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Abstract. The Dome Fuji (DF) region in Antarctica is a potential site for an ice core with a record of over one million years.
Here, we combine the internal airborne radar stratigraphy with a 1-D model to estimate the age of basal ice in the DF region.
The radar data used in the study were collected in a survey during the 2016-2017 Antarctica season. We transfer the newest
age—depth scales from the DF ice core to isochrones in the surrounding 500 km x 550 km region through traced radar
isochrones. At each point of the survey the 1-D model uses the ages of isochrones to construct the age—depth scale at depths
where dated isochrones do not exist, the basal thermal conditions, including the thickness of a potentially present basal layer
and surface accumulation rates. Our resulting age distribution and age density suggest that a few promising sites with ice
older than 1.5 million years in the DF region might exist. The deduced melt rates and presence of stagnant ice map provides

more constraints for finding sites with a cold base. The accumulation rates range from 0.015 to 0.038 m a—!

ice equivalent.
The numbers of picked isochrones and the timescale of the ice core severely affect the model results according to sensitivity
studies. Our study demonstrates it is possible to find the old ice in the DF region, the constraint from deep radar isochrones

and a trustworthy timescale could improve the model estimation.

1 Introduction

To understand the Quaternary climate, the progression of glaciations and the carbon cycle, continuous and undisturbed ice-
core records back to 1.5 million years BP (before present, present defined as 1950) are crucial (Fischer et al., 2013; Jouzel
and Masson-Delmotte, 2010). The mid-Pleistocene transition (MPT), which occurred in the time interval between 1200 ka and
900 ka BP, termed by a switch from more regular 41 ka glacial cycle (1500 to 1200 ka BP) to current 100 ka glacial cycle
(Lisiecki and Raymo, 2005), is still not fully understood. CO4 and other greenhouse gas may have either forced this switch
or might have responded to it (Willeit et al., 2019). A direct record of greenhouse gases with atmospheric record covering this
period can only be found in Antarctica ice core (Fischer et al., 2013). Moreover, isotopic and chemical records in ice cores

of that age can provide additional information on temperature, ice dynamic changes and magnetic reversals, to be analyzed
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together with other marine and terrestrial records (Raymo et al., 2006; Raisbeck et al., 2006; Singer and Brown, 2002). Hence,
identifying "Oldest Ice" sites in Antarctica is one of the primary challenges for ice-core research.

There is a huge challenge in retrieving continuous records of old ice cores where the oldest ice is compressed in deep
layers near the base of the ice sheet. Ice older than one million years could have melted away by reaching the pressure
melting point or be disturbed, and thus not feasible for ice-core analyses, because of complicated processes in the basal layer
(Van Liefferinge and Pattyn, 2013). As one consortium in the International Partnerships in Ice Core Sciences (IPICS), the
European "Beyond EPICA-Oldest Ice" (BE-OI) consortium initiated pre-site surveys in the wider Dome Concordia (DC)
and Dome Fuji (DF) regions. Van Liefferinge and Pattyn (2013) evaluated potential sites of million year-old ice in Antarctica
considering ice velocity, ice thickness and geothermal heat flow (GHF) based on a thermo-dynamical model. In a follow-up
study, Van Liefferinge et al. (2018) focused on more detailed sites for oldest ice in the DF and DC regions leveraging more
robust criteria of ice thickness and velocity, and using a metric for the shape of the bed. In the DC region, Young et al. (2017)
proposed some old ice targets through high-resolution aerogeophysical surveys, and Parrenin et al. (2017) inferred the age of
ice and further identified two target areas where ice older than 1.5 Ma may exist, based on 1-D thermo-mechanical model
constrained by radar observations. Lilien et al. (2021) refined the age—depth scale at Little Dome C (LDC), 40 km from the
DC site, based on a high-resolution radar survey on the drilling site determined for the Beyond EPICA project. In the Dome
A region, Sun et al. (2014) estimated ice age around Kunlun station by applying a three-dimensional, thermomechanically
coupled full-Stokes model, which indicated that in the area without basal melting the ice age at 95 % depth could be limited to
1.5 Ma.

