Airborne
Profiling (ICECAP) project. Many of the preliminary survey results are described
by Young et al. (2016b). The region is characterized by a rough subglacial massif
under Candidate A, incised by a number of subglacial valleys. Candidates B, C and
D are all east of the steep Concordia Ridge. The subglacial valleys often contain
subglacial lakes.
Under the scope of the BE-OI project, I interpreted the ice-penetrating radar
data collected and modeled deep radar isochrones. First, I extended the UT/TUD
radar survey isochrones described in Chapter 2, then I focused on obtaining the
deepest isochrones possible over the LDCm. With its fine survey grid resolution, the
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Figure 5.2: Map of the Dome C region. A red square locates the study area on the
inset. Radar lines are displayed as blue lines. Highlighted in magenta are the radar
lines shown in Fig. 5.4, 5.5 and 5.6, in green the UT/TUD VCD/JKB1a/X08a
line used to transfer isochrones into the OIA survey, in purple the UT/TUD
MCM/JKB1a/EDMC01a line that connects to the EPICA Dome C ice core marked
by a red star. Dark gray blocks (A-E) are the Van Liefferinge and Pattyn (2013)
Candidate regions. White polygons locate the Oldest Ice spots shown in Fig. 5.12,
5.13 and 5.14. Background is Bedmap2 bedrock elevations (Fretwell et al., 2013) in
m asl with the Young et al. (2016b) high resolution recompilation based on the OIA
bed elevations delimited by a dashed rectangle. Gray lines are surface elevation
contours, a black line locates the ice divide (Bamber et al., 2009). LDC, Concordia
Trench and Concordia Ridge are labeled, the LDCm is where the radar lines are
densest. Map is in WGS84 ps71 (geoid).
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OIA radar survey allows unparalleled insights into mechanisms at work in the basal
portion of the ice column. I describe the basal portion of the ice column in detail as
it will most likely contain the 1.5 million-year-old ice record. Finally, I highlight a
number of Oldest Ice spots identified in the LDC region and list additional criteria
necessary for retrieving Oldest Ice.

5.2
5.2.1

Methods
The OIA survey characteristics
The OIA airborne radar survey was flown with the Multifrequency Airborne

Radar-sounder for Full-Phase Assessment (MARFA) radar of the High Capacity
Airborne Radar Sounder (HiCARS) suite (Young et al., 2016a), which has a 60
MHz center frequency, coherent phase and a 0.08 µsecond pulse width. This instrument is further described in Chapter 2, by Cavitte et al. (2016) and Young et al.
(2016a). The survey was designed to optimize grid resolution: the radar grid centered on the LDCm achieves a line separation of 5 km by 1 km (see Fig. 5.2) with
X and Y radar lines orthogonal to each other. X lines are oriented parallel to the
divide and Y lines cut across the divide. This gives more than 200 crossovers to
trace radar isochrones accurately. A few X lines extend over the Concordia Ridge,
to characterize Candidates B-D. The survey links easily to the older UT/TUD survey lines (Cavitte et al., 2016) with a number of crossovers between the OIA and
UT/TUD lines (Fig. 5.2). The radar data was processed and focused using a “1D”
focused SAR approach (Peters et al., 2007) and the steps are further described in
citetduncan:2016ab.
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5.2.2

Tracking isochrones through OIA
I use the method described in Chapter 2 and Cavitte et al. (2016) to trace

isochrones throughout the OIA survey. The very high number of crossovers in the
grid allows the tracing of deep isochrones in the ice column. I detail below how I
interpret the OIA survey.
5.2.2.1

Extending UT/TUD isochrones
First, I extend the 13 existing isochrones from the UT/TUD survey (Cavitte

et al., 2016) into the OIA survey. For this, I use the crossover between UT/TUD
line VCD/JKB1a/X08a and the OIA diagonal ICP7/JKB2n/RIDGE1a line (see Fig.
5.2).
The new OIA survey lines did not get as close to the EPICA ice core as the
older UT/TUD lines, so the same depth-age assignment as in Chapter 2 is used.
5.2.2.2

Interpreting deeper isochrones
Each new deep isochrone is started on the same ICP7/JKB2n/RIDGE1a

radar line, below the deepest existing isochrone. I then extend each isochrone into
the OIA survey, using the crossovers for error checking. For this, I use a technique
called “tracing in loops” (Fig. 5.3).
Isochrones featuring mismatches at crossover points that cannot be reconciled are not used, as other ice column processes can have disturbed the radar reflections, violating the assumption of isochroneity. This was a rare occurence inside
the OIA survey.
138

A

B

Figure 5.3: “Tracing in loops” technique: when tracing isochrones in a gridded
survey, the numerous crossovers provide a high number of checkpoints. Small loops
(B) are favored over large loops (A) for error checking.
The new isochrones are traced to the UT/TUD radar line MCM/JKB1a/EDMC01a
so they can be dated using the EPICA Dome C AICC2012 chronology (Veres et al.,
2013; Bazin et al., 2013), as described by Cavitte et al. (2016). Age and depth uncertainties are assigned to each isochrone following Cavitte et al. (2016). Four new
deep isochrones are added following this process (Table 5.1).
5.2.2.3

Radar horizons
Finally, there are still a number of bright and continuous deeper radar reflec-

tions below the 18 dated isochrones. However, these are only clearly visible inside
the OIA survey, over the LDCm, probably due to the cold bed boundary conditions
in the area (Young et al., 2016b). These reflections reach between ~82% and 90%
of the ice column, and can be traced through a significant portion of the LDC region as a result of the OIA radar fine grid spatial resolution. The crossovers are
key to ensure the reflections traced are isochronal. However, because they are so
deep, they cannot not be traced to the MCM/JKB1a/EDMC01a line, and so cannot
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Depth
(m)
307.61
699.60
798.60
1076.10
1171.90
1337.90
1446.80
1593.90
1682.10
1888.40
1917.10
2076.20
2193.40
2336.80
2402.30
2543.79
2598.20
2644.30

Depth uncertainty
(±m)
1.82
2.29
2.31
3.11
3.18
3.78
3.97
4.32
4.51
5.08
5.28
5.58
6.87
7.27
6.29
6.80
6.75
6.97

Age
Radar rel. age uncertainty. Total age uncertaintyb
(ka)
(±ka)
(±ka)
9.97
0.07
0.26
38.11
0.20
0.61
46.41
0.22
0.80
73.37
0.31
2.07
82.01
0.26
1.55
96.49
0.34
1.74
106.25
0.41
1.83
121.09
0.35
1.70
127.78
0.35
1.78
160.37
1.07
3.61
166.35
1.17
3.19
200.12
1.01
2.22
220.06
1.38
3.00
254.46
2.67
3.97
277.90
2.24
3.62
327.34
1.93
3.09
341.48
2.70
4.09
366.49
3.77
5.84

b

Reflection numbering is re-initialized from Cavitte et al. (2016).
Note that here, total age uncertainty of an individual radar reflection represents the root-mean-square
(rms) of the Dome C relative radar age uncertainty of each radar reflection and the ice core age uncertainty
(AICC2012, (Veres et al., 2013; Bazin et al., 2013)).

