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Abstract. The recovery of a new Antarctic ice core span-
ning the past ~ 1.5 million years will advance our under-
standing of climate system dynamics during the Quaternary.
Recently, glaciological field surveys have been conducted to
select the most suitable core location near Dome Fuji (DF),
Antarctica. Specifically, ground-based radar-echo soundings
have been used to acquire highly detailed images of bedrock
topography and internal ice layers. In this study, we use a
one-dimensional (1-D) ice-flow model to compute the tem-
poral evolutions of age and temperature, in which the ice flow
is linked with not only transient climate forcing associated
with past glacial-interglacial cycles but also transient basal
melting diagnosed along the evolving temperature profile.
We investigated the influence of ice thickness, accumulation
rate, and geothermal heat flux on the age and temperature
profiles. The model was constrained by the observed tem-
perature and age profiles reconstructed from the DF ice-core
analysis. The results of sensitivity experiments indicate that
ice thickness is the most crucial parameter influencing the
computed age of the ice because it is critical to the history
of basal temperature and basal melting, which can eliminate
old ice. The 1-D model was applied to a 54 km long transect
in the vicinity of DF and compared with radargram data. We
found that the basal age of the ice is mostly controlled by the
local ice thickness, demonstrating the importance of high-
spatial-resolution surveys of bedrock topography for select-
ing ice-core drilling sites.

1 Introduction

Earth’s climate system experienced glacial-interglacial cy-
cles during the Quaternary, associated with the waxing and
waning of continental ice sheets and climate system feed-
backs (e.g., Shakun et al., 2015). Ice cores from the Antarctic
ice sheet have provided fruitful information on past climate
system changes because they can provide continuous recon-
structions of atmospheric compositions and temperature for
up to ~ 800000 years (kyr) (Jouzel et al., 2007; Kawamura
et al., 2017). Such reconstructions have contributed to our
understanding of the climate system dynamics of glacial-
interglacial cycles (e.g., Abe-Ouchi et al., 2013; Obase et al.,
2021). Meanwhile, a stacked sequence of marine sediments
(Lisiecki and Raymo, 2005) indicates that the periodicity
of glacial-interglacial cycles changed from 40 to 100ka at
the middle Pleistocene transition (MPT, approximately 800—
1250ka; Paillard, 2001; Clark et al., 2006). However, con-
tinuous ice-core records that cover the MPT are still lacking,
leading to a limited understanding of the mechanisms of this
climate event. To help remedy this issue, the International
Partnership in Ice Core Sciences (IPICS) has identified the
quest for the “oldest ice core” as a critical scientific chal-
lenge. In this article, we define the term “old ice” as a con-
tinuous ice core with a basal age reaching 1.5 million years
(Myr), as defined in an IPICS community paper (Fischer et
al., 2013).

In recent years, international efforts have been made to
find plausible sites to obtain old ice in several locations in the
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interior of the Antarctic continent. In particular, in EPICA
(European Project for Ice Coring in Antarctica) Dome C
(EDC), glaciological surveys and ice-flow modeling studies
have been used to select the location of suitable sites (Par-
renin et al., 2017; Young et al., 2017; Passalacqua et al.,
2018; Lilien et al., 2021). The present article focuses on
Dome Fuji (DF), Antarctica, which is located at 77.31° S,
39.70° E, with a surface elevation of 3810 m above sea level
and ice thickness of 3028 m. The most recent ice core at
DF was obtained between 2003 and 2006 (Motoyama et al.,
2021). The ice age at the bottom of this core was approxi-
mately 720 kyr based on Antarctic ice-core chronology 2012
(AICC2012; Kawamura et al., 2017; Uemura et al., 2018).
The temperature of the ice was at the pressure melting point
near the bedrock (Motoyama et al., 2021). Recently, field sur-
veys have been conducted to collect bedrock elevation data
near DF using ground and airborne radar surveys. On the
basis of surveys performed by the Japanese Antarctic Re-
search Expedition (JARE) between the late 1980s and 2008,
the results of which are included in Bedmap2 and Bedmap3
datasets (Fretwell et al., 2013; Frémand et al., 2022), the typ-
ical ice thickness around DF is approximately 2000-3200 m
(Fig. 1). Subsequently, the 54th JARE (2012-2013 Antarc-
tic summer) conducted ground-based radar surveys in areas
where subglacial mountains were detected in the area south
of DF (data compiled in Tsutaki et al., 2022). More recently,
the Alfred Wegener Institute (AWI) in Germany conducted
airborne radar surveys covering the DF area (Karlsson et al.,
2018). On the basis of these data, the 59th JARE and 60th
JARE (2017-2018 and 2018-2019 Antarctic summers) con-
ducted ground-based radar surveys to investigate the internal
reflection horizons (internal layers) of ice sheets over a dis-
tance of ~5650km (Tsutaki et al., 2022), covering the DF
and NDF sites (the latter located at 77.8° S, 39.05° E, south
of DF) (Rodrigez-Morales et al., 2020).

To select suitable ice-core drilling sites, the conditions that
are required to preserve old ice using constraints from glacio-
logical and climatological data should be investigated. Pre-
vious ice-flow modeling studies have examined the require-
ments to preserve old ice using both three-dimensional (3-D)
and one-dimensional (1-D) models. Pattyn (2010) used a 3-D
ice-sheet model under present-day constant climate forcing,
and he suggested the importance of minimal horizontal flow
and low geothermal heat flux (GHF) to preserve old ice near
the base of ice sheets. Other studies have used 3-D models
to represent 3-D ice-flow fields and ice age for the relatively
small area near Antarctic domes (Huybrechts et al., 2007,
Seddik et al., 2011; Sun et al., 2014; Passalacqua et al., 2018;
Zhao et al., 2018). These studies estimated the age distribu-
tion of the ice expected from 3-D ice-flow fields under a con-
stant present-day climate. More recent studies used glacial—
interglacial cycle forcing (Sutter et al., 2019, 2021) and dis-
cussed how the past variation of the Antarctic ice sheet af-
fects age distributions of ice.
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One-dimensional vertical ice-flow models have been used
to estimate the vertical profiles of age and temperature near
Antarctic domes, where horizontal flow is relatively minor.
Horizontal surface velocity in the vicinity of DF and NDF
is <2ma~!, and it has minor spatial variations, evidenced
by satellite-based measurements (Rignot et al., 2011, 2017;
Mouginot et al., 2012). Such 1-D models perform well in
long-term forward simulations over glacial cycles and are
able to conduct many simulations with different parameters.
In particular, Fischer et al. (2013) investigated the influence
of a wide range of parameters, including ice thickness, accu-
mulation, and GHF on the basal age of ice. Their key finding
was that melting at the base reduces the likelihood of old ice,
and a lower ice thickness than that at previous ice-core sites
is a required condition to avoid basal melting. Furthermore,
a lower accumulation rate generally contributes to increas-
ing the age of the ice at a certain height from the bedrock
but increases the chance of basal melting owing to the re-
duced vertical advection of cold ice. Other studies used an
equivalent 1-D ice-flow model, investigated the necessary
conditions to keep the ice base frozen (Van Liefferinge and
Pattyn, 2013; Van Liefferinge et al., 2018), and examined
the observed basal conditions of the ice (Passalacqua et al.,
2017). Parrenin et al. (2017) estimated ice-flow parameters
and the basal melting rate using internal layers of the ice near
EDC and proposed candidate sites for old ice. The reason-
able resolution of ice-core-containing climate signals which
can be analyzed with current methods is important. Partic-
ularly, Saito et al. (2020) presented a numerical scheme of
ice advection calculation for an improved representation of
annual layer thickness of the ice and conducted numerical
simulations using idealized glacial cycle forcings.