The Dome Fuji region is a potential area for holding oldest ice in Antarctica. The DF station and site of two previous ice-
core drillings, is located at 77°19'01” S, 39°42/12” E (Ageta et al., 1998) at an elevation of 3810 m, with an ice thickness
of 3028415 m (Fujita et al., 1999, 2015), an annual mean air temperature of —54.4°C (Kameda et al., 2009) and an annual
accumulation of ~ 24 mm w.e.a™! (Fujita et al., 2011). The first deep ice core at DF, which was drilled from 1995 to 1996,
reached 2503.52 m and covered a record back to ~ 340 ka dated by the isotopic 6'80 record (Ageta et al., 1998; Watanabe
et al., 1999). Kawamura et al. (2007) used O,/N, measurements, a proxy of local summer insolation, to build a new timescale
(referred to as DFO-2006). Based on these O,/N, age markers, Parrenin et al. (2007) used a 1-D ice flow model to reconstruct
the timescale down to basal ice and accumulation rates (referred to as DFGT-2006). During the austral summers from 2003/04
to 2006/07, the second deep ice core, only 48 m away from the first ice core (Saruya et al., 2022), was finally drilled to a depth
of 3035.22 m. It is considered to be very closed to the bedrock (Motoyama, 2007; Motoyama et al., 2021) and the temperature
at the bottom of this ice core reached the melting point (Talalay et al., 2020). The Dome Fuji Ice Core Project Members (2017)
dated this deep ice core back to ~ 720 ka by synchronising the isotopic 6'80 record with that of ice core at DC (AICC2012)
and accumulation rates were also deduced from the 6'30 record. A timescale which combines DFO-2006 (< 342 ka) and
AICC2012 (> 344 ka) was proposed then (referred to as DFO2006+AICC2012). In addition to direct analysis of ice-core
proxies, Seddik et al. (2011) simulated the temperature at the ice base and the age at 95 % of the depth with the Continuum-
mechanical Anisotropic Flow model in a ~ 200x200 km domain around the DF drill site. Karlsson et al. (2018) presented an

updated subglacial topography with a resolution of 10 km in the DF region based on an airborne radar surveys conducted by the
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Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research (AWI), as part of the Beyond EPICA project. They
refined some promising oldest ice sites proposed by Van Liefferinge and Pattyn (2013) using the same model. Their updated
age estimates suggested three main areas with potential oldest ice candidates in the DF region. Tsutaki et al. (2022) compiled
a new ice thickness dataset with a resolution of 0.5 km based on ground-based radar measurements collected by Japanese
Antarctic Research Expedition (JARE), to examine roughness and slope of the ice-bed interface, the stress state of the ice and
subglacial hydrological conditions in the vicinity of DF and the so-called New Dome Fuji site (NDF), which focused on a
smaller region for old ice. Obase et al. (2022) simulated temperature, basal melt rates and age profiles through a 1-D ice flow
model, IcIES-2, along the DF-NDF transect.

Despite of all these progresses, age estimates and basal thermal condition in the larger DF region (i.e. roughly a 500 km
x 550 km perimeter) are not yet constrained by isochrones detected by radar. Here, we connect the ice-internal isochrone
stratigraphy in the larger DF region to the DF drill site through isochrones traced in the airborne radar data collected during the
2016-17 survey conducted by AWI. We apply a 1-D ice flow model (see more details of the model in the companion paper of
Chung et al. (submitted)) to model the age—depth scale below the available isochrone stratigraphy, accumulation rates and also
to derive either melt rates or the thickness of a (potentially stagnant) basal layer of ice in the DF region. We finally discuss the
reliability of the results, conduct sensitivity experiments to quantify the effect of picked isochrones numbers and the timescale

of the ice core on our age estimates as well as the other modeling results.

2 Data and Methods
2.1 Data collection

We use data collected with the airborne radio-echo sounding (RES) system of the AWI mounted on its Basler BT-67 aircraft
during the 2016/17 Antarctic season. The radar survey was conducted in the DF region, from a temporary camp (79° S, 30° E)
290 km away from the DF station, where 26 radar profiles were recorded. Survey lines have parallel line spacing of 10 km in
the northern part of the study area and 15 km line spacing in the southern part, the spacing distance is getting much smaller
when approaching and leaving the camp (Karlsson et al., 2018). In our study we include 22 survey profiles with lengths varying
from 622 km to 898 km. The study area covers a region of about 270,000 km? and an elevation range of about 3400 m—3810 m
(Fig. 1).

The AWI RES system transmits radar waves with a center frequency of 150 MHz and an amplitude of 1.6 kW. During the
survey it only operated with the 600 ns long pulse, thus effectively operating as a pulse-limited radar. The theoretical vertical
resolution in ice for the 600 ns burst is 50 m (Nixdorf et al., 1999). In this study we use radar returns of the 600 ns long burst
from internal reflection horizons (IRHs) as well as from the ice-bedrock interface. The radar data has a mean spacing of 5 m
along the flight line (which varies with real speed and direction of aircraft) and is sampled at an interval of 4 ns (Karlsson et al.,
2018).

Before picking the IRHs and ice-bed interface, the radar data are resampled to 12 ns and stacked 7 fold, which lead to a

mean trace spacing of ~ 35 m. In addition, a low-pass filter and a two-dimension filter are used to decrease noise. Automatic
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Figure 1. Study area in the DF region, with inset showing the position in Antarctica. The white lines represent radar survey profiles used in
our study. The blue line shows the exemplary profile 20170240. We use surface elevation (contour map) and bed elevation from Greene et al.

