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Abstract. The recovery of a new Antarctic ice core spanning the lastpast ~1.5 million years will
advance our understanding of climate system dynamics during the Quaternary. ReecentRecently,
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 temporal 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 temperature and age profiles
reconstructed from 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 selecting ice-core drilling sites.

1. Introduction

Earth’s climate system experienced glacial-interglacial cycles during the Quaternary,
associated with the waxing and waning of continental ice sheets and climate system feedbacks- (e.q.,
Shakun et al., 2015). Ice cores from the Antarctic ice sheet have provided fruitful information on past
climate system changes—inthe—past because they can provide continuous reconstructions of past
atmospheric compositions and temperature up to ~800 thousand years before the present (ka BP)
(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 100 ka at the
middle Pleistocene transition (MPT, approximately 800—1250 ka BP, Paillard, 2001; Clark et al., 2006).
However, continuous 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 for Ice Core Sciences (IPICS) has identified the quest for an “oldest ice core” as a
eriticathycritical scientific ehallengeschallenge. In this article, we define the term “old ice” as a
continuous ice core with a basal age reaching 1.5 million years (Ma) BP, as defined in a 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 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
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have been used to select the location of the-suitable sites (Parrenin et al., 2017; Young et al., 2017,
Passalacqua et al., 2018; Lilienetal., 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 approximately 720 ka BP 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
surveys have been conducted to collect bedrock elevation data near DF using ground and airborne
radar surveys. On the basis of surveys performed by Japanese Antarctic Research Expeditions (JARE)
stheebetween the late 1980s untHand 2008, the results of which are included in BEDMAP2 datasets
(Fretwell et al., 2013), the typical ice thickness around DF is approximately 2000-3200 m (Fig. 1).
LaterSubsequently, the 54th JARE (2012-2013 Antarctic 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). Based-enrOn the basis of these data,
the 59th and 60th JARE (2017-2018 and 2018-2019 Antarctic summers) conducted ground radar
surveys to investigate the internal layers of ice sheets over an-areal-extenta distance of ~ 505650 km;
(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, H-is-essential-to-rvestigate-the conditions that are
required to preserve old ice using constraints from glaciological and climatological data_should be
investigated. Previous ice-flow modeling studies have examined the requirements 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 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 distribution of the ice expected from
3-D ice flow fields under a constant present-day climate. More recent studies used glacial-interglacial
cycle forcing (Sutter et al., 2019, 2021) and discussed how the past variation of the Antarctic ice sheet
affects ice age distributions.

One-dimensional vertical ice-flow models have been used as 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 <2 m a!, 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
experimentssimulations with different parameters. In particular, Fischer et al. (2013) investigated the
influence of a wide range of parameters, including ice thickness, accumulation, and GHF on the basal
age of ice. FheTheir key finding was that melting at the base reduces the likelihood of old ice:-hence;
a-loweraceumulationrate-, and a lower ice thickness eompared-withthan that at previous ice core sites
areis a required eenditionscondition to avoid basal melting-and-preserve—old. Furthermore, a lower
accumulation rate generally contributes to increasing the age of the ice at a certain height from the
bedrock but increases the chance of basal melting, owing to the reduced 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 basal melting rate using internal layers of the ice near EDC and proposed
candidate sites for old ice. Saito et al. (2020) presented a numerical scheme of ice advection calculation
and conducted numerical simulations using idealized glacial cycle forcings. This contributed to a good
representation of annual layer thickness, which is critical to the occurrence of old ice near the base of
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thean ice column.

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 interglacials because it takes a long time to eenvey-the-trfermation
efadvect and diffuse surface 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. (2007-20617)
assumed that basal melting rates were constant over time, and Fischer et al. (2013) used 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 Pattyn, 2013; Passalacqua et al.,
2017; Van Liefferinge et al., 2018) have investigated ice temperature using realistic climate forcing;
but did not investigate the resultant impact on the age of the ice. Similarly, Hondoh et al. (2002) and
Talalay et al. (2021) estimated GHF at DF and other Antarctic domes based on observed vertical
temperature profiles, but the observed 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 surface 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 thermodynamics and age of ice and-time-dependent-basal-melting-were not
represented under transient climate forcing in previous modeling studies of old ice. In this study, we
use a 1-D ice-flow model, which simultaneously computes the evolution of ice temperature and age,
and the model is forced by past climate history. The remainder of the article is organized as follows:
Section 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 profile of
ice velocity by comparing simulated age and temperature 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 parameters,
we investigate the influences of ice thickness, surface-mass-balanee{SMB),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 distance
of ~ 50 km ) 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.