Simplified factors in previous modeling studies were
the time-dependent climate forcing and temperature profile,
which are critical to basal ice melting. In particular, the basal
temperature of the ice sheet shows a minimum during inter-
glacials because it takes a long time to advect and diffuse sur-
face temperature changes to the base of the ice sheet (Saito
and Abe-Ouchi, 2004; Van Liefferinge et al., 2018). In this
context, the model used in Parrenin et al. (2007) assumed
that basal melting rates were constant over time, and Fischer
et al. (2013) used a pseudo steady-state assumption, i.e., a
constant climate forcing. Parrenin et al. (2017) assumed that
the temporal variations in basal melting rates are the same as
accumulation rates. Some studies (Van Liefferinge and Pat-
tyn, 2013; Passalacqua et al., 2017; Van Liefferinge et al.,
2018) have investigated ice temperature using realistic cli-
mate forcing but did not investigate the resultant impact on
the age of the ice. Similarly, Hondoh et al. (2002) and Talalay
et al. (2020) estimated GHF at DF and other Antarctic domes
based on observed vertical temperature profiles, but the ob-
served age—depth profiles were not used as constraints. The
ice thickness at Antarctic domes also changes with time and
can be up to 150 m thinner during glacial periods when sur-
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Figure 1. (a) Map of Antarctica. The contours (every 500 m) indicate surface elevation, and colors indicate ice thickness, using Bedmap2
(Fretwell et al., 2013). The square indicates the location of the inset shown in (b). (b) Enlarged view near DF (Dome Fuji). The triangle
indicates the location of the DF ice-core site, and the diamond indicates the NDF site.

face mass balance (SMB) is reduced (Saito and Abe-Ouchi,
2010).

Despite the close link between the temperature and age of
ice owing to basal melting, the coupled simulations of ther-
modynamics and age of ice were not represented under tran-
sient climate forcing in previous modeling studies of old ice.
In this study, we use a 1-D ice-flow model, which simulta-
neously computes the evolution of ice temperature and age,
and the model is forced by past climate history. The remain-
der of the article is organized as follows: Sect. 2 describes
the 1-D model used in this study. In Sect. 3, we apply this
model to DF and conduct systematic sensitivity experiments
to calibrate GHF and a tuning parameter of the vertical pro-
file of ice velocity by comparing simulated age and temper-
ature profiles with observations. We also use parameters at
EDC to examine whether the model can simulate temperature
and age profiles under different glaciological conditions. In
Sect. 4, using the results of the tuned vertical velocity param-
eters, we investigate the influences of ice thickness, SMB,
and GHF on the basal temperature and age. In Sect. 5, we
apply the 1-D model to the DF-NDF transect (over a dis-
tance of ~50km ) and compare the results with the internal
layers of the ice.

2 Method
2.1 Model description

We used a 1-D ice-flow model, IcIES-2 (Saito et al., 2020).
This model computes the temporal evolutions of the age and
temperature profiles of ice columns.
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The evolution of the age of the ice is computed using the
vertical advection equation:

dA
ot

0A
=—w_— + 17

%z )

where A is the age of the ice, defined as the duration since
deposition, and w is the vertical velocity of the ice (a posi-
tive value indicates upward velocity). Here, ¢ is a normalized
coordinate defined as ¢ = %, where z is the height above
bedrock, and H is the ice thickness (thus ¢ =1 and O cor-
respond to the ice surface and base, respectively). The first
and second terms on the right-hand side of Eq. (1) represent
the vertical advection and aging owing to the lapse of time,
respectively.

The vertical velocity of the ice is assumed to be repre-
sented as follows:

w(C)=—[<Ms+Mb—%)w(i)—Mb], 2)
where the terms Mg and My, represent surface (positive indi-
cates ice gain) and basal (negative indicates ice melt) mass
balance caused by accumulation and basal melting, respec-
tively, and 83—17 is the change in ice thickness over time. The
normalized vertical velocity profile, w, is given as a func-

tion of the normalized coordinate derived from Parrenin and
Hindmarsh (2007) and Lliboutry (1979):

p+2 1 )
o@)=1-—=(1-0)+——1-0)P", 3
&) erl( ¢) erl( ) 3)
where w is 1 at the surface and O at the base. Hence, in the
case of steady state, % =0, the vertical velocity of the ice
at the surface and base equates to — M and My, respectively.
The shape of @ with different p parameters is demonstrated
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in Fig. 2, indicating that a larger p value yields a larger
downward ice velocity. Compared with Fischer et al. (2013),
who used a different formulation of the vertical velocity pro-
file with an m parameter (similar role to p of this study) of
m = 0.5 (Fig. 2, dashed lines), p =3 from Eq. (3) gives a
different vertical temperature profile, with a smaller vertical
velocity, particularly near the base of the ice.