(2017) and Morlighem et al. (2017, 2020). Subglacial lakes were identified by Karlsson et al. (2018).

gain control (AGC) is used to balance the gain and facilitate layer tracing. Processing is performed in the seismic environment

of the Echos software from Paradigm Geophysical.
2.2 Horizons picking and dating

In order to provide age markers (i.e., the age of IRHs) and ice thickness to use as observations in our 1-D flow model, IRHs are
traced in the two-way travel time (TWT) domain. The surface reflection is picked automatically in Echos and then subtracted in
all traces to shift the first break of the radar data to time zero. The maximum reflection power of IRHs is traced manually in the
seismic software package Section, which allows IRHs to be continuously traced in different radar profiles through intersections
between profiles. This ensures that the same isochronous horizons are traced. We trace 6 or 7 relatively distinct and continuous
IRHs (H1-H7) in all survey lines, the third IRH H3 is not clear and continuous enough to be traced in some profiles. Ice—bed
returns were picked by Karlsson et al. (2018) through semi-automatic detection routines in Matlab. The ice-bed returns are
often diffuse events, especially around mountain peaks, which results in disagreements when using different methods to trace

ice—bed returns, and thus differences in ice thickness and modeling results. We emphasize that Karlsson et al. (2018) picked the
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first (uppermost) ice—bed return when there were uncertainties, so that ice thickness estimates can be considered a minimum
ice thickness in some places.

TWT is converted to depth assuming a constant radar wave speed of 168.5 m us™' in ice (Winter et al., 2017; Lilien et al.,
2021) and a 15.5 m firn correction calculated from depth-density curve in the B53 ice core. The B53 ice core was drilled to
202 m by the AWI team, and is located at 79°47'38" S, 31°54'19” E, and ~ 203.5 km away from the DF drill site (Fig. 1). The
point of closest approach on our radar profiles is located ~ 91.1 m away from the DF drill site, at 77°19’ S, 39°41'59"" E, on the
profile 20170240. Ice thickness at this closest point observed from radargram is about 3044.8 m, and the ice thickness in the
DF drill site interpolated from radar observations is about 3050.5 m. This corresponds with a previously inferred ice thickness
of 3028415 m from a radar observation (Fujita et al., 1999), and it approximates the depth of the second DF deep ice core,
3035.2 m, which is considered to be very close to ice-bed interface (Motoyama, 2007).

IRHs at this location closest to the DF drill site are firstly converted to depth and then dated by vertical interpolation of the
ages from the DFO2006+AICC2012 timescale (Dome Fuji Ice Core Project Members, 2017), available to a depth of 3031 m
with an ice age of 715.9 ka BP, and then transferred to the radargram at the depths of the IRHs. Fig. 2 shows traced IRHs
H1-H7 in the profile 20170240 with the point of closest approach shown as white vertical line. The age of IRHs, ranging from
31.4 ka (H1) to 169.1 ka (H7), and their age uncertainty, are marked in Fig. 2. Ages of different IRHs are then transferred to
all profiles, which then serve as the primary input to the 1-D model.

2.3 Age uncertainty of internal reflection horizons

The uncertainty of IRH age estimates directly impact the reliability of the results from the model, as it includes uncertainty of
ice-core agescale and age uncertainty caused by depth uncertainty of IRHs. As for the depth uncertainty of IRHs, we consider
slope-induced uncertainty caused by the offset of the closest radargram to the DF drill site, uncertainty of firn correction,
uncertainty of dielectric constant of ice and the range precision of the estimate in determining depth (Cavitte et al., 2016).
The slope of each IRH varies from 1 m km'! to 14.7 m km™!, which results in a corresponding uncertainty from 0.1 m to
1.5 m for the 91.1 m offset (the distance between the DF drill site and the closest approach on the radar profile). For the firn
correction, we used AWI’s ICE-CT system to measure the density—depth profile in the upper 126 m of the B53 ice core, with
an observational error up to 1 % (Freitag et al., 2013), which results in an uncertainty of 0.5 m in the firn correction. The depth
uncertainty of dielectric constant affected by anisotropy and temperature is taken to be 1 % (Lilien et al., 2021). The estimate
of the range precision is always higher than the resolution (50 m for AWI RES system) for distinct IRHs. It is determined
by the pulse width of the radar waveform, the signal-to-noise ratio and the sub-resolution reflector fluctuations (Cavitte et al.,
2016). Our best guess for uncertainty for each IRH is based on continuity and definition during manually tracing, from 20 m
to 50 m. Thus, the depth uncertainty varies from 28.5 m to 70.5 m in total, leading to an age uncertainty range from 2.1 ka to
16.8 ka. The age uncertainty of the ice-core itself is interpolated from the age errors of the agescale DFO-2006 (Kawamura

et al., 2007). In total, the age uncertainties range from 3.0 ka to 19.0 ka for the 7 IRHs.
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Figure 2. Radargram of the profile 20170240. Vertical white line shows the location of the DF drill site. Lines with different colours represent
continuous horizons H1-H7 and specially traced discontinuous horizon EH8. The dated age and age uncertainty of each horizon is marked

on the right.