a

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Reflectiona

Table 5.1: Radar isochrones and their uncertainties at the Dome C ice core site. Abbreviations: “rel” = relative,
“SNR” = signal-to-noise ratio.
SNR
(dB)
10.55
12.35
16.55
12.30
17.40
11.05
12.40
12.70
13.60
11.65
9.05
10.70
2.05
1.65
14.70
9.20
17.40
11.05

be dated with available data. These are discussed further in Sect.5.3.2, and will
henceforth be referred to as “horizons”.
5.2.3

Tracing Deep Scattering Zones (DSZ) through OIA
In some areas of the LDCm, the basal ice is dominated by a strong scat-

tering radar return at depths where an echo-free zone is expected. I refer to these
scattering zones as “Deep Scattering Zones (DSZ)”. They can form one single scattering zone or can be split into two scattering zones separated by an echo-free zone.
To determine mechanisms responsible for the DSZ, I mapped three characteristic
surfaces:
1. The top surface of the DSZ when it forms a single scattering zone.
2. The bottom surface of the shallowest DSZ when it is splits into two scattering
zones.
3. The top surface of the deepest DSZ when it is splits into two scattering zones.
5.2.4

Mapping Oldest Ice spots
To find Oldest Ice, we calculate basal ages in the region for a surface 60

m above the bedrock. Tison et al. (2015) describe how subglacial bedrock relief
can affect basal ice through vertical stretching due to flow over bedrock ridges and
valleys. They show that bedrock relief as gentle as bed valleys about 20 km wide
and 200-400 m deep can have a strong effect on the basal stress field. In the vicinity
of the EPICA Dome C ice core, subglacial relief affects the ice core record up to a
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height of 60 m above bedrock. 60 m is not necessarily the best buffer height in the
LDCm region as flow conditions are different between the LDCm the EPICA Dome
C ice core site. However I use 60 m until better constraints on these processes are
obtained.
To identify areas within the OIA survey with “Oldest Ice potential”, i.e.
where the models calculate a 1.5 million-year-old ice age, the 18 radar isochrones
interpreted over the LDCm are used as input to two different models to calculate
ages 60 m above the bedrock:
1. O. Passalacqua uses the Parrenin et al. (2007b) 1D model to explore the accumulation - basal melt rate - p parameter space and obtain an acceptable range
of ages for a surface 60 m above the bed. Details of this calculation are given
in Appendix D.
2. F. Parrenin uses the 1D pseudo-steady model described in Chapter 4 to obtain ages 60 m above the bed by inverting all 18 radar isochrones. The model
is described in the companion paper to Chapter 4, reproduced partly in Appendix A.
The absolute values of basal ages obtained by the two models are quite different,
as O. Passalacqua uses a threshold that rejects ages that deviate strongly from the
mean. However, the relative age distributions can be compared.
The spatial distribution of ages at 60 m above bedrock produced by these
two models is then used to identify Oldest Ice spots. An Oldest Ice spot in this
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study is defined as any area that has ages of at least 1.5 million years over a distance of a few kilometers for either of the two models. We thus obtain ~40 spots
of potential Oldest Ice. We then examine the corresponding radargrams to identify
common characteristics such as bedrock relief, ice thickness, radar internal reflections, presence of DSZ, etc. And discard any spot that shows obvious stratigraphic
disruptions, visible subglacial lakes, etc.

5.3
5.3.1

Results
Radar stratigraphy in the OIA region
Figure 5.4 shows radar line OIA/JKB2n/Y77a, perpendicular to the ice di-

vide, Fig. 5.5 shows radar line OIA/JKB2n/X45a, parallel to the divide and Fig. 5.6
shows radar line ICP7/JKB2n/RIDGE1a flown over subglacial highlands.
All three radargrams show the typical internal stratigraphy observed in the
LDC region: bright and sub-parallel internal reflections in the top two-thirds of
the ice column and slightly more broken-up stratigraphy closer to bedrock, but still
clearly visible down to ~90% of the ice thickness. The deepest reflections exhibit
two types of behaviors: in some areas, they drape the bed (e.g. Fig. 5.5 between
traces 2950 and 2500) while in other regions they override the deep valleys carved
into the bedrock (e.g. Fig. 5.4 between traces 2300 and 3600). Echo-free zones
are clearly visible in areas near the bed. These occur where either attenuation is too
high (due to increased basal temperatures) to get a radar return, or where internal
reflections have been overturned beyond coherent radar returns. An echo-free zone
is visible for example around trace 1000 in Fig. 5.4. In some areas, DSZ, i.e.
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OIA/JKB2n/Y77a

Figure 5.4: Radargram of radar line OIA/JKB2n/Y77a. Bottom panel shows all 18
isochrones (red). Southeast is on the left, northwest is on the right. Vertical axis is
meters below the surface (~17 x VE). 144
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Figure 5.5: Radargram of radar line OIA/JKB2n/X45a. Bottom panel shows all 18
isochrones (red). Southwest is on the left, northeast is on the right. Vertical axis is
meters below the surface (~17xVE).
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Figure 5.6: Radargram of radar line ICP7/JKB2n/RIDGE1a. Bottom panel shows
all 18 isochrones (red). South is on the left, north is on the right.The vertical axis is
meters below the surface (~17xVE). 146

scattering zones, are visible near the bedrock instead of an echo-free zone (e.g Fig.
5.4 between traces 1600 and 4100). DSZ usually lack internal stratigraphy, but
occasionally they contain short specular reflectors (up to ~100 m long). DSZ are
only identified over the LDCm, above the highest subglacial topography. They are
most visible on radar lines orthogonal to the ice divide (Y lines). DSZ distribution
and character is discussed further in Sect.5.3.3.
5.3.2

Radar horizons
Seven radar reflections are traced below the deepest isochrone within the

OIA radar grid. These are highly specular and continuous over the LDCm and
can be traced accurately using the numerous crossovers. Appendix B shows the
height above bedrock for four of these radar horizons, their maximum height above
bedrock is given in Table 5.2.
I use the 1D model described in Chapter 4 to calculate the average age for
each of these reflections. The horizons’ depths are used to sample the age-depth
field of the 1D model calculated based on the 18 dated isochrones every kilometer
along each radar line. I thus obtain the spatial distribution of the horizon ages over
the Dome C region (Fig. 5.7). The horizons’ average age for the entire region is
given in Table 5.2.
5.3.3

The Deep Scattering Zones (DSZ)
The ice above the LDCm is characterized by basal ice dominated by a scat-

tering radar return. Figure 5.8 shows a more detailed view of the DSZ along radar
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400 ka