The evolution of the age of the ice is computed using the vertical advection equation,

Z=wZ+1, (U
where A is the age of the ice, defined as the duration since deposition, and w is the vertical velocity of

the ice (a positive value indicates upward velocity). Here, ¢ is a normalized coordinate defined as { =

%%, where s is the surface elevation, z is the height above bedrock, and H is the ice thickness (thus

¢ = 1 and 0 correspond to the ice surface and base, respectively). The first and second terms on the
right-hand side of Equation (1) represent the vertical advection and aging owing to time-lapse,
respectively.

The vertical velocity of the ice eanis assumed to be represented as:

a
w(@) = = |(Ms + My = 52) () = My ()

Fhewhere the terms Ms and My represent surface (positive indicates ice gain) and basal

(positivenegative |nd|cates ice melt) mass balance caused by accumulation and ablatienbasal melting,

respectlvely and — |s the change in ice thickness over time. The normalized vertical velocity profile,

, 1S glven as a functlon of the normallzed coordlnate felﬂlewngﬂareweas%tudresrwan—lﬂeﬁenngeﬂand

mderived from
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Parrenin and Hindmarsh (2007), and Llibtoury (1979):

0@ =1-E201 -0+ 70— 1 -2 (3)

where w is 1 at the surface and O at the base. Hence, Hwe-assumme-in the case of steady state, 66—1: =0,

the vertical velocity of the ice at the surface and base equates to —Ms and My, respectively. The shape
of w with different p parameters is shewndemonstrated in Fig. 2, indicating that a larger p-value tends
te-tnrduceyields a larger downward ice velocity. Compared with Fischer et al. (2013), in-the-case-of
who used a different formulation of the vertical velocity profile with an m parameter (similar role as p
of this study) of m = 0.5 n-theirstudy-(Fig. 2 dashed lines), p = 3 from Equation (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:

T aT 1 0 aT

=t (). @
wherewhere T is the temperature of the ice [K], « is the thermal conductivity, p, is the ice density, and
¢, is the heat capacity of the ice. The density of ice is set as a constant (910 kg m™?), 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)—TFhe-density-of-ice-is-set-as-a-constant{910-kg-m2),;
+e—we—+gnereeﬁeet&ef—lewer—densaty—u+the—ﬁm—eelempr

L
=9.828e 29 TW m 'K (5)
%—a%3+72%ﬂJMxK*(&

Boundary conditions at the surface and base of the ice are required 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:

aT G . .
. lp = —= if no melting, (57)
Ty = Ty if melting, (68)
where G is the geothermal heat flux (GHF) at the ice-bedrock boundary, and T,,, 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* K m™!). The basal melting rate at the ice—bedrock interface is determined by the
conservation of heat:

Myp,L =G — K— (19)

where L is the latent heat of the ice (335,000 k] kg™?), and 2 P | p 18 the temperature gradient at the ice—

bedrock interface. This model assumes basal melting only occurs at ice—bedrock interfaces, and the
temperature gradient at the ice—bedrock interface is calculated using a eentralone-sided difference
discretization. The calculated basal meltlng rate Mb influences the velocity field accordlng to Equation

present studv forecasts temperature in the bedrock, and thus the GHF at the ice—bedrock interface has

temporal variations. The bedrock is 3000 m thick divided vertically into 17 equal layers; constant
physical parameters are used for the bedrock (density = 2700.0 kg m—3, heat capacity = 1000.0 J
kg 'K™!, and heat conductivity = 3.0 W m'K™).