2.4 1-D age model

To extrapolate the age—depth profile in the study area below the depth of the deepest IRH, we use a 1-D pseudo-steady ice flow
model developed by Parrenin et al. (2006, 2017) but with a simplified constraint. This model assumes that the geometry, the
shape of the vertical velocity profile and the relative density profile are constant. The real ice age x can be calculated from the

steady age  and the temporal factor r(t) by
¢
X= / r(x)dx’, )
0
where 7(t) is deduced from the accumulation record of the DF ice core,

r(t) = a(z,t)/a(z), )

where a is accumulation rate and a(z) is the temporally averaged accumulation rate at a certain point x. The steady age ¥ can

be inverted from depth d and the layer thickness A\(d),

d

_ 1 /
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145 Assuming that there is no basal melt, A(d), approximated by the Lliboutry model (Lliboutry, 1979), is

o p+2/( d 1 d \"*

where H,, is the mechanical ice thickness, which means the effective ice thickness above the stagnant ice, and p is a shape
factor controlling vertical deformation (Lilien et al., 2021).

We use a least square optimization to deduce the age—depth profile by varying a, H,, and p. The main difference between

150 the model we use here and the one developed by Parrenin et al. (2006) is that we use the mechanical ice thickness H,, instead

of a term for the basal thermal conditions. Thus, no thermal modeling and boundary conditions are considered here. Instead,

we use the inverted H,, to judge if there melting is present or if stagnant ice prevails. When H,, is greater than the observed

ice thickness H we have melting conditions at the base. Otherwise, there is a basal layer of stagnant ice. If the basal ice is

melting, the melt rate m can be obtained by
155 m = A\(Hops), )

where H s is the observed ice thickness. To quantify the reliability of the model at each point, we introduced a reliability
index, i.e., the standard deviation of residuals, o

RTr
OR = ) (6)

Niso

where n;, is the number of IRHs, r is the residuals deduced by the age of IRHs s, and modelled age X.nod
160 R = M. 7
Oxiso
In this way the model achieves the balance of efficiency and numerical requirements. More details on the model can also be

found in the companion paper (Chung et al., submitted).

3 Results

Age, age uncertainty of IRHs and temporal variations of accumulation rates at the DF drill from Dome Fuji Ice Core Project Mem-
165 bers (2017) are used as input to the 1-D steady-state ice flow model. The outputs of the model are accumulation rate @, shape

factor p, mechanical thickness H,,, age—depth distribution and either basal melt rate or the thickness of the stagnant ice layer.
3.1 Modeling results for an exemplary profile

We integrate 1-D modeling results every 1 km along the exemplary the profile 20170240, displayed as a cross section through
the ice sheet in Fig. 3, to get the 2-D modelled age—depth distribution. We find ice older than 1 Ma from ~ 150 km to ~ 550 km,
170 where the ice sheet is relatively thin. Basal melting is present at the DF drill site and along most parts of the profile, where the

mechanical ice thickness H,, (purple dash line) is larger (deeper) than the observed ice thickness (black line).
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Figure 3. Modelled age—depth distribution of the radar profile 20170240. The coloured lines correspond to the traced IRHs shown in Fig. 2.
The purple dashed line shows the mechanical ice thickness H,, and the black line shows the bed observed in the radargram. Where the
purple dashed line is above the black line, stagnant ice is present and the depth difference between the two lines is the thickness of stagnant

ice layer. In other cases, melting prevails.

3.2 Age of basal ice

We use 20 ka m™! as a cut-off value for age density of basal ice, beyond which usage of proxies in the ice for paleoclimate
reconstruction is currently difficult. This age density corresponds to a full 40 ka climate cycle in 2 m of ice. Fig. 4a shows the
age of the basal ice (i.e. at the depth of the bed or where the age density reaches 20 ka m~1) in the DF region. It varies from
215 ka to 2530 ka. Fig. 4b shows the corresponding depth of the basal ice, which falls in a depth range of 1.6-3.8 km. The age
of the basal ice at the DF drill site is extrapolated as 1345.84+-494.3 ka.

The age density of ice at 1.5 Ma is shown in Fig 5a, with a range of 6-20 ka m~!. This figure also points out the four
candidate areas where ice of more than 1.5 Ma old could potentially be found: the first one is a large subglacial mountain range
located ~100 km around the DF drill site; the second one is ~ 160 km to the north-west of the DF drill site, connected with
the first site; the third one is ~ 240 km to the north-west of the DF drill site; the fourth one is ~ 260 km to the south-west of
the DF drill site. These fourth potential target areas are all situated in regions with ice thickness of 2200-3000 m, where the ice

is not too thick, which would result in basal melting, but still thick enough to include the long-term and sufficiently resolved
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Figure 4. (a) Modelled age of the basal ice at a maximum age density of 20 kam™". (b) Depth of the basal ice at an age density of 20 kam™*.

ice record. Moreover, these sites, especially the first one close to DF, appear to be distributed along some sort of high plateaus.