517 ka

606 ka

691 ka

Figure 5.7: Modeled ages for radar horizons over the LDCm. Ages are calculated
every kilometer along radar lines, and the horizons’ average age is given on the
panels. The deeper the horizon, the less spatially extensive it is. Background is the
Young et al. (2016b) bed elevation recompilation based on the OIA radar survey
data. Gray lines are surface elevations, a black line locates the ice divide (Bamber
et al., 2009). A red star locates the EPICA Dome C ice core. Map is in WGS84
ps71 (geoid).
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Radar horizon
1
2
3
4
5
6
7

Table 5.2: Radar horizons
Average age Age standard deviation
(ka)
(±kyr)
399.96
6.80
417.70
8.12
483.25
18.29
517.04
19.94
552.41
19.66
605.81
34.00
691.28
38.32

Max. height above bedrock
(m)
683.76
646.17
586.62
558.31
526.64
494.89
438.58

line OIA/JKB2n/Y77a, in the center of the subglacial massif where bedrock relief
is highest (Fig. 5.2). Significant energy is returned from this basal portion of the ice
column, with greater amplitude than from the echo-free zone nearer to the bedrock.
Some sections of the DSZ contain specular reflectors but these are short laterally
(< 100 m).
This detailed radargram also shows a DSZ formed of two distinct scattering
zones separated by an echo-free zone. The mapped DSZ surfaces are crude and
should be refined in the future: it is difficult to determine quantitatively where the
specular stratigraphy ends and the scattering returns begin with depth because of
the gradual nature of the transition between specular and scattering radar returns.
This can lead to depth errors ~10 - 20 m. The transition is very different to, for
example, the sharp distinction between meteoric ice and accreted ice (e.g. Bell
et al., 2011). It is interesting to note that the DSZ surfaces match (qualitatively)
at crossovers. Appendix C shows the spatial distribution of the DSZ surfaces over
the Dome C region. These surfaces cluster over the LDCm which is the highest
subglacial topography and the thinnest ice. Their maximum height above bedrock
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depth(m)
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10 km

OIA/JKB2n/Y77a

Figure 5.8: Detail of the DSZ on radar line OIA/JKB2n/Y77a. Top panel shows
radar isochrones (red) and horizons (yellow). Bottom panel shows interpreted DSZ
surfaces (blue) (see Sect.5.4.2). The vertical axis is m below the surface (~17xVE).
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DSZ surface
1
2
3

Table 5.3: DSZ surfaces
Average age Age standard deviation
(ka)
(±kyr)
579.88
73.32
734.52
57.29
872.67
96.91

Max. height above bedrock
(m)
592.42
430.32
366.28

is given in Table 5.3.
The same dating method for radar horizons is applied to the DSZ (Table
5.3). The spatial distribution of DSZ ages is shown in Fig. 5.9.
5.3.4

Oldest Ice spots
The distributions of ages obtained at a height of 60 m above bedrock from

both O. Passalacqua and F. Parrenin’s models are consistent for the LDC region
(Fig. 5.10 and 5.11, respectively), even if their absolute predicted ages are quite
different.
A few representative Oldest Ice spots are shown in Fig. 5.12, 5.13 and 5.14.
Common characteristics of Oldest Ice spots are:
• They are mostly found in the center of the elevated LDCm, near the ice divide
• They are mostly co-located with deep subglacial valleys
• DSZ are generally visible in areas of Oldest Ice
• Subglacial lakes are often observed in their vicinity (Young et al., 2016b)
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Figure 5.9: Age distribution of DSZ surfaces over the LDCm. Ages are calculated
every kilometer along radar lines. Background is the Young et al. (2016b) bed
elevation recompilation based on the OIA radar survey data. Gray lines are surface
elevations, a black line locates the ice divide (Bamber et al., 2009). A red star
locates the EPICA Dome C ice core. Map is in WGS84 ps71 (geoid).
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Figure 5.10: Modeled ages 60 m above the bedrock as obtained by O. Passalacqua
for the OIA radar survey (red lines). Only ages >900 kyrs are plotted. Yellow
polygons highlight the Oldest Ice spots identified (~40). Background is Young
et al. (2016b) high resolution bedrock elevations based on the OIA survey, a black
line locates the ice divide (Bamber et al., 2009).
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Figure 5.11: Modeled ages 60 m above the bedrock from the 1D inverse model in
the Dome C region. Background is the same as in Fig. 5.2. Gray lines are surface
elevation contours and a black line located the ice divide (Bamber et al., 2009). A
red star locates the EPICA Dome C ice core, a black line located the ice divide
(Bamber et al., 2009).
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Figure 5.12: Detailed radargram of Oldest Ice spots on radar line OIA/JKB2n/X45a
(location on Fig. 5.2). Raw radargram (top panel); interpreted isochrones (red),
horizons (yellow), Oldest Ice spots (magenta) (bottom panel). Vertical axis is m
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below the surface (~17xVE).

depth(m)

OIA/JKB2n/Y72a

depth(m)

10 km

10 km

OIA/JKB2n/Y72a

Figure 5.13: Detailed radargram of Oldest Ice spots on radar line OIA/JKB2n/Y72a
(location on Fig. 5.2). Raw radargram (top panel); interpreted isochrones (red),
horizons (yellow), Oldest Ice spots (magenta) (bottom panel). Vertical axis is m
below the surface (~17xVE).
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Figure 5.14: Detailed radargram of Oldest Ice spots on radar line OIA/JKB2n/Y77a
(location on Fig. 5.2). Raw radargram (top panel); interpreted isochrones (red),
horizons (yellow), Oldest Ice spots (magenta) (bottom panel). Vertical axis is m
below the surface (~17xVE).
157

5.4
5.4.1

Discussion
Radar horizons
There is a lot of variation in the radar horizons’ ages across the OIA survey.

The age-depth field calculated using the 1D model is most accurate close to radar
isochrone constraints. However, model age solutions for depths significantly below
the bottom-most isochrone (isochrone 18) are used to date the horizons. The age
uncertainty field output by the model is calculated after 100 Metropolis-Hastings
(MH) iterations (see Appendix A for model details) to minimize the observed modeled isochrone misfit. As an example of the age uncertainties obtained in the region, Fig. 5.15 shows the modeled age-depth field for radar line OIA/JKB2n/Y77a,
and the age uncertainties obtained for the same line. On this radar line, the radar
horizons’ modeled age uncertainties are on the order of 10 kyrs, so spatial variation
in the horizons’ ages is expected.
The standard deviation of the ages calculated for each horizon provides a
quantitative measure of the model’s ability to date radar horizons below isochronal
constraints (Table 5.2). The horizon age standard deviations increase with depth,
reaching 38 kyr for the deepest horizon. This uncertainty is expected as distance
from isochronal constraints increases. This measure could be further improved by
accounting for the uncertainties in the modeled ages themselves.
A shortcoming of the current model for finding Oldest Ice is that it does not
account for the potential existence of “dead ice” at the base of the ice sheet. Dead
ice is ice that remains trapped in the bedrock’s lows and is therefore not advected
with the overlying ice column (the “active” ice). Because it fills the bedrock’s
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Figure 5.15: 1D model results along radar line OIA/JKB2n/Y77a. Modeled agedepth field in kyrs (top panel); modeled age confidence interval in years (bottom
panel). Observed input radar isochrones (white lines), radar horizons (yellow lines),
DSZ surfaces (blue lines) (see Sect.5.3.3 for details) are drawn. The vertical axis is
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m below the surface (~17xVE).