The temperature of the ice is computed using the following
vertical advection and diffusion equation:

oT oT 1 0 oT
i)

— w— — | Kk —
ot dz  picp 0z 0z

where T is the temperature of the ice [K], k is the ther-
mal conductivity, oy is the ice density, and ¢, is the heat
capacity of the ice. The density of ice is set as a constant
(910kgm™2); i.e., we ignore the effects of lower density in
the firn column. The strain heating term is neglected in the
present study, given that deformation of the ice would be
minor near Antarctic domes because of very low horizontal
shear. The thermal conductivity and specific heat capacity of
the ice are functions of temperature (Greve and Blatter, 2009,
following Ritz, 1987):

K = 9.828¢ 000577 W~ g1, )
cp=(146.3+7.253T)Tkg 'K~ . (©6)

Boundary conditions at the surface and base of the ice are re-
quired to close the equations. At the ice surface, the age is set
as 0, assuming no surface melt, and the temperature is set to
the surface temperature at the given time. The basal boundary
conditions for temperature depend on the basal condition:

oT G
— |p = —— if no melting, @)
0z K
Ty, = Tpm if melting, ®

where G is the geothermal heat flux (GHF) at the ice—
bedrock boundary, and Tpy, is the pressure melting point
of the ice, which is given as a function of depth using a
Clausius—Clapeyron gradient (8.7 x 10~* Km~"). The basal
melting rate at the ice—bedrock interface is determined by the
conservation of heat:

oT

Myp1L =G — x—, &)
0z

where L is the latent heat of the ice (335kJ kg_l), and
%hg is the temperature gradient at the ice—bedrock in-
terface. This model assumes basal melting only occurs at
ice-bedrock interfaces, and the temperature gradient at the
ice—bedrock interface is calculated using a one-sided dif-
ference discretization. The calculated basal melting rate
My, influences the velocity field according to Eq. (2). The
model in the present study forecasts temperature in the
bedrock, and thus the GHF at the ice-bedrock interface
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has temporal variations. The bedrock is 3000 m thick, di-
vided vertically into 17 equal layers; constant physical pa-
rameters are used for the bedrock (density =2700.0kgm™3,
heat capacity =1000.0Jkg=' K~!, and heat conductiv-
ity =3.0Wm~! K~1) used in Parizek and Alley (2004).

We adopted different vertical resolution setups in compu-
tations of the temperature and age of the ice. The ice pro-
file was discretized with 101 even vertical layers for ther-
modynamics; it was discretized with 2661 unevenly spaced
vertical layers (finer near the base to resolve the thin layers
of old ice) for age calculations, which was optimized fol-
lowing Saito et al. (2020). In the typical ice column thick-
ness of 3000 m near DF, the vertical resolution was set to
approximately 20 m near the surface and 20cm near the
bedrock, which is sufficient to resolve paleoclimate informa-
tion (glacial-interglacial annual layer variations) of ~ 1 ka.
We used the rational function-based constrained interpola-
tion profile (RCIP) scheme in the advection equation for the
numerical scheme, as in Saito et al. (2020). One significant
advantage of this scheme is the avoidance of numerical dif-
fusion and ability to reasonably preserve the time derivative
of age, which is critical to the resolution of old ice. We have
tested the sensitivity to the vertical resolution of temperature
calculation and found that using fine vertical resolution leads
to the formation of a temperature inversion layer in the bot-
tom of the ice, which can be a significant error in estimating
basal temperature gradient and basal melting. Therefore, we
set the number of vertical layers of the model for thermo-
dynamics as 100 (each approximately 30 m thick) to prevent
the representation of temperature inversion layers. The time
steps of the calculation of temperature and age were set to
20 years.

3 Model calibration using DF age and temperature
profiles

3.1 Experimental design

This section applies the 1-D model to DF under a realistic cli-
mate history for model calibration and parameter constraint.
Parrenin et al. (2007) determined the p value as ~ 3.7 for
DF, but the chronology of ice older than 335 ka was not es-
tablished at that time; therefore, we revisited DF to deter-
mine the p value covering the entire DF ice-core age—depth
dataset. The glaciological boundary conditions at DF are
summarized in Table 1: we used an ice thickness of 3028 m,
a present-day SMB of 30i.w.e.mma~! (equivalent to 27.3
freshwater mm a~—!, based on Kameda et al., 2008, and Fujita
et al., 2011), and a mean ice surface temperature at present
of —55.5°C. We determined the boundary condition of ice
surface temperature by calibrating the temperature profile
to be consistent with measured temperature profiles of the
top 500 m of the ice, within uncertainty ranges of the obser-
vations. The observed present-day 10 m depth annual mean
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Figure 2. (a) Normalized vertical velocity profiles adopted from Eq. (3) with different p parameters. The dashed black line (HF13) indicates
the vertical velocity profile used in Fischer et al. (2013) with m = 0.5. (b) Enlarged view near the bottom of the ice column (see black

rectangle in a).

snow temperature is —57.3 °C (Kameda et al., 1997), which
was also used in Parrenin et al. (2007). We note that the an-
nual mean surface air temperature (SAT) based on meteoro-
logical observations was —54.4 °C during the period 1995-
1997 (Yamanouchi et al., 2003).

The model was forced by a realistic history of SAT and
SMB. We used local SAT anomalies at DF for the past
715 kyr (Uemura et al., 2018) and the benthic record of ma-
rine oxygen isotope data (Lisiecki and Raymo, 2005) to con-
struct a continuous time series of SAT anomalies during the
last 2 Ma. We applied a simple translation of §'30 to scale
the temperature change at DF by the amplitude of glacial—
interglacial cycles:

ATs =a(B —§130), (10)

where 8'80 is the benthic marine oxygen isotope value [%o];
we set « =4.5 and B = 3.23 to scale the amplitude of the
glacial cycles, which generated a time series of temperature
change over the last 2 Myr, as shown in Fig. 3a. We used past
SMB as a function of temperature anomaly compared with
the present day following Huybrechts and Oerlemans (1990),
which is based on saturation vapor pressure:
Ty Ty T(ref)

Ty (ref) nm]” T¢ (1)

where a(t) and a(ref) represent past and present SMB rates,
respectively; Tp =273.16K is the triple point of water,
and Ty is the atmospheric temperature above the inversion
layer as a function of surface temperature (77 [K]=0.67T;
[K]+ 88.9). From this function, an increase in surface air
temperature of 1°C increases SMB by approximately 7 %
(Fig. 3b). At the Last Glacial Maximum (LGM, approxi-
mately 20 ka), when SAT was 8 °C cooler, the SMB was ap-
proximately 60 % of that of the present day, which is con-
sistent with reconstructions based on the isotopic content of

2
a(t):a(ref)-exp{22.47|: } . (1D
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the ice (Parrenin et al., 2016). This relationship between SAT
and precipitation changes used herein was within uncertain-
ties estimated from observations and climate model simu-
lations, following a summary by IPCC ARG6 (chap. 9.4.2.3;
Fox-Kemper et al., 2021), which used the studies of Brace-
girdle et al. (2020) and Frieler et al. (2015). Although this
relationship is not based on SMB, but rather on precipitation,
herein we assume the precipitation change ratio is the same
as that of the SMB. The other boundary conditions (ice thick-
ness and GHF) were set as constants in the present study.