This could imply that the ice column here is potentially less disturbed and includes layers of higher lateral continuity.
3.3 Basal thermal states

Basal condition is a crucial criterion for the presence of old ice, because any melting causes ice-loss in the lowermost part of the
ice column, which severely limits the age of the basal ice (Fischer et al., 2013). From our model we also get the basal conditions,
including melt rate or stagnant-ice thickness (Fig. 6a). According to our results, basal melting prevails over stagnant ice in the
survey area. Modelled basal melt rates vary from 0 to 8.40 mm a~!. Melting is significant ~ 200 km west and ~ 150 km south
of DF, where we observe ice thicker than 3000 m, i.e. ice thick enough for the temperature to reach the pressure melting point.
The basal melt rate at the DF drill site is interpolated as 0.114-0.37 mm a~!. Stagnant ice has a thickness range of 0—400 m.
Two clusters of stagnant ice are distributed ~ 60 km south-west (around NDF) and ~ 180 km north-west of the DF (in the
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Figure 5. (a) Age density of ice at 1.5 Ma. Semi-transparent pink-red colored shades show potential old-ice sites suggested by Karlsson et al.
(2018)—the deeper the color is, the higher the possibility of old ice. The gray shades show the old ice site suggested by Van Liefferinge et al.
(2018). (b) Reliability index map in the DF region, the reliability of model decreases with reliability index increasing.

second old ice candidate). Our results show that melt rates are generally higher in subglacial basins and lower (or even frozen

195 conditions) in subglacial mountainous terrain.

3.4 Accumulation rate

Accumulation rate is another important factor for the age distribution. We show temporally averaged (over 720 ka) accumula-
tion rates in the DF region from our model results in Fig. 6b, they vary from 0.015 to 0.038 m a~—! ice equivalent. At the DF
drill site, the accumulation rate spatially interpolated between the radar lines is 0.022 m a~*. In the large DF region, it shows

200 a north—south decreasing gradient.

In the Supplement Fig. S1 we also show the shape factor map in the DF region obtained from the model.

10
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and red represents the melt rate. Dark blue lines are subglacial lakes deduced from basal reflectivity in radargrams by Karlsson et al. (2018).

(b) Modelled averaged accumulation rate in ice equivalent along the profiles of the radar survey.

4 Discussions
4.1 Age of ice: comparison with previous studies

Several previous studies have already investigated the potential age of basal ice either at the DF drill site or its surrounding
region. At the DF drill site, Parrenin et al. (2007) proposed that ice more than several million yeas old could exist near the
ice-bed interface according to the results of a 1-D ice flow model. Hondoh et al. (2002) deduced chronologies of the DF ice
core based on the correlation between the local metronomic signal (Milankovitch components of the past surface temperature
oscillations) and isotope record, and extropolated this timescale to 3050 m depth by a simplified ice-flow model. Their result
suggested that age may reach 2000 ka at about 3000 m depth at the DF drill site. These two results correspond approximately
to our inverted bottom age of 1345.8£494.3 ka at 3034.1 m.

11
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Obase et al. (2022) used a 1-D ice flow model, which computes the temporal evolution of the vertical age and temperature
profiles. They also extended their modeling results along a DF-NDF radar transect from DF to NDF, where the basal ice has
a tendency to be older. They used ground-based radar data from the JARES9 survey (2017-2018) in an area of approximately
120 km x 100 km, collected in a dense grid by an incoherent pulse-modulated VHF radar sounder with a peak transmission
power of 1 kW, transmitter pulse widths of 60 ns and 250 ns, which corresponds to a pulse-limited vertical resolution of 5 and
21 m, respectively. In addition, the model they used is a transient model considering age and temperature both change with
time. It estimates the age through the vertical advection equation, and uses the GHF as the basal boundary condition, while we
use a 1-D steady model, which calculates the age through an analytical thinning function and excludes all thermal modeling
by introducing a mechanical ice thickness.

Despite the differences in the radar data characteristics of the JARES9 and AWI surveys and slightly different models, the
results are reasonably consistent. We estimate the age of the ice at DF to be 841.8 ka and 1034.5 ka at 100 m and 50 m above
the bed, respectively, while Obase et al. (2022) extrapolated them as 880 ka and 1250 ka, respectively. In addition, our results
confirm that the age of the basal ice is getting older from DF to NDF.

The two previous studies by Karlsson et al. (2018) and Van Liefferinge et al. (2018) are based on a thermodynamical model,
considering regions with an ice flow velocity smaller than 1 m a—!. Their main constraint for the presence of old ice is that
the GHF is not sufficiently large to cause temperate conditions at the base, and thus melting. Another criterion is ice thicker
than 2000 m and 2500 m respectively. Our approach, in contrast, is solely based on the observed age—depth distribution,
which is then extrapolated to larger depth by using observed accumulation rates and making assumptions about the thinning
function. The semi-transparent shades in Fig. 5a show the potential areas with old ice, suggested by Karlsson et al. (2018) and
Van Liefferinge et al. (2018). The shades are to a large degree concurrent to our results, especially to the first candidate (a large

subglacial mountain range located immediately around the DF drill site), although the approaches are very different.
4.2 Basal thermal state and accumulation rate: comparison with previous studies

A spatial comparison between our result and subglacial lakes identified previously by Karlsson et al. (2018) in Fig. 6a shows
that we find all 16 lakes are located in regions where we obtain basal melting, and in 11 lakes we can observe significant
melting.