valleys, dead ice can act as a rheological boundary between the bed and the ice
flowing above it. Isochrones therefore do not track the bed but rather this dead ice
bed. This becomes apparent when looking at the difference in the geometries of
synthetic radar isochrones to observed radar isochrones and horizons (Fig. 5.16).
The synthetic horizons are created using the modeled age-depth output for ages
600 ka, 800 ka, 1 Ma, 2 Ma and 1.5 Ma, and then directly compared to the observed
radar isochrones and horizons on the radargrams. The synthetic horizons drape
the bed and show increasing amplitudes with depth. Observed horizons around the
same depths show a more varied behavior. In some areas, the observed horizons
drape the bed (between traces 3500 and 3100 in Fig. 5.16); in other areas, they
override the deep subglacial valleys (between traces 2800 and 2100 in Fig. 5.16).
There is a lack of published literature on this topic, however work done on deep ice
cores allude to its existence. Tison et al. (2015) show how subglacial valley sides
at Dome C can have a confining effect on ice flow, Durand et al. (2009) show the
development of very large crystal sizes at the bottom of the EPICA Dome C ice
core, and Montagnat et al. (2012) show the same for the TALDICE ice core. This
has implications for the recovery of Oldest Ice as it implies “active” and “dead” ice
that stratigraphically overly each other could come from very different source areas
and have very different ages.
Alternatively, Hindmarsh et al. (2006) explains the phenomenon of draping
versus overriding as a function of the wavelength of the subglacial relief with respect to the ice thickness. Considering Fig. 5.16, the subglacial valleys observed
have widths ranging from 1200 to 2900 m, and the ice in that area is ~2700 m thick.
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Figure 5.16: Radargram of radar line OIA/JKB2n/Y72a. Interpreted isochrones (red), horizons (yellow) and
synthetic horizons (purple) are shown. The synthetic horizons track the bed more strongly than the radar horizons
do. Magenta lines on the bedrock locate Oldest Ice spots (see Sect.5.3.4). The vertical axis is meters below the
surface (~17xVE).
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Hindmarsh et al. (2006) predicts therefore that horizons should override valleys less
than 2700 m wide and drape valleys more than 2700 m wide. However, the horizons
in Fig. 5.16 all show overriding behavior. This suggests that the horizontal stress
gradients are not sufficient to explain the deep horizons’ geometries.
The next step will be to use these radar horizons as input to the model, as
relative age constraints, even if they cannot be used as absolute age constraints.
They could provide a constraint of isochroneity for a 2D version of this model.
5.4.2

The Deep Scattering Zones (DSZ)
Echo-free zones have been described since the beginning of radar imaging

(Robin et al., 1969): they begin where no internal reflections are visible. Initially,
they were more due to a lack of radar power to transmit and receive through the
warmer basal ice. With improvements in radar instrumentation, echo-free zones
are less pervasive in radar data but they persist in some regions. In those areas,
the lack of radar returns is hypothesized to be due to increased strain rates and
possibly folding of the internal stratigraphy, therefore destroying the continuity of
the internal structure, or at least reducing it sufficiently such that radar returns are
no longer “coherent” (Fujita et al., 1999; Drews et al., 2009), or due to increased
attenuation of the radar signal at depth due to higher basal temperatures (MacGregor
et al., 2012; Matsuoka, 2011). However, what we observe in the lower part of the ice
column over the LDCm is not a lack of radar returns but rather a strong scattering
radar return.
Several mechanisms described in the literature could be invoked to explain
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DSZ presence:
Several mechanisms described in the literature could be invoked to explain
their presence:
• They could represent areas of accreted ice. Accreted ice has been observed
pervasively at the base of the Greenland Ice Sheet (Creyts et al., 2014; Bell
et al., 2014) where the presence of large amounts of subglacial water means
that there is a high potential for the refreezing of this basal water. Several instances have also been observed in Antarctica, for example around subglacial
Lake Vostok (MacGregor et al., 2009), as well as around the Gamburtsev
Mountains (Bell et al., 2011). Accreted ice has a very high amplitude radar
return: there is a sharp conductivity contrast between the refrozen water body
and the overlying ice which results in the strong radar returns observed. This
is very different from the DSZ entities that we observe, which have gradual boundaries between specular ice reflections and diffuse scattering. Furthermore, accreted ice is typically observed as frozen onto the underlying
bedrock, while the DSZs here are separated from the underlying bedrock by
an echo-free zone.
• Radar reflections can be a result of the ice fabric (Fujita et al., 1999; Fujita
and Mae, 1994; Matsuoka et al., 2003, 2012). With the gradual accumulation
of strain in the ice with depth, the c-axes of ice crystals re-orient to point
along the direction of finite compression (Cuffey and Paterson, 2010). This is
particularly true for the lower third of the ice sheet where simple shear gen-
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erally dominates: single-maximum and vertical girdle fabrics are common
where basal ice shearing will create a maximum fabric oriented perpendicular to the bed (Matsuoka et al., 2003; Durand et al., 2009). The observation
that DSZ surfaces match at crossovers between orthogonal radar lines suggests that their origin may not be fabric related, unless the fabric is a vertical
single-maximum. However, Matsuoka et al. (2012) suggest that the 60 MHz
radar center frequency used for the OIA survey here will be more strongly
dominated by acidity contrasts than fabric contrasts (see Thesis Introduction).
In addition, the DSZs are also visible on the Multichannel Coherent Radar
Depth Sounder (MCoRDS) radar line, which was flown over the Dome C region parallel to the ice divide, at a different center frequency of 150 MHz.
The DSZ surfaces match between the two different data sets (see Fig. 5.17).
• The DSZs could represent areas where ice flow over the bedrock relief perturbs the stratigraphy such that the radar reflectors are folded, overturned or
broken up over short spatial distances, and therefore cannot be resolved over
the radar footprint (for MARFA the radar Fresnel zone is 100 m at the surface). Such overturning has been observed in radar data near the NEEM deep
ice core (Dahl-Jensen et al., 2013). This should be less prevalent over the
LDCm because of the close proximity to the ice divide and the moderate ice
thicknesses (~2700 m). However, stratigraphic perturbations have been observed in the Dome C ice core (Tison et al., 2015; Tabacco et al., 2006), which
is a very similar setting to the LDCm. Furthermore, as described previously,
short internal specular reflectors are observed in some DSZ.
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Figure 5.17: The DSZ matches between radar line OIA/JKB2n/Y77a (left) and the MCoRDS radar line (right). a
red vertical line shows where the two radar lines intersect. The vertical axis is meters below the surface (~17xVE).
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If the DSZ surfaces are not isochrones, the spatial distribution of ages obtained for each DSZ surface in Fig. 5.9 is unsurprising. As for radar horizons,
we calculate age standard deviations (Sect.5.4.1) which are expectedly large, up
to 97 kyrs. In addition, the modeled age-depth field is increasingly ill-constrained
this far down below the last isochronal constraint. The DSZ surfaces’ age standard
deviations are reported in Table 5.3.
The DSZ cannot be ignored and will need to be better understood in the
context of retrieving 1.5 million-year-old ice in the region. The DSZ is pervasive
over the LDCm as seen in Fig. 5.9, one of the Candidate regions for Oldest Ice
and is visible in the bottom portion of the ice column, where we expect that our
Oldest Ice could be found (e.g. the deepest DSZ surface is visible where the model
predicts ages around 1 Myrs on Fig. 5.15). A more robust definition of scattering
radar reflections versus specular radar reflections in the region would enable a more
robust mapping of the extent of these DSZ surfaces.
It should be mentioned here that observations of DSZs in the OIA survey
could be a result of the different set-up or processing of the MARFA radar with
respect to previous radar surveys collected using the HiCARS radar family. However, DSZs are observed in oldest HiCARS radar surveys. This would imply that
DSZs have always been present in the bottom portion of the ice sheet. Furthermore,
MCoRDS radar data also show a visible DSZ as seen in Fig. 5.17. MCoRDS and
OIA are collected and processed differently, therefore the presence of DSZ in both
datasets suggests the DSZs are not a radar processing effect.
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5.4.3