We used a result of transient simulation obtained by a 3-D
ice-sheet model IcIES, which computes dynamics and ther-
modynamics of ice sheets using the shallow-ice approxima-
tion to simulate past ice thickness history. The experimen-
tal design was similar to that of Saito and Abe-Ouchi (2004,
2010) with some changes; the domain of the 3-D model was
the whole Antarctic continent, and the horizontal resolution
was set to 32km. The spatial distribution of the GHF was
from Martos et al. (2017). The model was initialized using
the present-day condition, and it was forced by the same tem-
perature and SMB changes as those of the 1-D model forcing
for the past 2 Myr (Fig. 3a). The migrations of the grounding
lines were not forecasted; instead the positions of grounding
lines were fixed to the present day. We note that the advance-
ment of grounding lines during glacial periods has a minor
impact on the ice thickness, in particular around the DF re-
gion, compared with the changes in climate forcing (Saito
et al., 2010). We extracted the history of changes in the ice
thickness at DF and EDC, which showed that the ice thick-
ness was reduced by ~ 200 m during glacial periods, mainly
because of reduced SMB (Fig. 3c¢).

Using this set of boundary conditions, we conducted simu-
lations with different GHFs (50-70 mW m~2) to calibrate the
model with observed values at the DF ice core. We used the
depth—age profile of the DF ice core, which was constructed

The Cryosphere, 17, 2543-2562, 2023
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Figure 3. Glacial cycle forcing used in the present study. (a) Sur-
face air temperature (SAT) anomaly from the present day for the
last 2 Myr. (b) Relationship between SAT anomaly and precipita-
tion ratio. The black line corresponds to the relationship used in the
present study; the gray shading indicates a 4 %-9 % increase per
degree, summarized in Fox-Kemper et al. (2021). (¢) Ice thickness
anomaly at DF from a 3-D ice-sheet model in the present study.

by orbital tuning of a gas record above ~ 2500 m and match-
ing the AICC2012 chronology below that depth (Kawamura
et al., 2017). We also used the measured depth—temperature
profiles from the JARES54 surveys conducted during the
2012-2013 Antarctic summer (Buizert et al., 2021). The
model was initialized with the conditions of 2 Myr, where the
initial age and temperature were set to 0 years and —10 °C,
respectively, for the entire ice column. All experiments were
integrated for 2 Myr to reach the present day; therefore, the
age of any ice older than 2 Myr did not appear in the exper-
iments. These simplified initial conditions generated unreal-
istic temperature fields in the early stage of the simulation,
but realistic glacial cycle forcing prevailed over the entire ice
column within approximately 100 kyr. Therefore, we mainly
analyzed the results of the last 1.5 Myr, which is sufficient
to discuss old ice in this study. Furthermore, we also applied
this model to the conditions at EDC to check whether the
model could simulate the observed temperature and age pro-
files at this location (Table 1).

The Cryosphere, 17, 2543-2562, 2023

We also conducted three sensitivity experiments to inves-
tigate the impacts of the p parameters, uncertainty in the am-
plitude of past temperature changes, and inclusion of past ice
thickness changes, respectively. We found that p =3 gave
one good age profile when compared with the ice-core data;
hence, we set p =3 as the reference in Sect. 3. The uncer-
tainty in the past temperature change was based on a study
that proposed that the temperature change at the LGM in inte-
rior regions of the East Antarctic ice sheet was less than pre-
viously estimated (Buizert et al., 2021). We conducted a set
of experiments where SAT anomalies were set to 0 %, 25 %,
50 %, and 75 % of the standard experiments, while keeping
changes in SMB the same.

3.2 Results for DF

In Fig. 4, the simulated temperature profiles at Oka (end of
the simulations) with different GHFs under the same p value
(p = 3) are compared with observations (Fig. 4a). The close-
up of the bottom 120 m of the ice column is shown in Fig. 4b;
the basal temperature was well below melting point with a
GHF of 54 and 56 mW m~2, and at the melting point, the
GHF >58 mW m~2. Compared with the observed tempera-
ture profile (Fig. 4, black lines), the simulated temperature
near the ice base was colder by approximately 1°C. In all
simulations, the simulated temperature profiles were gener-
ally colder than observed temperature profiles, especially in
the middle of the ice columns (Fig. 4a). The generally colder
temperature of the ice may have several explanations. One
is related to the pressure melting point of the ice. We used
a pressure melting point of ice that depended only on local
pressure, but there is also a dependence on the impurities and
air content of the ice (e.g., Parrenin et al., 2017; Passalacqua
et al., 2017). A second explanation is related to the uncer-
tainty in vertical velocity of the ice parameterized with p be-
cause a larger vertical advection contributes to a colder ice
temperature.

The time series of simulated basal ice melting rates over
the last 500 kyr show that there have been significant tempo-
ral changes in these rates over time (Fig. 5a). With a GHF of
54 mW m~2, the temperature at the ice base has been below
the melting point through the last 500 kyr. In contrast, in the
case of a GHF of 56 mW m™2, the basal melting rate is zero
at Oka, while the maximum basal melting rate of 1 mm a~!
occurs at the later stages of interglacial periods (e.g., 100 ka).
This temporal variation in basal melting rate is caused by
glacial cycle forcing in SAT and SMB, and minimum basal
melting tends to occur at the end of glacial periods as it lags
SAT. This result is broadly consistent with previous studies
(Saito and Abe-Ouchi, 2004; Van Liefferinge et al., 2018)
in that colder ice, which accumulated during glacial maxi-
mums, advects towards the ice base owing to an increased
SMB during interglacials. A larger GHF (> 60 mW m™~2) re-
sults in basal melting occurring most of the time, with an
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Table 1. List of parameters used in Sect. 3. Ice thickness (DF and EDC), surface mass balance rate, and surface temperature at EDC come
from Parrenin et al. (2007); surface mass balance rate at DF comes from Kameda et al. (2008) and Fujita et al. (2011); surface temperature
at DF is calibrated in this study and is within previously observed ranges (Kameda et al., 1997; Yamanouchi et al., 2003).

Parameters DF EDC
Ice thickness [m] 3028 3233
Surface mass balance rate [i.w.e. mm a_l] 30.0 28.4
Surface temperature [°C] —55.5 —=54.65
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Figure 4. Simulated vertical temperature profiles under the DF configuration (Table 1) with different geothermal heat fluxes (GHFs; units are
mW m_z). (a) Simulated temperature profiles at O ka (end of the simulation) from the surface to the base. (b) Close-up of (a) for the bottom
120 m of the ice column. The black lines represent the measured temperature profiles, and the black circles in (b) indicate the location of
data points, while the colored crosses in (b) represent the model grid points.

increase in the basal melting rate of approximately 1 mma~!

for every 5mW m~2 increase in GHF.