Basal melt rate is a parameter impacted by the spatial distribution of GHF, which is a regional value and also can show
strong variations on the local scale, depending on topography (Colgan et al., 2021). Regarding the local characteristic of GHF,
we calculate regionally averaged melt rates in different areas around the DF drill from our results for the comparison with
previous basal melt rate at DF. In our result, mean basal melt rates increase with the further distance to the DF site (i.e., in a
larger region).

At the DF site, Parrenin et al. (2007) suggested that with a probability of 90 % the basal melt rate is smaller than 0.2 mm a~*
through 1D ice flow model. Seddik et al. (2011) deduced a basal melt rate of ~ 0.35 mm a~—! assuming a GHF of 60 mW m~2.
Obase et al. (2022) got the conclusion of no melting for a GHF < 56 mW m™2. These three results all agree with our mean

basal melt rate of 0.164-0.37 mm a—! within 5 km around DF. Obase et al. (2022) also simulated a basal melt rate changing
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from 1 to 1.5 mm a~! for a GHF increasing from 57 to 58 mW m~2, which corresponds with our averaged basal melt rate of
1.3640.69 mW m~2 within 200 km around the DF site. Talalay et al. (2020) estimated a basal melt rate of 2.5+0.5 mm a~!
at the DF based on the temperature profile from the ice-core borehole and applying an analytical solution to infer the vertical
velocity. This value is consistent with our mean basal melt rate of 1.6740.76 mm a~! in the entire DF region. However, this
value is very different from our estimate at the DF drill site and probably closer to reality. In Section 4.3.3 we discuss the
possibility of overestimation of the age of the basal ice due to the inflection point at the bottom part of the timescale, and
therefore we may underestimate the basal melting. We show the detailed mean value and standard deviation of the basal melt
rates within different distances to the DF drill in Fig. S2.

In the large DF region, the stagnant ice is present in only 8 % of the area along the radar profiles, and has an average thickness
of 95.6 m. The distribution of the stagnant ice implies that the region immediately north of NDF is the area most likely to have
a cold bed which could hold old ice in the DF region. Our companion paper shows in the DC region and LDC region, the basal
thermal states are very different. Stagnant ice prevails over melting in the DC area and it dominates the LDC region, with a
thickness of up to 250 m (Chung et al., submitted). The relatively warm basal thermal condition in the DF region is a negative
factor for holding the old ice.

In the DF region, Fujita et al. (2011) showed an map of accumulation rate with a decreasing trend from 76° S to 78° S, which

is consistent with the distribution of accumulation rate in our result.
4.3 Reliability and sensitivity study of the 1-D model
4.3.1 Reliability of the model

Our 1-D model does not consider horizontal advection, which although low near an ice divide, exists away from the divide. In
these places, the reliability of the model could be relatively lower. We show the reliability index in the DF region (Fig. 5b).
A smaller reliability index represents higher reliability of the model. The reliability index ranges from 0.1 (reliable) to 1.2
(less reliable) in the DF region. We find that in the northern part of the DF region, the model is relatively less reliable. The
distribution indicates a relatively high reliability in the DF region compared to that in the DC region (0-2) (Chung et al.,
submitted). The reliability of the model in the DF could be overestimated because of the limited number and depth of IRHs.
To evaluate the reliability of the model results in ice deeper than the available IRHs, we also determine the spatial deviation
of the age of basal ice in different distances to the DF/NDF as a function of normalized ice thickness. The spreading of the
age of basal ice, shown in Table 1, generally increases with distance from DF/NDF, except between 100 and 200 km distance
from both and >200 km from NDF. We interpret the larger spread to reflect the increasing transition from a dome-flow to a
flank-flow regime. Within the region of clear characteristic of divide flow implies that it is reasonably adequate to apply a 1-D
model. Our approach is comparable to the constraint mentioned above used by Karlsson et al. (2018) and Van Liefferinge et al.
(2018) to investigate the age in areas with an ice flow velocity < 1 m a~! (in ice equivalent). The standard deviation in age

5 km around NDF (47.9 ka) is much smaller than that around DF (392.3 ka), which could tentatively be interpreted as flow
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Table 1. Spatial standard deviation of age of basal ice in different distances to DF and NDF.