We adopted different vertical resolution setups in computations of the temperature and age of
the ice. The ice profile was discretized with 101 even vertical layers for thermodynamics; it was
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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 following Saito et al. (2020). In the typical ice
column thickness of 3000 m near DF, the vertical resolution was set to approximately 20 m near the
surface and 20 cm near the bedrock, which is sufficient to resolve paleoclimate information (glacial—
interglacial annual layer variations) of ~1 ka. We used the rational function-based constrained
interpolation 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 diffusion and ability
to reasonably preserve the time derlvatlve of age WhICh IS crltlcal to the resolutlon of oId ice. Ihetlme

ef—tempe#akeseﬂ%aﬂens—m—b&sal—memng—and—#ee%mgWe have tested the senS|t|V|ty 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 bottom 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 thermodynamics 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 climate history for model calibration
and parameter constraintsconstraint. Parrenin et al. (2007) determined the p-value as ~3.7 for DF, but
the chronology of ice older than 335 ka BP was not established at that time; therefore, we revisited DF
to determine 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 30 ice equivalent mm a (equivalent to 27.3 freshwater mm a™*, based on Kameda et al., 2008 and
Fujita et al., 2011)), and =55-5-°C-for-thea 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 observations. The observed present-day 10-m-depth annual mean snow temperature is —57.3 °C
(Kameda et al., 1997), which was also used in Parrenin et al. (2007). We note that the annual mean
surface air temperature (SAT) based on meteorological ebservationobservations was —54.4 °C {during
the period 1995-1997-- (Yamanouchi et al., 2003).

The model was forced by a realistic history of SAT {surface-airtemperature}-and SMB. We
used local SAT anomalies at DF for the past 715 ka BP (Uemura et al., 2018) and the benthic record
of marine oxygen isotope data (Lisiecki and Raymo, 2005) to construct a continuous time series of
SAT anomalies during the last 2 Ma. We applied a simple translation of §80 to scale the temperature
change at DF by the amplitude of glacial—interglacial cycles:

ATs = a(B — 680)—8),  (10)

where 680 is the benthic marine oxygen isotope value [%o]; we set & = 4.5, and 8 = 3.23
to scale the amplitude of the glacial cycles, which generated a time series of temperature change over
the last 2 Ma, 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), as—used—in—paleschmate—3-B
Antarcticice sheetmodeling(Saite-and-Abe-Ouechi-2010).which is based on saturation vapor pressure:

SMB(1) = SMB(ref) exp(22.47 [ — S H A (A1)

where SMB(t) and SMB(ref) represents past and present SMB, respectively. To= 273.16 K is
the triple point of water, and T is the atmospheric temperature above the inversion layer as a function
of surface temperature (T: [K] = 0.67Ts [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, approximately 20 ka BP), when SAT was 8 °C cooler, the SMB was approximately 60% of
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that of the present day-{Fig-—3b};, which is consistent with reconstructions based on the isotopic content
of the ice (Parrenin et al., 2016). This relationship between SAT and precipitation changes used #a-this
stughyherein was within uncertainties estimated from observations and climate model simulations,
following a summary by IPCC ARG -(Chapter 9.4.2.3-; Fox-Kemper et al-., 2021), which used the
studies of Bracegirdle 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 condltlons (ice thlckness and GHF) were set as constants in the
present study He—m

We used a result of tran3|ent S|mulat|on obtalned by a 3- D ice sheet model to simulate past
ice thickness history; we used the 3-D ice sheet model ICIES, which computes dynamics and
thermodynamics of ice sheets using the shallow-ice approximation. The experimental 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 32 km. The spatial
distribution of the GHF was from Martos et al. (2017). The model was initialized using the present-
day condition, and forced by the same temperature and SMB changes as those of the 1-D model forcing
for the past 2 Ma (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 advancement of grounding
lines during glacial periods has a minor impact on the ice thickness, in particular around the DF region,
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 thickness was reduced by ~200 m during
glacial periods, mainly because of reduced SMB (Fig. 3c).

Using this set of boundary conditions, we conducted simulations with different p-valses(1—
5}-and-GHFs (50-6070 mW m) 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 by orbital tuning of a gas record
above ~2500 m, and by matching to the AICC2012 chronology below that depth (Kawamura et al.,
2017). We also used the measured depth—temperature profiles from the JARES4 surveys conducted
during the 2012-2013 Antarctic summer (Buizert et al-., 2021). The model was initialized with the
conditions of 2 Ma BP, where the initial age and temperature were set to 0 years and —10 °C,
respectively, for the entire ice column;respectively. All experiments were integrated for 2 Ma to reach
the present day; therefore, the age of any ice older than 2 Ma did not appear in the experiments. These
simplified initial conditions generated unrealistic temperature fields in the early stage of the simulation,
but realistic glacial cycle forcing prevailed over the entire ice column within approximately 100 ka.
Therefore, we mainly analyzed the results of the last 1.5 Ma, 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 profiles at this location (Table 1).