The simulated age profiles of the present day are compared
with the ice-core-based profiles in Fig. 6a. With a small GHF
(54 mW m~2) where basal melting does not occur, the ice
age at the ice-bedrock interface is >1.5Ma. In contrast, if
basal melting occurs, the ice age at the ice—bedrock inter-
face can be much younger: for example, 761 or 620 kyr for a
GHEF of 60 or 62mW m~2, respectively. The result obtained
with a GHF of 60 mW m~2 exhibits the closest fit to the data
in terms of the age of ice at the base of the ice column. In
this article, we define the “resolution of age” (kyrm~!) as
the inverse of annual layer thickness as an indicator of suf-
ficient resolution for the chemical and isotopic contents of
the ice (Lilien et al., 2021). In Fig. 6b, the resolution of old
ice is compared with the actual DF ice core. The model re-
sults largely reproduced the glacial-interglacial contrasts in
annual layer thickness caused by the temporal variations of
SMB at this locality. The observed resolution of age was ap-
proximately 0.5-1 kyr m~! near the base of the ice core, and
the model results using a GHF of 60 mW m™? reproduced
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similar values. Furthermore, in a scenario with no significant
basal melting, the annual layer thickness of 1.5 Myr ice is
approximately 0.1 mm because 1.5 Myr ice appears directly
above the bedrock (Fig. 6b, dark blue lines). In accordance
with the results described above, a larger GHF tends to re-
sult in a higher basal melting rate and younger age of ice at
the base of the column. One critical point is that an excessive
GHF (i.e., an increase of the order of 2mW m~2) can have a
considerable effect on the age of the ice and the likelihood of
old ice.

3.3 Results for EDC

We also applied this model using the conditions at EDC to
enable performance checks at an additional location. We used
the parameters listed in Table 1 and conducted sensitivity ex-
periments with different GHFs. For the vertical velocity pro-
file, we used p = 2.3 following Parrenin et al. (2007). The
model generally resulted in colder temperatures compared
with observations, similar to that found at DF (Fig. 7). We
note that the pressure melting point of the ice depended only

The Cryosphere, 17, 2543-2562, 2023
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Figure 5. Time series of the simulated basal melting rates of the last 500 kyr under the DF and EDC configurations (Table 1) with different

geothermal heat fluxes (GHFs; units are mW m72).
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Figure 6. Simulated vertical ice age profiles under the DF configuration (Table 1) with different geothermal heat fluxes (GHFs; units are
mW mfz). (a) Vertical age profiles at present (Oka). The black line represents the reconstructed depth—age profile based on the AICC2012
chronology (Kawamura et al., 2017). The circles indicate the bottom of the ice. (b) Vertical resolution of ice age, calculated by the central

difference using the simulated vertical age profiles of (a).

on local pressure in Fig. 7, but several studies have consid-
ered the pressure melting point of the ice as a function of
the pressure and air content of the ice, which has shown that
the basal temperature is at the pressure melting point (Buiz-
ert et al., 2021). Modeling using a GHF of 56 mW m~2 gave
a basal ice age of approximately 800 kyr (Fig. 8a), which is
similar to the value (802 kyr) presented in Veres et al. (2013),
and the resolution of age closely fits the chronology esti-
mated from the ice-core analysis (Fig. 8b). One important re-
sult is that the threshold of the GHF that allows basal melting
is 4mW m~2 lower at EDC compared with DF. This lower
GHF can be attributed to the combination of larger ice thick-

The Cryosphere, 17, 2543-2562, 2023

ness, smaller SMB, and higher SAT at the present day. The
estimated GHF at EDC is smaller than that given by Parrenin
et al. (2017), who estimated it to be 60 mW m~2. This dif-
ference can be attributed to the difference in the history of
basal melting or the application of past climate history de-
rived from DF to EDC. The results from the application of
our model to EDC suggest that it may be applicable to differ-
ent glaciological conditions, particularly different ice thick-
nesses and SMBs.
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3.4 Sensitivity to vertical velocity profiles, temperature
amplitudes, and ice thickness changes

Next, we evaluated the sensitivity of the temperature and
age profiles to different vertical velocity profiles, tempera-
ture amplitudes, and ice thickness changes over glacial cy-
cles. In Fig. 9, results using different p values under an iden-
tical GHF (60 mW m~2) are compared. A larger p value in-
duced a lower basal melting rate because of a larger vertical
velocity and downward advection of cold ice from the sur-
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face, although this only had a minor impact on the tempera-
ture profile. The simulated age profiles indicate that a larger
p value induces a younger age of ice at mid-depths within
the ice column (Fig. 9b), which is also a result of a larger
vertical velocity. The age of the ice at the base of the column
was approximately 800 kyr in all five of the variable p-value
simulations, partly because of the compensating effects of
greater advection and less basal melting.

The results using DF conditions with different amplitudes
of temperature change but constant GHF and p parameters

The Cryosphere, 17, 2543-2562, 2023
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Figure 9. Results of the DF configuration (Table 1) with different p parameters. (a) Simulated temperature profiles at present (0 ka) from the
surface to the base. (b) Vertical age profiles at present (0 ka). (c) Time series of basal melting rates over the last 500 kyr. A geothermal heat

flux of 60 mW m~2 is adopted in these experiments.

(GHF =60 mW m~2 and p = 3) are summarized in Fig. 10.
Here, we changed the « value in Eq. (10) (1 is the control
case). In the smallest-amplitude experiment (o = 0), the tem-
perature was set to the interglacial level and did not change in
time. Note that the SMB variation was the same in all sensi-
tivity experiments. The control experiments exhibited colder
ice temperatures near the middle of the ice column compared
with observations, and this cold bias was reduced when a
smaller temperature amplitude over the glacial cycles was
used (Fig. 10a), broadly consistent with Buizert et al. (2021).
A smaller amplitude of the glacial cycle resulted in a younger
age of ice at the bottom of the ice column (Fig. 10b) because
of larger basal melting rates (Fig. 10c). This is because the
mean temperature over the glacial cycles increases if the tem-
perature amplitude of glacial-interglacial cycles is reduced.
The results using a fixed surface temperature (dTs = 0.0) cor-
responded to the same present-day SAT for the last 2 Myr,
which induced basal melting of ~ 1.5mma~! during most of
this time. A slight fluctuation in basal melting still occurred
owing to time-dependent SMB.