Oldest Ice spots
Locating a good site for retrieving a 1.5 million-year-old ice record remains

a difficult task. Such an old ice core record has never been retrieved, so dating
techniques such as correlation with other ice cores will not be possible, while correlation with marine cores will be limited by the marine cores’ resolution. The
candidate site therefore needs to preserve an unperturbed ice core record so that it
can be assumed to be in stratigraphic order. A second ice core will be required to
confirm the first core’s climate record.
In addition, locating an area of unperturbed Oldest Ice site is necessary but
not sufficient. In order to measure greenhouse gases to the precision required to
investigate the MPT, a minimum resolution of 20 kyrs per meter is required (Fischer
et al., 2013). There is therefore a trade-off between the maximum age of the ice and
the minimum temporal resolution required to answer the questions we seek.
Van Liefferinge and Pattyn (2013)’s Oldest Ice Candidate sites are all located in the EAIS’s interior, far from station support. The harsh weather conditions
of the East Antarctic Plateau make it more difficult to drill a deep ice core, stationsupport accessibility therefore cannot be ignored.

5.5

Conclusions
In this chapter, I describe the how we identify and investigate where there

could be Oldest Ice in the LDC region. Although some of this work is still in
progress, potential Oldest Ice sites has been identified, situated on radar line OIA/JKB2n/Y77a
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between traces 2850 and 3200 on a bedrock high. This area was further surveyed
in January 2017 during ground-based fieldwork. It will be very informative to look
at the data in the light of these considerations.
As a result of all the preliminary work done in the LDC region and the
Oldest Ice workshop in Grenoble in October 2016 at IGE, I summarize a few of the
criteria that were concluded as important for finding 1.5 million-year-old ice:
1. Tison et al. (2015) show that ice records less than 60 m above bedrock are
distorted by mechanical stretching. A minimum height above the bedrock
will need to be determined for the LDCm to preserve an undistorted climate
record.
2. Young et al. (2016b) finds that the LDC subglacial topography is interspersed
with many (54) subglacial lakes, both over the LDCm and the Concordia
Ridge. These appear to be restricted to a certain hydraulic level. Regions of
present-day subglacial melting will need to be carefully avoided.
3. Different models predict different maximum ages for the LDC region. There
is a discrepancy for example between O. Passalacqua’s and F. Parrenin’s modeled basal ages. We therefore need to consider using relative ages rather than
absolute ages as each model set-up is different.
4. The best location for recovering a 1.5 million-year old ice core record will
vary upon the chosen ice core diameter and cutting plan, as this will affect
the resolution at which climate proxies can be measured. Ideally, a resolution
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of 20 kyrs per meter (Fischer et al., 2013) or 10 kyrs in 70 cm (pers. comm.
Olaf Eisen) is required.
5. A lot of the predicted Oldest Ice spots are located above deep valleys in the
LDCm. However, ice located in a steep subglacial valley has an increased
chance of having undergone some basal melting over 1.5 million years of
glacial-interglacial ice sheet fluctuations due to the topographic focusing of
the geothermal heat flux (van der Veen et al., 2007).
6. Radar stratigraphy can be used to avoid areas of disturbed stratigraphy. The
absence of radar isochrones is not necessarily indicative of disturbed ice,
however visible broken-up or folded internal stratigraphy is.
7. Areas of “dead ice” will also have to be avoided.
8. Finally, DSZs, although intriguing, might not be problematic for Oldest Ice.
Other ice cores recovered have shown large scale recrystallization (e.g. crystal sizes of up to 1 cm at at the bottom of the EPICA ice core, and up to 50 cm
for the Talos Dome TALDICE core, Durand et al., 2009; Montagnat et al.,
2012) with little perturbations of the paleoclimate records.
Finding 1.5 million-year-old ice remains a challenge but we are perhaps
closer to drilling than expected. Further ground-based radar data and other geophysical measurements have been gathered over the most promising Oldest Ice spots and
further detailed ground-based work is planned next season to hone into the “most
promising areas of the most promising spots”. If this final round of measurement
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confirms the likelihood of Oldest Ice in the spots chosen, the actual core drilling
might only be a few years away!
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Chapter 6
Conclusion