Standard deviation (ka)

Distance (km) Around DF  Around NDF

<5 3923 479
5-15 486.9 368.2
15-50 526.0 528.8
50-100 530.5 545.0
100-200 497.0 517.0
> 200 534.2 534.7

characteristics near NDF being closer to divide flow than those at DF. We show the distribution of the age—normalized depth
in Fig. S3 to evaluate the flow regime further.
We then design sensitivity studies to investigate how different inputs affect the model and how the reliability of the model

could be improved.
4.3.2 Sensitivity study

The thinning function and the normalized age—depth scale have a stronger gradient in deeper ice than at shallower depths,
therefore the deepest horizon as well as the underlying age—depth scale may have an effect on our modeling result, including
shape factor p, accumulation rate @, mechanical ice thickness H,,, and age of basal ice x;. To investigate either effect we
perform two sensitivity experiments for the profile 20170240. Our first run corresponds to our standard model run (STD) we
have been discussing so far, i.e. it uses six or seven IRHs tracked and DFO2006+AICC2012 as the timescale. The timescale
provides the information of the age of the IRHs and temporal variations of accumulation rates at DF. The second model run
(RUN II) investigates the impact of different numbers of traced IRHs. In order to extend our available age—depth scale to larger
depth, an extra discontinuous eighth horizon, EH8 with an age of 232.7 ka, is traced (Fig. 2). As this IRH is discontinuous
in the study region, it could not be used reliably on all other profiles. In the third run (RUN III), we analyze how different
timescales influence the modeling result. We use DFGT-2006 to replace DFO2006+AICC2012. DFGT-2006 is the timescale
which reconstruct the age of ice above bed by a 1-D flow model based on the first DF ice core (Parrenin et al., 2007). Since
the temporal variations of accumulation rates below 2503 m (the depth of the first deep ice core) in DFGT-2006 were derived
from marine cores, which are not reliable, we use the temporal variations of accumulation rates below 2503 m from timescale
DFO2006+AICC2012 as a replacement. We use the agescale with the seven IRHs from the standard run.

We provide statistic values of relative percentage difference of shape factor Ap %, accumulation rate Aa, mechanical ice
thickness AH,,, and age of basal ice Ay, along the profile 20170240 between STD and RUN II, STD and RUN III in Table

2, respectively, to quantify the difference between model results from different runs.
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Table 2. Mean value and standard deviation of relative percentage difference between model runs for the profile 20170240.

Axp % Ap % Aa % AH., %

Mean Std.dev. Mean Std.dev. Mean Std.dev. Mean Std. dev.

STD-RUNII  14.58 14.69 12.55 10.07 0.83 0.71 4.35 3.34
STD-RUN III  10.35 10.71 9.07 6.09 3.11 0.18 3.15 0.60

The age of the basal ice and the shape factor are affected severely by an extra IRH with mean Ap % of 12.55 % and mean
Axp % of 14.58 %. In some regions, EH8 has a somewhat different shape with the uppermost seven IRHs and thus largely
changes the inversion of shape factor and thinning function of every 1-D model, which will lead to significant change of age
of basal ice. Between STD and RUN III, the mean relative difference of age of the basal ice and the shape factor are also large
(10.35 % and 9.07 %), they prove the importance of using the most reliable timescale of the ice core. Without the impact of
the EHS, the standard deviation of Ap % and Ay, % are still significant (6.09 % and 10.71 %), which could be relevant to the
changes in subglacial topography.

Ada % between STD and RUN II/RUN III has a mean value of 0.83 % and 3.11 %, respectively, which implies the accumu-
lation rate is almost unaffected by adding an extra IRH and affected more by the timescale. The standard deviation of Aa %
between STD and RUN III is low (0.18 %), proves the relative difference is stable along the profile. So using different temporal
variations of accumulation rates at DF could be the main reason for the difference of modeled accumulation rate between STD
and RUN III. This is, however, not surprising, as accumulation is more influenced by changes in the near-surface regions and
less by changes at large depths (e.g. an additional constraining IRH) (Sutter et al., 2021).

Mean values of the relative change in the mechanical ice thickness A H,,, imply that both the number of IRHs (4.35 %) and
change of agescale (3.15 %) have a comparatively small impact on the deduced mechanical ice thickness, which means that
the mechanical ice thickness obtained from our model is relatively robust compared to other quantities.

We show and analyse the model results for all three runs in Fig. S4 and relative percentage difference of model results

between STD and RUN II/RUN III in Fig. S5.
4.3.3 Comparison of the age—depth scales

Comparing the age—depth distribution at the DF drill of the three model runs (Fig.7), we find that at depths above ~ 2500 m,
the three runs have very similar age—depth scales.

The difference between STD and RUN II/RUN III are much larger below a depth of 2500 m, where STD has an age of basal
ice of 1345.8+494.3 ka, RUN II has an extra layer and a resulting age of the basal ice of 1956.1£716.8 ka, RUN III uses input
from a different timescale and obtains an age of 1933.74+751.9 ka at the ice-bed interface. This comparison shows that both,

the number of IRHs and the agescale, have a significant influence on age of the basal ice.
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Figure 7. Comparison of age—depth scales of three models (solid lines), their uncertainties (shades) and two timescales from the DF ice core

(dashed line). The crosses show the age and depth of IRHs.