We also conducted three sensitivity experiments to investigate the impacts of the p parameters,

uncertainty in the amplitude 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 uncertainty in the past temperature change was
based on a study that proposed that the temperature change at the LGM in interior regions of the East
Antarctic ice sheet was less than previously 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.
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Parameters DF EDC

Ice thickness [m] 3028 3233
Surface mass balance [ice equivalent mm a ] 30.0 28.4
Surface temperature [°C] —55.5 —54.65

Table 1: List of parameters used in Sect. 3. Ice thickness (DF and EDC), surface mass balance, and
surface temperature at EDC come from Parrenin et al. (2007); surface mass balance at DF comes from
Kameda et al. (2008) and Fujita et al. (2011); surface temperature at DF is calibrated in this study
butand is within previously observed ranges (Kameda et al., 1997; Yamanouchi et al., 2003).

3.2. Results for DF
In Fig. 4, the simulated temperature profiles at 0 ka (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 iswas well below melting
point with a GHF of 5254 and 56 mW m2, and at the melting point with a GHF > 5658 mW m™2,
Compared with the observed temperature 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 generally colder than observed temperature profiles-especiathy-in-the-middle-of the-icecolumns
{Fig—4a)—, 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 uncertainty in vertical velocity of the ice parameterized with p because a
larger vertical advection contributes to a colder ice temperature.
The time series of simulated basal ice melting rates over the last 500 ka show that there have
been significant temporal changes in these rates over time (Fig. 55a). With a GHF of 5254 mW m 2,
the temperature at the ice base has been below the melting point through the last 500 ka. In contrast,
in the case of a GHF of 5556 mW m2, the basal melting rate is zero at 0 ka, while the maximum basal
melting rate of 1 mm a™* occurs at the endlater stages of interglacial periods (e.g., 100 ka BP). This
variabiitytemporal variation in basal melting rate is caused by glacial=-cycle forcing in SAT and SMB,
and minimum basal melting tends to occur #aat the interglacial-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 maximums, inereased
advectionadvects towards the ice base owing to an increased SMB during interglacials. A larger GHFs
(58-0rGHF (> 60 mW m™2) results in basal meltlng occurring most of the time, with a-an increase in

basal melting rate of approximately 31 mm a” —A—dewnwa@—ﬂewef—ree%aused—by—bas&kmelwg—(as
in Equation 2) compensates for the basa '

mW m~2 increase in GHF.

The simulated age profiles at the present day are compared with the recenstructedice core-
based profiles in Fig. 6a. With a small GHF (5254 mW m™2) where basal melting does not occur, the
ice age at the ice—bedrock interface is > 1.5 Ma. In contrast, if basal melting occurs, the ice age at the
ice-bedrock interface can be much younger; for example, #-s-9806761 or 650620 ka for a GHF of 5560
or 5662 mW m2, respectively. The result obtained with a GHF of 5560 mW m™2 exhibits the closest

fit to the data atleast250-m-abevein terms of the bedrock—-Alarger-GHFtends-to-decrease-age of ice
at the ice-ageowingto-a-higherbasal-meltingratebase of the ice column. In this article, we define the

“resolution of age” (ka m™') as the inverse of annual layer thickness as an indicator of eldsufficient
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 results largely reproduced the
glacial—interglacial contrasts in annual layer thickness caused by the temporal variations of SMB at
the-site-this locality. The observed resolution of age iswas approximately 0.5-1 ka m™* near the base
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of the ice core, and the model results using a GHF of 5560 mW m™2 reproduced similar values.
Furthermore, en-the-basis-of-Fig—6bin a scenario with no S|qn|f|cant basal meltlnq, the annual layer
thickness of 1.5 Ma BP ice is approximately 0.1 mm

melting-poinrt{because 1.5 Ma ice appears directly above the bedrock (Fig. 6b, dark blue lines).