The East Antarctic Ice Sheet (EAIS) will be key to successfully predicting
the behavior of the Antarctic Ice Sheet (AIS) in the future. Previous to the recent
collection of large radar surveys over the EAIS, knowledge of the EAIS bedrock
topography was limited to the Scott Polar Research Institute - National Science
Foundation - Technical University of Denmark (SPRI-NSF-TUD) radar data collected in the 1970s on film, which used inertial navigation systems accurate to only
5 km laterally (Bingham and Siegert, 2009). The first whole continent bedrock map
produced (Lythe and Vaughan, 2001) therefore portrayed an EAIS with a very stable configuration of mostly grounded ice on bedrock above sea level, in contrast
to the marine rift systems of the West Antarctic Ice Sheet (WAIS). Since then, a
number of larger modern ice-penetrating radar surveys have revealed a very different subglacial topography with unexpectedly large and deep submarine subglacial
basins. Fig. 6.1 shows the large contrast in the knowledge of the EAIS between
2001 (BEDMAP, Lythe and Vaughan, 2001) and 2013 (BEDMAP2, Fretwell et al.,
2013).
In this thesis, I use ice-penetrating radar data to show evidence of past dynamic behavior of the EAIS. The EAIS has had periods of enhanced flow in regions
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Figure 6.1: State of knowledge of bedrock topography between Bedmap (left,
Lythe and Vaughan, 2001) and Bedmap2 (right, Fretwell et al., 2013). Notice in
particular the increased depth of the submarine subglacial basins in East Antarctica
and the increased connection to the ocean.
of present-day slow flow, such as at South Pole. The South Pole region is ~1000 km
away from the Support Force Ice Stream grounding line and present-day observed
surface flow speeds are ~10 m yr−1 (Casey et al., 2014). However, a flow tributary
was clearly active during the last glacial maximum right at South Pole. Disrupted
radar internal stratigraphy points to enhanced ice flow active at South Pole, deep
inside the EAIS’s interior between 51 ka and 17 ka. The ice sheet in the South Pole
vicinity is relatively young; penultimate interglacial ages are reached fairly close to
the bedrock. The instability of the South Pole region can therefore only be examined for the last glacial cycle. The conceptual model of ice sheet instability invoked,
whereby tributary initiation could be triggered by the availability of meltwater at
upstream domes, requires data constraints upstream of the existing Pensacola-Pole
Transect (PPT) radar survey. Radar data recently collected over Titan Dome, one
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of the two hypothesized sources of melt water for the South Pole tributary, should
provide the much needed surface and bedrock topography for further modeling.
The Dome C region of the EAIS is much older; I show that radar isochrones
in the region span the last three glacial cycles, the oldest having an age of 366
ka. I demonstrate that radar internal stratigraphy can be traced over very large distances between the Dome C and Vostok regions, and across different radar systems.
I provide a rigorous method for dating internal stratigraphy and establishing the
isochrones’ age uncertainties, with a caveat that wind redistribution of snow at the
surface can strongly affect the internal stratigraphy. I demonstrate that the Vostok
and Dome C ice core cannot be correlated via radar for this very reason combined
with the scarcity of radar lines connecting the two cores along the ridge. It will be
interesting to re-attempt the two cores’ correlation once further radar data has been
collected in the region.
Using the combination of my interpreted radar isochrones and a 1D pseudosteady inverse model, I am able to reconstruct paleoaccumulations through the last
glacial cycle over the Dome C region. I show that large-scale accumulation gradients reflect current estimated precipitation in the region, while small-scale (10s km)
areas of high accumulation over the Little Dome C (LDC) are spatially stationary
over the last 128 kyrs. The combination of these accumulation patterns suggests this
region of the EAIS has remained fairly stable over the last glacial cycle. The inverse
model’s 1D assumption limits its temporal applicability for paleoaccumulation reconstructions. To characterize the stability of the Dome C region of the EAIS back
through several glacial-interglacials, horizontal advection and other 3D effects will
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need to be added to the inverse model to reconstruct paleoaccumulations using all
isochrones to 366 ka. The long-term stability of the EAIS is essential to reconstruct
the paleoclimate record of any ice core in the area, especially a 1.5 million-year-old
ice record currently undergoing site selection by the ice coring community.
The 1D pseudo-steady inverse model used here allows the reconstruction of
basal boundary conditions such as basal melt rates and flow type which tells you
how near an ice divide you are, and predicts an age for the base of the ice sheet.
I show that the model predicts 1.5 million-year-old ice in the LDC region, and in
particular above the Little Dome C massif (LDCm) high subglacial topography.
Despite the large modeled uncertainties involved with dating the basal ice, age uncertainties are relatively insignificant when reconstructed basal ages are 1.5 Myrs
or more. However, I show that choosing the best site for a 1.5 million-year-old ice
core will no be straightforward: the LDCm basal ice record shows areas lacking
in specular internal reflections but a strong scattering character, while a number of
subglacial lakes collecting in the steep subglacial valleys will have to be carefully
avoided. A shortcoming of the current model for finding 1.5 million-year-old ice
is that it does not account for the potential existence of “dead” ice at the base of
the ice sheet which is ice that does not flow with the active ice above it but remains
stagnant in bedrock lows. Pockets of dead ice can fill the bedrock’s valleys, therefore acting as a rheological boundary between the bed and the ice flowing above it.
Isochrones therefore do not feel the bed but rather this “dead ice” bed. There is a
lack of published literature on this topic, however work done on deep ice cores suggest its existence (Tison et al., 2015; Durand et al., 2009; Montagnat et al., 2012).
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Dead ice might be an important mechanism to integrate in the 1D model to improve
age predictions near the bed.
All the work presented in this thesis is based on radar isochrones which first
have to be traced manually through the radar surveys. However, this is very time
consuming and potentially prone to human error. One reason that I decided to only
rely only on manually traced isochrones was that old isochrones are always fairly
deep within the ice sheet. The deepest ice is also where basal processes can act
to deform or truncate internal reflections which automatic algorithms struggle to
circumvent. However, automatic methods can be very useful for shallow ice, or
to obtain other products than isochrones such as reflection slopes (e.g. Sime et al.,
2011; Panton, 2014). It would be interesting to compare the isochrones interpreted
here with the isochrones obtained from automatic methods in development with a
focus on the deepest parts of the ice column.
The collection of dense radar surveys is at the core of this thesis. The
(pseudo-) gridded geometries of the radar surveys enabled the spatially extensive
mapping of isochrones with very old ages. The difference in the number of isochrones
in chapters 2 and 5 is a good demonstration of this. In Chapter 2, only ICECAP data
was available (see Fig. 1.4) which were pseudo-grids with a radar line spacing varying between 30 and 70 km. Radar isochrones in this chapter could be dated back to
248 ka. With the addition of the Oldest Ice candidate A (OIA) radar survey in 2016
with a radar line spacing of 1 km by 5 km, I was able to interpret deep isochrones
as old as 366 ka, observed at depths of ~82% of the ice thickness.
A lot of interesting reconstructions can be done combining radar observa175

tions and “simple” models with few parameters. I have shown in Chapter 2 that with
a good vertical resolution, radar isochrones do not increase depth and age uncertainties of ice core age markers by a lot, especially in the top half of the ice column.
However, radar isochrones’ usefulness relies on the premise that the radar surveys
are designed appropriately for the targeted study. For any type of paleoclimate reconstructions such as done in this study, gridded surveys with many crossovers are
the most appropriate.

176

Appendices

177

Appendix A
Details on the 1D pseudo-steady state model

This Appendix is a version of the introduction and method sections of the
companion paper to Chapter 4 of this thesis, authored by Frédéric Parrenin whcih has been submitted to The Cryosphere Discussion under the title “Is there 1.5
million-year old ice near Dome C, Antarctica?”. It is reproduced here to provide
more details on the 1D pseudo-steady model used in Chapters 4 and 5. Figures and
Tables are however not reported.