Comparing the modeling result of STD and RUN II with their timescale from the DF ice core (DFO2006+AICC2012), we
find that above ~ 2300 m, both modeling results have good correspondence with the timescale. From ~ 2300 m to ~ 2750 m,
only the RUN II agrees with DFO2006+AICC2012. Below ~ 2750 m, modeled age keeps the exponential relation with depth
but the real timescale DFO2006+AICC2012 starts deviating from it. Thus, modeled age has a much larger age gradient in
the same depth range, which leads to an overestimation by a factor of two of the age of basal ice at this case. This implies
deeper IRHs below 2750 m at this case will have a positive impact on the modeling result as they can provide important
real-age constraints for the model. Considering the overestimation we observe at the DF drill, the reliability of our model is
probably overestimated. Whether the inflection point in the age—depth profile is a general feature in the DF region is still an

open question.
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4.3.4 Limitations of radar system

According to the sensitivity study and comparison of age—depth scales, the shape of IRHs (i.e., the accuracy of tracing) and
the depth of IRHs have significant impacts on the modelled age of the ice. However, compared to modern state-of-the-art radar
systems, the data collected with the AWI RES system has a lower resolution of 50 m, which leads to marked errors during
manual IRHs picking and thus lower reliability of modeling results. In addition, although we pick the deepest continuous layer
with an age of 169.1 ka in this study, there is still more than one third of the ice column in the lowermost part that is not dated.
The lack of signal in lowermost part likely originates not only from ice dynamics but also from the limitations of the radar
system. Rodriguez-Morales et al. (2020) showed the comparison of data collected by CReSIS’ UWB radar, NIPR radar and
our AWI’s airborne RES system (600-ns burst) along semicoincident survey trajectories in the DF region. It implied that at the
same depth modern systems would provide not only a higher resolution, but most likely also a deeper detection of continuous
IRHs (Rodriguez-Morales et al., 2020).

Our sensitivity study also shows the correspondence between the age of basal ice and ice thickness, as a crucial input in the
ice-flow model. Accurate ice thickness can improve the reliability of the modeling results. Our radar data was collected with
an incoherent burst radar system, which means hyperbolic effects in signals are strong and affect the accuracy of subglacial
topography. According to Tsutaki et al. (2022), the average difference between ice thickness observed from Japanese radar sys-
tem (with high-gain and high-directivity antennae) and the AWI RES system is —8 m, and the standard deviation is 108 m. The
high standard deviation implies the details of bed topography observed by two radar systems could be significantly different,

which may cause the misalignment in modeling results.

5 Conclusions and perspectives

From the combination of observed internal layer stratigraphy with our 1D ice flow model We draw the following conclusions:

1. We identify four potential candidates for old ice in the DF region: a subglacial mountainous target located around the DF
drill site with a radius of ~ 100 km, ~ 160 km to the north-west of the DF drill, ~ 240 km to the north-west of the DF drill
and ~ 260 km to the south-west of DF drill. At the DF drill site, the age of ice is 841.8 ka and 1034.5 ka at 100 m and 50 m
above the bed, and 1345.8 ka at the ice—bed interface.

2. Modelled basal melt rates vary from O to 8.4 mm a~!, melting being significant ~ 200 km west and 150 km south of
the DF drill. Stagnant ice seems to be present mainly immediately north of NDF and ~ 180 km north-west of the DF drill
stie. It occupies only 8 % of the radar profiles with an average thickness of 95.6 m. The region close to NDF has the most
favorable conditions of a cold bed for holding old ice. There is no stagnant ice at the DF site, the melt rate at the DF drill is
0.1140.37 mm a~—!. Compared to a thickness of stagnant ice of ~ 200 m in the LDC region, the basal thermal condition in
the DF region is warmer. We obtain an average accumulation rate over 720 ka of 0.015-0.038 m a—! ice equivalent in the DF
region and 0.022 m a~—! ice equivalent at the DF drill site.

3. An extra IRH at deeper depth and/or a different timescale significantly affect the model results. This underlines the

importance of using IRHs traced as deep as possible and the most trustworthy timescale to get more reliable model results.
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Regarding our results, the age of basal ice could be overestimated in the DF region because of limitations in the depth of our
IRHs and because of the inability of our model to capture complex thinning phenomena in the basal layer.

Our study still has some limitations which might be considered in future approaches. Our model does not consider horizontal
advection and assumes that the basal sliding ratio is negligible, which are proper assumptions at DF. To improve the reliability
of model results in regions further from DF, a basal sliding term could be added, but it will be difficult to infer at the same
time the mechanical ice thickness, the velocity shape exponent and the sliding ratio. Furthermore, 3-D full stokes model can
lift restrictions, however, there are still challenges for 3-D models, including heavy computation time, complicated boundary
conditions and conjunction between 3-D model and age observations. Moreover, the radar system we use in the study limits
the number, depth and accuracy of the IRHs traced and the resolution of bed topography observed in the radargrams, which
both affect the modeling results. Using ground-based observations from improved radar systems with higher vertical as well as
horizontal resolution in sub-regions of the larger DF area, as were already acquired in the past, will complement the large-scale

results from our study.
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