The results without ice thickness changes did not impact
temperature profiles in the present day (Fig. 11a) but im-
pacted the history of basal melting (Fig. 11c). The mean basal
melting rates at constant GHF can be reduced if ice thick-
ness changes are included because the reduced ice thickness
during glacial periods decreases the pressure melting point.
Moreover, the inclusion of ice thickness changes affects the
phase of basal melting rates because it reflects the reduction
in ice thickness and pressure melting point at the base of the
ice during glacials. The minimum in basal melting during
the last glacial cycle occurs at the end of the LGM in the
control experiment; in contrast, it occurs in the present day
in the scenario with no ice thickness change. The absence
of ice thickness changes results in larger mean basal melting
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rates and a younger age of ice at the base of the ice column
(Fig. 11b). These results suggest that the basal melting rate
in the past can be larger than the present-day rate.

3.5 Summary of Sect. 3

On the basis of the results described in this section,
we conclude that using a combination of p=3 and
GHF =60 mW m~2 gives reasonable temperature and age
profiles. Therefore, we decided to use these values as cali-
brated parameters for the DF region; this was performed for
the following reasons. Later in the article, we investigate the
possibility of old ice in the DF region using different param-
eters of ice thickness and GHF because glaciological surveys
have suggested that there are spatial variations in these pa-
rameters (e.g., Carson et al., 2014). Hence, obtaining pre-
cise tuning at one specific DF location is unnecessary. In this
study, we calibrated the GHF under a vertical velocity pro-
file of p = 3, but calibrating the model with the combination
of an uncertain GHF and vertical velocity profile is possi-
ble. According to the age profile, the results with p = 3 may
not necessarily be the best because the simulated age pro-
file tends to underestimate the age of ice, particularly 500 m
above the bedrock. Therefore, we do not state that a GHF of
60 mW m~?2 is a single best estimate for the DF location com-
pared with previous estimates (Burton-Johnson et al., 2020;
Talalay et al., 2021) because there were assumptions made
in the vertical velocity profiles and experimental design of
this study. Furthermore, the calibrated GHF has some de-
pendence on the uncertainty in temperature and ice thickness
changes over the glacial cycles.
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Figure 10. Results of the DF configuration (Table 1) with different temperature amplitudes over glacial cycles in Eq. (10). A combination of
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Figure 11. Results of the DF configuration (Table 1) with and without ice thickness changes in the past. A combination of p =3 and
GHF =60 mW m~2 is adopted in these experiments. (a) Simulated temperature profiles at present (0 ka) from the surface to the base. (b)
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4 Sensitivity studies using various parameters around

DF

4.1 Experimental design

This section investigates the impact of the three parameters,
ice thickness, SMB, and GHF, which may have spatial vari-
ations in the DF region. We investigated a range of ice thick-
nesses between 2000 and 3200 m, based on an ice thickness
map of the area around DF (Fig. 1). We used a present-day
SMB range of 25-35i.w.e.mma~'. There is large uncer-
tainty in GHF; we adopted a range of 50-70 mW m~2. The
list of experiments is given in Table 2. Other aspects of the
experimental design are the same as in Sect. 3.
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4.2 Results

In Fig. 12a, the relative effects of ice thickness and GHF
on basal temperature are compared using a constant SMB
(30mma~!). As in Sect. 3, we used an ice thickness of
3028 m, which is comparable to that at DF, and a GHF for
basal melting of 60 mW m~2. On the basis of the gradient of
contours in Fig. 12a, an increase in ice thickness of 100 m
has a comparable impact on the basal temperature as does an
increase in GHF of 2mW m~2. In Fig. 12b, the relative ef-
fects of ice thickness and SMB are compared using a constant
GHF (60 mW m~2). A larger SMB results in a colder temper-
ature; a 10 % change in GHF leads to a ~4 °C change in the
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Table 2. List of experiments in Sect. 4.
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Variable

Parameter range

Ice thickness [m]

Present-day SMB rate [i.w.e. mm afl]

GHF [mW m 2]

2000-3200, every 100
25-35, every 1
50-70, every 2

basal temperature, while a 10 % change in SMB leads to a
~1°C change. These results are generally consistent with
those of Fischer et al. (2013) and suggest that the spatial dis-
tribution of SMB (~ 20 % for the DF area) has a minor im-
pact on the basal temperature compared with that of the ice
thickness.

We further investigated the impact of different ice
thicknesses on age profiles using the climatic conditions
at DF (SMB=230iw.e.mma~!) and a calibrated GHF
(60 mW m~2). Figure 13a shows the simulated age of the ice
at 50 and 100 m above the ice-bedrock interface, which were
used as indicator depths for potential coring sites by Fischer
et al. (2013). The results indicate that the rate of aging of ice
decreases with ice thickness between 2800 and 3200 m ow-
ing to the occurrence of basal melting. Note that the age of
2 Myr is the limit of the experiments, and the results indicate
that the old ice exists 50 m above the bedrock if the ice thick-
ness is thicker than ~ 2100 m. Figure 13b shows the age reso-
lution of the 1.5 Myr ice, indicating that a larger ice thickness
tends to show a finer age resolution. The vertical age profiles
and resolution of ice ages at five selected ice thicknesses with
constant GHF are shown in Fig. 14. According to Fig. 14b,
the expected age resolution of 1.5 Myr ice is approximately
10kyrm~! with an ice thickness of 2800 m and 20 kyrm~!
with a smaller ice thickness of 2200 m.

S Application to the DF-NDF transects
5.1 Experimental design

In this section, we apply the 1-D model to interpret the inter-
nal layers of the ice near DF under idealized boundary con-
ditions. Here, we used the dataset from 17 December 2017
obtained by ground surveys during JARES9 (2017-2018),
which comprises a 54km long transect from DF to NDF
(Fig. 1). The horizontal axis of Fig. 15 indicates the distance
from DF, and the vertical axis indicates the depth from the
surface. The gray shading indicates the reflectivity, which is
an indicator of contours representing ice of the same age.
The bedrock elevation, shown by brown lines, was detected
based on the maximum reflectivity from the base (Tsutaki
et al., 2022). The bedrock elevation was calibrated to match
the observed bedrock elevation at DF. We calculated the 1-
D age and temperature profiles of the ice at approximately
400 m intervals along the transect. We assumed that the ver-
tical profile of vertical velocity could be determined locally
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and that there were no horizontal interactions in temperature
and age in this simulation. The present-day SMB was lin-
early interpolated between DF (30i.w.e.mma~!) and NDF
(25.5i.w.e.mma—!). Note that the estimated SMB at NDF is
13 % smaller than that at DF based on shallow ice cores (Oy-
abu et al., 2023). Because only very limited information on
the spatial distribution of GHF is available, we set a uniform
value of 60 mW m~2 following the discussion in Sect. 3. As
described in Sect. 3, the initial age of the ice was set to 0, the
temperature was set to —10 °C, and the model was integrated
over the last 2 Myr of forcing until it reached the present day
(Fig. 3).