_In accordance with the results described above, a larger GHF tends to result 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 2 mW m™2) can have a considerable effect on the age of the ice

and the likelihood of oId ice. Ne*t—we—evalaate%e—eﬁeets—e#dﬁe#enﬂ%re&l#eleeﬁy—pmﬂles—m

3.3. Results for EDC

We also applied this model teusing the EBE-conditions at EDC to enable performance checks
with-one-differentat an additional location. We used the parameters listed in Table 21 and conducted
sensitivity experiments with different GHFs. For the vertical velocity profile, we used p = 2.3 following
Parrenin et al. (2007). The model generally resuttsresulted in colder temperatures compared with
observations, similar to that found at DF (Fig. 9)}—Fhe—+esults7). We note that the pressure melting
point of the ice depended only on local pressure in Fig. 7, but several studies have considered 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 (Buizert et al., 2021). Modeling using
a GHF of 5156 mW m™? givegave a basal ice age of approximately 990800 ka (Fig. 10a8a), which is
elesesimilar to the value (802 ka) presented in Veres et al. (2013), and the resolution of age closely fits
the chronology estimated from ice-core analysis (Fig. 2668b). One important result is that the threshold

of GHF that allows basal melting is 54 mW m~2 lower at EDC than-at-DF—Thisresult-is-generally

consistentcompared with previous studies (Parrenin et al., 2007; Van Liefferinge et al., 2018). DF.
This lower-thresheld-ef GHF can be attributed to the combination of larger ice thickness, 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 difference can be attributed to the difference in
the history of basal melting, or the application of past climate history derived from DF to EDC. The
results from the application te-EBC-shew-that-of our model producesresults-which-are-consistent-with

observations—for—slighthyto EDC suggest that it may be applicable to different glaciological
parametersconditions, particularly different ice thicknesses and SMBs.

3.4. Sensitivity ef-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, temperature amplitudes, and ice thickness changes over glacial cycles. In Fig. 9,
results using different p-values under an identical GHF (60 mW m™2) are compared. A larger p-value
induced a lower basal melting rate because of a larger vertical velocity and downward advection of
cold ice from the surface, although this only had a minor impact on the temperature 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 ka BP 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 amplitudeamplitudes of temperature

8




387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
| 435
436

changeschange but the-sameconstant GHF and p parameters (same-as-Seet:GHF = 60 mW m 2 and p
= 3:2) are summarized in Fig. 334nterms-of temperature-and-basalmelting rates—Fhe-control- 10. Here
we changed the a-value in Equation 10 (1 is the control case). In the smallest amplitude experiment (a
= 0), the temperature was set to the interglacial level and did not change in time. Note that the SMB
variation was the same in all sensitivity experiments-exhibit. The control experiments exhibited colder
ice temperatures near the middle of the ice column than-compared with observations, and this cold bias
ean-bewas reduced Hwhen a smaller temperature amplitude over the glacial cycles iswas used (Fig.
11a10a), broadly consistent with Buizert et al. (2021). Femperature—amplitude—alse—changesbasal
meltingratesaA smaller amplitude of the glacial cycle eontributes-teresulted in a younger age of ice
at the bottom of the ice column (Fig. 10b) because of larger basal melting rates (Fig. ++b);10c). This

is because the mean temperature over the glacial cycles increases if we-reduce-a-smallerthe temperature
amplitude of glacial-interglacial cycles_is reduced. The results using a fixed surface temperature (dTs
= 0.0) correspondcorresponded to the same present-day SAT for the last 2 Ma, which irducesinduced
basal melting of ~31.5 mm a™* during most of thethis time. A slight fluctuation in basal melting still

eceursoccurred owing to time-dependent SMB.-Ht-ispossible-to-tune-the- GHFas-in-Sect-3-2-assuming
differenttemperature-changes-overthe