A.1

Introduction
Since 800,000 years ago, glacial periods have been dominated by a ~100,000

years cyclicity, as documented in multiple proxies from marine, terrestrial and ice
core records (Elderfield et al., 2012; Jouzel et al., 2007; Lisiecki and Raymo, 2005;
Loulergue et al., 2008; Lüthi et al., 2008; Wang et al., 2008; Wolff et al., 2006).
These data have evidenced consistent changes in polar and tropical temperatures,
continental aridity, aerosol deposition, atmospheric greenhouse gas concentrations
and global mean sea level. Conceptual models (Imbrie et al., 2011) have been
proposed to explain these asymmetric 100,000 yr cycles in response to changes in
the configuration of the Earths orbit and obliquity (Laskar et al., 2004), and in-
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volve threshold behavior between different climate states (Parrenin and Paillard,
2012). The asymmetry between glacial inceptions and terminations may be due to
the slow build up of ice sheets and their rapid collapse once fully developed due to
glacial isostasy (Abe-Ouchi et al., 2013). Observed sequences of events and Earth
system modeling studies (Fischer et al., 2013; Lüthi et al., 2008; Parrenin et al.,
2013; Shakun et al., 2012) have shown that climate-carbon feedbacks also play a
major role in the magnitude of glacial-interglacial transitions. Critical to the understanding of these 100,000 yr glacial cycles is the study of their onset, during
the Mid-Pleistocene Transition (MPT) (Jouzel and Masson-Delmotte, 2010), which
occurred between 1250 and 700 kyr b1950 (thousands of years before 1950 C.E.)
(Clark et al., 2006) and most likely during Marine Isotope Stages (MIS) 22-24, ~900
kyr b1950 (Elderfield et al., 2012). Prior to the MPT, marine sediments (Lisiecki
and Raymo, 2005) show weaker glacial-interglacial cycles occurring at obliquity
periodicities (40 kyr). The exact cause for this MPT remains controversial and several mechanisms have been proposed, including: the transition of Antarctica from a
terrestrial to a marine ice sheet (Raymo et al., 2006), a hypothesis which seems discarded by long-term simulations of the Antarctica ice sheet (Pollard and DeConto,
2009); a non-linear response to weak eccentricity changes (Imbrie et al., 2011);
merging of North American ice sheets (Bintanja and Van de Wal, 2008); changes in
sea ice (Tziperman and Gildor, 2003); a threshold effect related to the atmospheric
dust load over the Southern Ocean (Martı́nez-Garcia et al., 2011); and a long term
decrease in atmospheric CO2 concentrations (Berger et al., 1999), the latter hypothesis being challenged by indirect estimates of atmospheric CO2 from marine
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sediments (Hönisch et al., 2009). A continuous Antarctic ice core record extending back at least 1.5 Myr b1950 (million years before 1950 A.D.) would shed new
light on the MPT reorganization (Jouzel and Masson-Delmotte, 2010), by providing
high resolution records of Antarctic temperature, atmospheric greenhouse gas concentrations and aerosols fluxes. The opportunity to measure cosmogenic isotopes
(10 Be) would also provide information on changes in the intensity of the Earth’s
magnetic field especially during the Jaramillo transition (Singer and Brown, 2002).
Retrieving Antarctica’s “Oldest Ice” is therefore a major challenge of the ice core
science community (Brook et al., 2006). A necessary first step towards this goal is
to identify potential drilling sites based on available information and age modeling
(Fischer et al., 2013; Van Liefferinge and Pattyn, 2013). The maximum age of a
continuous ice core depends on several parameters (Fischer et al., 2013). Mathematically, the age χ of the ice at a level z above bedrock can be written:

Z
χ(z) =
s

H

D(z 0 )
dz 0
0
0
a(z )τ (z )

(A.1)

where D(z) is the relative density of the material (<1 for the firn and =1
for the ice), a(z) is the accumulation rate (initial vertical thickness of a layer, in
m-of-ice/year), τ (z) is the vertical thinning function, i.e. the ratio of the vertical
thickness of a layer in the ice core to its initial vertical thickness at the surface and
H is the total ice thickness. Increasing the maximum age χmax can be obtained by
increasing H or by decreasing a or τ . At first glance, one might select a site where
H is maximum and a is minimum, but this neglects the importance of τ , notably
through basal melting. τ decreases toward the bed and, in steady-state, reaches the
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value µ = m/a where m is the basal melting. m is therefore a crucial parameter
of the problem, as it melts the bottom of the ice record. Ice being an insulator, m
increases with H and with the geothermal flux underneath the ice sheet (Fischer
et al., 2013). Consequently, “Oldest Ice” sites have better chance to exist where
ice thickness is not too large. The distance of a site to the ice divide is also an
important parameter. It influences the profile of τ , which is more non-linear right
at a dome. Therefore, χmax can be up to 10 times larger at a dome than a few
kilometers downstream (Martin and Gudmundsson, 2012). Moreover, assuming a
largely constant ice sheet configuration across glacial cycles, an ice record close to
the divide has a shorter horizontal travel distance and therefore has a better chance
of being stratigraphically undisturbed (Fischer et al., 2013). The depth-age profile in an ice sheet can be obtained using radar observations at VHF frequencies to
map internal reflections (e.g., Fujita et al., 1999) and therefore to follow isochrones
through the ice sheet (Cavitte et al., 2016; Siegert et al., 1998b). But until now, such
analysis has been restricted to the top ~3/4 of the full ice thickness in East Antarctica. Fortunately, depth-age information from radar reflection tracing can be used in
conjunction with ice flow models and age information from ice cores to extrapolate
down to the bed. The radar observations allow estimating poorly known parameters
of the ice flow models such as the geothermal flux (Shapiro and Ritzwoller, 2004)
or past changes in the position of the domes and divides. The Dome C sector is
one of the target areas for the “Oldest Ice” challenge and has a number of distinct
benefits over other regions: it has already been heavily surveyed by geophysical
techniques, a reference age scale has been developed through the existing ice core
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work (Bazin et al., 2013; Veres et al., 2013) and it is logistically accessible from the
nearby Concordia station. In this study, we concentrate on airborne radar transects,
(Figure 1), all related to the EPICA Dome C (EDC) ice core. They fully resolve
the bed and internal isochrones. The isochrones are dated using the most recent
AICC2012 chronology established for the EDC ice core (Bazin et al., 2013; Veres
et al., 2013). We extrapolate the age of the isochrones toward the bed using an ice
flow model in order to identify potential Oldest Ice sites along these transects. We
also build maps of surface accumulation rate, geothermal heat flux and of a linearity parameter of the vertical velocity profile. The spatial and temporal variations of
surface accumulation rates are discussed in details in a companion paper (Cavitte et
al., in preparation).