5.2 Results

In Fig. 15, the computed vertical profiles of the age are over-
laid on a radargram using seven selected ages (colored lines),
and the simulated basal temperature is indicated by shading
in the bottom panel. The colored bar below the radargram
indicates the simulated present-day basal temperature. The
simulated distribution of ice age captured large-scale fea-
tures in the black—white contour lines derived from the radar-
gram signal (grayscale color in Fig. 15). The simulated age
contours of 21 kyr (approximately 500 m depth) and 128 kyr
(approximately 1500 m depth) can be traced from DEF, al-
though the deepest horizon corresponding to an age older
than 300kyr is hard to see in this image. Where ice is rel-
atively thick (e.g., 20-25 km from DF), the simulated age of
the ice at the ice—bedrock interface is younger than 700 kyr,
while ice older than 1.5 Myr occurs where the ice is relatively
thin. On the basis of the results shown in Fig. 13b, we note
that thin ice gives a poorer age resolution for the old ice. A
comparison of the simulated ice age and radargram signal
gives an opportunity to examine the validity of the model re-
sults. For example, between 5 and 35 km from DF, the com-
puted 128 kyr contour deviates to shallower levels (by 150 m)
compared with the traced horizon for the age obtained from
the radar measurements, suggesting that the model overesti-
mates the age of the ice near the bedrock in such locations.

6 Discussion

In this study, we used a 1-D ice-flow model, which com-
putes the temporal evolution of age and temperature pro-
files. We used glaciological conditions at DF to tune some
unknown parameters according to the observed temperature
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and age profiles. The results showed that the age profile is
sensitive to the choice of GHF, but one experiment using a
specific combination of GHF and vertical velocity profile ex-
hibited reasonable temperature and age profiles (Figs. 4 and
6). One important result is that the melting rate at the base
of the ice exhibits temporal changes associated with glacial—
interglacial forcing. This is caused by relatively cold ice that
is deposited during glacial periods being pushed towards the
bottom of the ice column by increased SMB and downward
advection during interglacial periods, as shown in previous
studies (e.g., Van Liefferinge et al., 2018). This point is criti-
cal for preserving old ice because basal melting rates during
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past interglacials can be higher than that of the present day
(Fig. 5). Our sensitivity experiments highlighted the relative
effects of ice thickness and GHF, whereby a small GHF ex-
cess above the condition that induces basal melting can re-
sult in a considerable reduction in the age of ice at the ice—
bedrock interface (Fig. 6a). Below, we discuss the limitations
of the interpretations of our results, their relevance to previ-
ous ice-flow modeling studies, and uncertainty factors.

On the basis of data presented in Fig. 6, a GHF of
60mW m~2 sufficiently explains the observed temperature
and age—depth profiles of the DF ice core. However, there is
considerable uncertainty in the estimation of the actual GHF

The Cryosphere, 17, 2543-2562, 2023



2556

(a)

T. Obase et al.: One-dimensional temperature and age modeling near Dome Fuji, Antarctica

3000
— H=2200
— H=2600
2500 | — H=2800 | 1
\ — H=3000
— H=3200| | _
= e
£ 2000 =
8 =
° o
(93 (o
Qo ©
o 1500 1%
o c
Qo o
© =
£ 2
2 1000 13
T 1
500 1
0.05
0 L 17
0 500 1000 1500

Age of ice [kyr BP]

Age of ice [kyr BP]
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value at DF because of some simplifications in the model ex-
periments and limited representations in physics. One point
of difference is that the model tends to give a generally colder
temperature profile compared with the observations (Fig. 4),
which suggests that the model overestimates the GHF thresh-
old of basal freezing. One possible reason for this difference
is that the basal melting of ice can occur within a certain ice
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thickness; the extrapolation of observed temperature profiles
at DF and EDC (Figs. 4 and 7, black lines) shows that the
ice reaches the pressure melting point approximately 30 m
above the bedrock. This feature cannot be simulated in the
model of the present study, which assumes that basal melt-
ing can only occur at the ice—bedrock interface. These rep-
resentations in the physics of basal melting can be improved
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by using enthalpy as a state variable and adopting polyther-
mal ice-sheet models (e.g., Aschwanden et al., 2012). There
is also uncertainty in the parameterization of the conductiv-
ity and heat capacity of the ice. We use these parameters as
a function of temperature, but they can depend on the fab-
ric of the ice, which makes it challenging to estimate them.
Hence, these physical parameters can be a source of uncer-
tainty in estimating GHF and a source of difference from
other studies. Another important factor in the temperature
profiles is the temperature anomaly over glacial cycles, as
a smaller glacial-interglacial temperature change tends to re-
sult in a warmer, more linear temperature profile compared
with the control experiment (Fig. 10a). The surface air tem-
perature change over the last glacial cycle used in this study
is based on deuterium and oxygen isotopes (Uemura et al.,
2018), which exhibit an LGM temperature anomaly of ap-
proximately 8 °C (Fig. 3a). A recent study proposed that the
temperature anomaly at the LGM at DF and EDC was ap-
proximately half of previous estimates based on the observed
temperature profiles and other independent methods (Buiz-
ert et al., 2021). This study is in agreement with Buizert et
al. (2021) in that our control experiment exhibits colder ice
temperatures, especially at mid-depth within the ice column,
and a smaller temperature difference between glacial and in-
terglacial periods improves the modeled temperature profiles
(Fig. 10a). If this is indeed the case, the actual threshold of
the GHF value for basal freezing should be lower than that
used in the control experiment. We also found that if the
temperature anomaly is half that of the control case, a GHF
smaller than the control value (58 mW m—2) gives the closest
age profile. We investigated the sensitivity to ice thickness as
in Fig. 13 and obtained comparable results in terms of the age
near the bottom of the ice column (not shown). These results
indicate that several uncertainties (e.g., climate forcing and
vertical velocity) can affect the temperature and age profiles
under a certain condition, but if we calibrate the GHF with
the DF ice-core age profile as in Sect. 3, we obtain compara-
ble results regarding the sensitivity to ice thickness.

We note that the simulated age of the ice depends on the
shape of the vertical velocity profile of the ice. The formu-
lation of the present study uses a smaller vertical ice veloc-
ity, especially near the base, compared with that used in Fis-
cher et al. (2013). Because the age of the ice is related to the
inverse of the vertical velocity, a different vertical velocity
profile or p parameter can lead to a quantitatively different
result. Moreover, vertical velocity profiles represented by a
single p value are merely one assumption; this formulation
is derived from a solution of an idealized ice-sheet configu-
ration (Lliboutry, 1979), which may not be the case for re-
alistic ice sheets. For example, the observed magnitude of
layer thinning of the DF ice core exhibits a decreasing trend
over the bottom 500 m (Fig. 6). According to analyses of the
DF ice core (Azuma et al., 1999; Saruya et al., 2022) or 3-D
ice-sheet modeling (Seddik et al., 2011), deformation of the
ice or flow regime towards the bottom of the ice is complex,
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suggesting parameterizing vertical velocities is difficult, par-
ticularly near the ice bottom. Improving velocity fields in the
ice-sheet model could be an important issue for future stud-
ies.