The results without ice thickness changes did not impact temperature profiles at the present-
day (Fig. 11a), but impacted the history of basal melting (Fig. 11c). The mean basal melting rates at
constant GHF can be reduced if ice thickness 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 durlnq glacials. The minimum in basal melting during the
last glacial cycle—\A , _occurs
at the end of the LGM in the control experlment in contrast, it occurs at the present -day in the no ice
thickness change scenario. The absence of ice thickness changes results in larger mean basal melting
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 = 5560 mW m2 gives reasonable temperature and age profiles:-therefore. Therefore, we

decided to use these values as calibrated parameters for the DF region-—A/e-use-these-parameters-asa

cahibrated-valuesfor-the- DFregion; this was performed for the following reasons. Later in the article,
we investigate the possibility of old ice in the DF region using different parameters {i-e—spatiathy

variable-of ice thickness and GHF)- because glaciological surveys have suggested that there are spatial
variations in these parameters (e.g., Carson et al., 2013). Hence, obtaining precise tuning at one specific
DF location is unnecessary. Yeln this study, we calibrated the GHF under a vertical velocity profile
of p = 3, but calibrating the model with the combination of an uncertain GHF and vertical velocity
profile is possible. According to the age profile, the results with p = 3 may not necessarily be the best
because the simulated age profile tends to underestimate the age of ice, particularly 500 m above the
bedrock. Therefore, we do not state that thea GHF of 5560 mW m™2 is a single best estimate for the
DF location compared te-thewith 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. AdseFurthermore, the calibrated GHF dependshas some dependence on ehoser-SAF
seenartothe uncertainty in temperature and ice thickness changes over the glacial cycles.

4. Sensitivity studies using various parameters around DF
4.1. Experimental design

This section investigates the impact of the ether-three parameters, ice thickness, SMB, and
GHF, which may have spatial variations in the DF region. We investigated a range of ice thicknesses
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between 2000 and 3200 m, based on an ice thickness map of the area around DF (Fig. 1). We used a
present-day SMB rangesrange of 25-35 ice equivalent mm a 1. There is large uncertainty 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.

Variable Parameter range
Ice thickness [m] 2000-3200, every 100
Present-day SMB [ice equivalent mm a!] 25-35, every 1
GHF -[mW m?] 50-70, every 2

Table 2: List of experiments in Sect. 4.

4.2. Results

In Fig. 12a, the relative effects of ice thickness and GHF on basal temperature are compared,
using the-samea constant SMB (30 mm a%). As in Sect. 3, we used an ice thickness of 3028 m, which
is comparable to that at DF, and a threshold-of-GHF for basal melting of 5560 mW m™2. On the basis
of the gradient of contours in Fig. 12a, an increase in ice thickness byof 100 m has a comparable impact
on the basal temperature as does an increase in GHF byof 2 mW m™. In Fig. 12b, the relative effects
of ice thickness and SMB are compared using the-samea constant GHF (5560 mW m™2). A larger SMB
results in a colder temperature; a 10% change in GHF leads to a ~4 °C change in the basal temperature,
while a 10% change in SMB leads to a ~1 °C change. These results are generally consistent with those
byof Fischer et al. (2013)-We-nete), and suggest that the spatial distribution of SMB_(~20% for the
DF area) has a minor impact 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 = 30 ice equivalent mm a*) and a calibrated GHF (5560 mW m™).
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 rapidhy-decreases with depthice thickness between 29602800 and 31663200
m owing to the occurrence of basal melting. Note that the age of 2 Ma BP is the limit of the experiments,
and the results indicate that the old ice exists 50 m above the bedrock if the ice thickness is thicker
than ~2100 m. Figure 13b shows the age resolution of the 1.5 Ma BP ice, indicating that a larger ice
thickness tends to show a finer age resolution. The vertical age profiles and resolution of ice ages at
threefive selected ice thicknesses (2200,2600,—and-3000-m)-with the-same-GHGconstant GHF are
shown in Fig. 14. Zlihe—Accorqu to Figure 14b, the expected age resolutlon of 1.5 Ma ice is
approximately 10— ka m* with an ice thickness of 2800 m, and 20 ka m™* with a smaller ice thickness
of 2200 m.