A.2

Method
We use a 1D pseudo-steady (Parrenin et al., 2006) ice flow model, which

assumes that the geometry, the shape of the vertical velocity profile, the ratio =
m/a and the relative density profile are constant in time. Only a temporal factor
R(t) is applied to both the accumulation rate a and basal melting m:

a(x, t) = ā(x)R(t),

(A.2)

m(x, t) = m̄(x)R(t),

(A.3)

where ā(x) and m̄(x) are the average accumulation and melting rates over
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time at a certain point x. Under these assumptions, the vertical thinning function is
given by:

τ = (1 − µ)ω + µ,

(A.4)

where ω is the horizontal flux shape function (Parrenin et al., 2006). A
steady age χsteady is first calculated assuming a steady accumulation ā and a steady
melting m̄ . Then the real age χ is calculated using (Parrenin et al., 2006):

dχsteady = R(t)dχ

(A.5)

R(t) is directly inferred from the accumulation record of the EDC ice core
(Bazin et al., 2013; Veres et al., 2013) and beyond 800 kyr, it is assumed to be
equal to 1. The horizontal flux shape function is determined using an analytical
expression (Lliboutry, 1979; Parrenin et al., 2007b):

ω(ζ) = 1 −

1
p+2
(1 − ζ) +
(1 − ζ)p+2 ,
p+1
p+1

(A.6)

where ζ = z/H is the normalized vertical coordinate (0 at bedrock and 1 at
surface) expressed in ice equivalent, and p a parameter modifying the non-linearity
of ω (the smaller p, the more non-linear ω). This formulation assumes that there is
a negligible basal sliding ratio, as is the case at EDC (Parrenin et al., 2007b). This
might not be the case elsewhere, but adding a basal sliding term has a similar effect
as increasing the p parameter for the top ~3/4 of the ice sheet. The age of the ice
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at any depth is deduced from Eq. 1 using the relative density profile at EDC (Bazin
et al., 2013).
To compute the basal melting, we use a simple steady-state 1D thermal
model. We solve the heat equation (neglecting the heat production by deformation
since there is no horizontal shear):

d
dT
dT
(kT
)cρi Duz
= 0,
dz
dz
dz

(A.7)

where ρi = 917 kg/m3 is the ice density (Cuffey and Paterson, 2010), kT (W
m−1 K−1 ), the thermal conductivity (Cuffey and Paterson, 2010), is given by:

kT =

2kTi D
,
3−D

kTi = 9.828exp(−5.7 × 10−3 T ),

(A.8)

(A.9)

and c (J kg−1 K−1 ), the specific heat capacity (Cuffey and Paterson, 2010)
is given by:

c = 152.5 + 7.122T .

(A.10)

The boundary conditions are:

T |z=H = TS ,
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(A.11)

T |z=0 = Tf (temperate base)

(A.12)

dT
|z=0 = G0 (cold base)
dz

(A.13)

or

−kT

where TS =212.74 K is the average temperature at the surface supposed equal
to the one at Dome C (Parrenin et al., 2013), G0 is the geothermal flux and Tf , the
fusion temperature is given by (Ritz, 1992):

Tf = 273.116 × 7.4 × 10−8 P

(A.14)

where P , the pressure, is approximated to the hydrostatic pressure: P = gH
where g = 9.81 m s−2 is the gravitational acceleration. In the case of a temperate
base, the basal melting is given by:

G0 = G + mρi Lf

(A.15)

where G is the vertical heat flux at the base of the ice sheet and Lf = 333.5
kJ kg−1 is the latent heat of fusion (Cuffey and Paterson, 2010).
To prevent p from being < -1 (Eq. A.6 has a singularity for p = -1), we
write:

p = 1 + exp(p0 )
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(A.16)

The values of a, G0 and p0 are reconstructed using a variational inverse
method and the radar isochrone constraints. The cost function to minimize is formulated using a least-squares expression:

S=

N
X
(χiso − χmod (diso ))2
i

i

i=1

(σiiso )2

+

(p0prior − p0 )2 (G0,prior − G0 )2
+
(σ p0 )2
(σ G0 )2

(A.17)

where N is the number of isochrones (3 ≤ N ≤ 17, see Table 1 and Figure
iso
iso
is the
2), diso
i and χi are the depths and ages of the isochrones, respectively, σi

confidence interval on their age, and χmod is the modeled age. p0prior = ln(1 +
1.97) is the a priori estimates of p0 , inferred from the age scale modeling of the
0

EDC ice core (Parrenin et al., 2007b) and σ p = 2 is its standard deviation, chosen
sufficiently large to allow for a large range of p0 values. G0,prior = 51±25 mW
m−2 is the a priori estimate of the geothermal heat flux calculated from satellite
magnetic data (Maule et al., 2005; Purucker, 2013). The total uncertainty of the
age of isochrones σ iso is composed of: 1) the uncertainty on the depth of the traced
isochrones (Cavitte et al., 2016), transferred in age and 2) the uncertainty of the
AICC2012 age of the isochrone at the EDC site.
We used a standard Metropolis-Hastings algorithm with 1000 iterations to
solve this least-squares problem.
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Appendix B
Radar horizon height maps
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Figure B.1: Height above bedrock for four radar horizons over the LDCm. Background is the Young et al. (2016b) bed elevation recompilation based on the OIA
radar survey data. Gray lines are surface elevations, a black line locates the ice
divide (Bamber et al., 2009). A red star locates the EPICA Dome C ice core. Map
is in WGS84 ps71 (geoid).
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Appendix C
Deep Scattering Zones height maps
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Figure C.1: Height above bedrock for DSZ surfaces over the LDCm. Background is
the Young et al. (2016b) bed elevation recompilation based on the OIA radar survey
data. Gray lines are surface elevations, a black line locates the ice divide (Bamber
et al., 2009). A red star locates the EPICA Dome C ice core. Map is in WGS84
ps71 (geoid).
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Appendix D
O. Passalacqua’s 1D inversion for Oldest Ice

The Parrenin et al. (2007b) 1D model is used with no basal sliding (s = 0)
to explore the same parameter space as in the 1D pseudo-steady model described in
Chapter 4, that is the a, m, p parameter space in a latin hypercube, for the following
parameter bounds: 0.15 m/a < a < 0.23 m/a, -0.3 mm/a < m < 0 mm/a and 0
< p < 10. For each run, the speed uz and the age χ is calculated using the 1D
simplification that
Z

z

χ(z) =
S

−1
dz
uz

(D.1)

between the surface S and the elevation z, where uz is the vertical vlocity of the ice
relative to the bedrock.
Horizontal advection of the ice is ignored, which is reasonable near the ice
divide.
Then, a relative average error J, in %, is calculated according to:
J=

1 X |χiobs − χimod |
n
χiobs

(D.2)

This provides a basal age distribution. Only runs that stay within 3% of
the mean of the age values are kept. The average and standard deviation of the
distribution can then be calculated. This obtains a realistic basal age distribution
191

that respect the observed age gradient. If the modeled result is too far from the
observations, the run is thrown away.
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