We also note that the resolution of 1.5 Myr ice depends
on ice thickness. In particular, Lilien et al. (2021) presented
similar 1-D ice-flow model results from BELDC (Beyond
EPICA Little Dome C, ice thickness of ~2765m) con-
strained by radar-imaged internal layers and estimated the
resolution of 1.5 Myr ice as 194 2kyrm~!. Our results for
EDC conditions (with a small-enough GHF to keep the base
of the ice frozen) have an ice age resolution of approximately
10kam™! (Fig. 8, dark blue lines), which is approximately
half that of Lilien et al. (2021). This difference can be at-
tributed to the combination of model parameters, such as ice
thickness, p of the vertical velocity profile, or SMB history
(3233 m and p = 2.3 in this study), because the two studies
adopted the same formulation of the vertical velocity profile.
According to Figs. 13 and 14, a larger ice thickness leads to a
better resolution of the ice age if the base of the ice remains
frozen throughout time. It is worth mentioning that the ap-
proach to ice thickness is different between our results and
Lilien et al. (2021), which used ice thickness of 2765 m, in-
cluding a basal unit thickness of ~200m and thus an effec-
tive ice thickness of 2565 m. Therefore, the different effective
ice thickness (3233 m for EDC) would be the most critical
factor for the difference of the age resolution of 1.5 Myr ice
when compared with Lilien et al. (2021), who used BELDC
conditions.

Application of the 1-D model to the transect between DF
and NDF provides an opportunity to examine the influence of
spatially varying glaciological conditions (e.g., ice thickness
and GHF) on the age of the ice. The simulated age—depth
distributions with constant GHF but different ice thickness
and SMB exhibit general agreement with observed internal
horizons (Fig. 15). One noticeable model—data discrepancy
occurs at 14-18 km from DF, where the simulated age con-
tours of 128 kyr are ~ 150 m above the isochrone horizons
traced from DF. This model-data discrepancy indicates that
the effects of vertical or horizontal advection (Huybrechts et
al., 2007; Sutter et al., 2021), or spatial variation of GHF may
have contributed to this difference. Although the relative im-
portance of the spatial distributions of GHF, SMB, and hor-
izontal flow is difficult to assess in the present study, we ex-
pect that future glaciological data constraints and model de-
velopments will better constrain these uncertain parameters
and the spatial distribution of old ice. One recently published
present-day SMB from the vicinity of the DF region exhibits
spatial variabilities reflecting surface topographical features
(Van Liefferinge et al., 2021). On the basis of systematic sen-
sitivity experiments (Sect. 4), we have shown that the impact
of SMB on the age of the ice is relatively minor compared
with that of ice thickness, but the small-scale features present
in internal reflection horizons of the ice can be improved by
using the spatial distribution of present-day SMB, and this
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will contribute to the selection of the most suitable drilling
site.

7 Conclusions

We draw the following conclusions from this study.

1. In experiments using the DF configuration, the model
largely reproduced the observed age and temperature
profiles under a calibrated GHF. If the GHF is small
enough to keep the basal temperature below the melting
point, it is expected that ~ 1.5 Myr ice could be present.
According to Figs. 14 and 15, the simulated annual
layer thickness of ~ 1.5 Myr ice is approximately 0.05
to 0.1 mm, which corresponds to 10 to 20kyrm™!. Ac-
cording to IPICS, this is a feasible resolution for analy-
sis with minimized effects of diffusion. This is also true
for EDC, but the threshold of GHF for basal melting is
different because of a different ice thickness and SMB.

2. Under the configuration and range of parameters of the
present study, the ice thickness has a larger impact on
basal melting than does the present-day SMB; an ice
thickness difference of ~ 100 m corresponds to an SMB
difference of 5i.w.e.mma~! (Fig. 12). Near the DF re-
gion, the ice thickness exceeds such a spatial variability,
while SMB does not. Although there is considerable un-
certainty in the spatial distribution of GHF, ice thickness
is suggested to be one of the most critical factors for the
preservation of old ice.

3. The calibrated GHF in this study, which is based on an
ice-core age profile, has uncertainties. The basal melt-
ing rate, which is critical to the age of ice near the bot-
tom of the column, is determined by the thermal condi-
tions. The basal melting exhibits temporal variability as
a result of glacial-interglacial changes in climate, and
the maximum basal melting tends to occur at the end
of interglacials. Thus, the basal melting is influenced
by climate forcing of past temperature and ice thick-
ness changes, which have uncertainties. Furthermore, a
vertical velocity profile parameterized with a uniform
p value can be a source of uncertainty and may have
a limited ability to represent complex ice flow near the
bottom of the ice column.

4. From the simulation of the DF-NDF transect, a small
ice thickness and colder basal temperature are the nec-
essary conditions for the presence of old (~ 1.5 Myr)
ice. However, a small ice thickness contributes to a
coarser resolution of the old ice (small annual layer
thickness), which may make it difficult to extract pale-
oclimate information on glacial-interglacial timescales.
As discussed in Pattyn (2010), ice thickness is found to
be a compromising factor in the selection of a drilling
site.
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5. The simulation along the DF-NDF transect does not re-
produce the depth of the internal layers of the ice corre-
sponding to 128 kyr at some locations (e.g., at distances
5-35km from DF), suggesting a possible error in the
simulated age of ice near the bottom of the ice col-
umn. The simulated age of ice in this area, especially
where there is a large discrepancy between the simu-
lation and radar images, could be caused by uncertain-
ties derived from several assumptions or uncertainty in
the model or methods, including spatial distributions of
GHEF, representation in vertical temperature profile that
depends only on normalized height (DF ice core sug-
gests complex ice flow near its base), representation in
thermodynamics associated with basal melting, or his-
tory of surface temperature changes. Therefore, future
improvements in numerical models and methods would
contribute to better constraining the age of the ice.

A recent compilation of ice thickness data around DF in-
dicates the presence of complex and steep terrain in the
area, with uncertainty in bedrock elevation of >60m (Tsu-
taki et al., 2022), highlighting the necessity of a high-spatial-
resolution survey of bedrock topography. The results from
this study help to support the interpretation of observational
data and the selection of a suitable drilling site.
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