5. Application to the DF-NDF transects
5.1. Experimental design

In this section, we apply the 1-D model to interpret the internal layers of the ice near DF-the
structure-of-which-was_under idealized boundary conditions. Here, we used the dataset from 17"
December, 2017 obtained by ground surveys during JARES9 (2017-2018)—Here—we-use-the-dataset
from-17""December—2017,), which comprises a 54 km--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 vertical profile of vertical
velocity could be determined locally-using-Equatien-1, and that there were no horizontal interactions
in temperature and age in this simulation. The present-day SMB was linearly interpolated between DF
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(30 ice equivalent mm a ) and NDF (25.5 ice equivalent mm a1). As-there-wasNote that the estimated
SMB at NDF is 13% smaller than that at DF based on shallow ice cores (Oyabu et al., 2023). Because
only very limited information regardingon the spatial distribution of GHF is available, we set a uniform
value of 5560 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 set to —10 °C, and the model was integrated over the last 2 Ma of
forcing until it reached the present day (Fig. 3).

5.2. Results

In Fig. 15, the computed vertical profiles of the age are overlaid 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 features in the black—white contour lines derived
from the radargram signal (grayscale color in Fig. 15). The simulated age contours of 21 ka BP
(approximately 500 m depth) and 128 ka BP (approximately 1500 m depth) can be traced from DF,
although the deepest layer corresponding to an age older than 300 ka BP is hard to see in this image.
Where ice is relatively thick (e.g., 20-25 km from DF), the simulated age of the ice at the ice—bedrock
interface is younger than 700 ka BP, while ice older than 1.5 Ma BP 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-the radargram signal gives an opportunity
to examine the validity of the model results. For example, between 5 and 35 km from DF, the computed
128 ka BP contour deviates to shallower levels (by 150 m-frem) compared with the tracked layer for
the age obtained from the radar measurements, suggesting that the model overestimates 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 computes the temporal evolution of age
and temperature profiles. We used glaciological conditions at DF to tune some unknown parameters
according to the observed temperature 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 exhibited 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 deposited during glacial periods being pushed
towards the bottom of the ice column by increased SMB and downward advection during interglacial
periods, as shown |n previous studies (e. g Van Llefferlnge et al., 2018) This pomt IS crltlcal for
preserving old ice w W
present-day- because basal meltlng rates durlng gJaeral—peHedspast mterqlamals can be mueh—hlgher
than that of the present day (Fig. 5-blue-tnes). Our sensitivity experiments highlighted the relative
effects of ice thickness and GHF, whereby a small GHF excess above the condition that induces basal
melting can result in a considerable reduction in the age of ice at the ice—bedrock interface (Fig. 6a).
Below, we discuss the Hmitationlimitations of the interpretations of our results, their relevance to
previous ice-flow modeling studies, and uncertainty factors.

On the basis of data presented in Fig. 6, thea GHF of 5560 mW 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 value at DF because of some simplifications in the
model experiments 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 threshold of basal freezing. One possible reason for
this difference is that the basal melting of ice can occur within a certain ice thickness; the extrapolation
of observed temperature profiles at DF and EDC (Figs 4 and 97, black lines) shows that the ice reaches
the pressure-melting point approximately 30 m above the bedrock. This feature cannot be simulated in
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the model of the present study, which assumes that basal melting can only occur at the ice—bedrock
interface. These representations in the physics of basal melting can be improved by using enthalpy as
a state variable and adopting polythermal ice sheet models (e.g., Aschwanden et al., 2012). There is
also uncertainty in the parameterization of the conductivity and heat capacity of the ice. We use these
parameters as a function of temperature, but they can depend on the fabric of the ice, which makes it
challenging to estimate them. Hence, these physical parameters can be a source of uncertainty in
estimating GHF, and can be 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 result in a warmer, more linear temperature profile compared with the
control experiment (Fig. 43a10a). The temperature 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 approximately 8 °C (Fig. 3a). A recent study proposed that the temperature anomaly at the
LGM at DF and EDC was abeut-aapproximately half of-the previous estimates based on the observed
temperature profiles and other independent methods (Buizert 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 interglacial
periods improves the modeled temperature profiles (Fig. 43a10a). If this is indeed the case, the actual
threshold of the GHF value for the-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 m2) 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 comparable 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 formulation of the present study hasuses a smaller vertical ice velocity-ef-the-ice,
especially near the base, compared with that used in Fischer et al. (2013). Because the age of the ice is
related to the inverse of the vertical velocity, a different vertical velocity profile or ap 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
configuration (Lliboutry, 1979), which may not be the case for realistic ice-sheet 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 ice
bottom of the ice is complex. Thus, we suggest that both horizontal and vertical ice flow should be
complex-as-weH, which may be difficult to represent-by using the current formulation of vertical
velocity profiles.

We also note that the resolution of 1.5 Ma ice, one indicator of old 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 ~2750 m) constrained by radar-imaged internal layers and
estimated the resolution of 1.5 Ma ice as 19+2 kam™™. In contrast, our results for EDC conditions
have-areselution-of-the-tee-(with a small enough GHF to keep the base of the ice frozen) have an ice
age resolution of approximately 10 ka m™* (Fig. 408, dark blue lines), which is approximately half f
that nof Lilien et al. (2021). This difference can be attributed to the combination of-the 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 tsremains frozen throughout time. Therefore, we-speculate-that-the different ice thickness; -

vatue-or-SMB-histery (3233 m for EDC) would be the most critical factor in the Lilien-etal(2621)
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resolutlon of 1. 5 Ma BP—reelce when compared W|th L|I|en et aI (2021) who used BELDC conditions
(ice thickness of 2750 m).

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 layers (Fig. 15). One noticeable model—
data discrepancy occurs at 14—18 km from DF, where the simulated age contours of 128 ka BP are
~150 m above the observed internal layers 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 iee
%eh&nges—m%gt&e&al—eyeles—@m%e—e%&l—z%@spatlal distribution of GHF may have
contributed to this difference. Although the relative importance of the spatial distributions of GHF,
SMB, and horizontal flow is difficult to assess in the present study, we expect that future glaciological
data constraints and model developments 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 sensitivity 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 layers of the ice can be improved by using the spatial distribution of present-
day SMB, and this 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 eenfiguratiens—-of-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 Ma ice could be present.
sueh-old-iee-existsAccording to Figs 14 and 15, the simulated annual layer thickness of ~1.5 Ma
BP-ice is approximately =0.05 to 0.1 mm, which corresponds to 10 to 20 ka m™*. According to
IPICS, this is a feasible resolution for analysis 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 aan SMB difference of 5 ice equivalent mm a* (Fig. 12). Near the DF region, the

ice thickness has-largerexceeds such a spatial variability-abeve-theseranges, while SMB does not.

FheughAlthough there is considerable uncertainty in the spatial distribution of GHF, ice thickness

is suggested to be one of the most crltlcal factors for the preservation of old i ice.

ehangngeaeeLnﬁ}emﬂgLeanelW}a%e%heeleﬁeeef—liHMerBllThe callbrated GHF in thls studv

which is based on an ice-core age profile, has uncertainties. The basal melting rate, which is critical
to the age of ice near the bottom of the column, is determined by the thermal conditions. 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 thickness 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
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are the necessary conditions for the presence of the-old ice-ef=(~1.5 Ma) 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 paleoclimate information. As discussed in Pattyn (2010), ice
thickness is found to be a compromising factor in the selection of a drilling site.

5. The simulation along the DF-NDF transect does not reproduce the depth of the internal layers of
the ice corresponding to 128 ka BP at some locations (e.g., at distances 5-35 km from DF),
suggesting a possible error in the simulated age of ice near the bottom of the ice column. The
simulated age of ice in this area, especially where there is a large discrepancy between the
simulation and radar images, could be caused by uncertainties derived from several assumptions
or uncertainty in the model or methods, including spatial distributions of GHF, representation in
vertical temperature profile that depends only on normalized altitude (DF ice core suggests
complex ice-flow near its base), representation in thermodynamics associated with basal melting,
or history 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 indicates the presence of complex and steep

terrain in the area, with uncertainty in bedrock elevation of > 60 m (Tsutaki 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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Fig. 1: (a) Map of Antarctica. The contours (every 500 m) indicate-the 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.
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Fig. 2: (@) Normalized vertical velocity profiles adopted from Equation [43] 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)).
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Fig. 3: Glacial cycle forcing used in the present study. (a) Surface air temperature (SAT) anomaly from
the present day for the last 2 Ma. (b) Relationship between SAT anomaly and precipitation ratio. The
black line corresponds to the enerelationship used in the present study; the gray shading indicates a
4% 9% increase per degree, summarized in Fox-Kemper et al. {2021).(2021). (c) Ice thickness
anomaly at DF from a 3-D ice sheet model in the present study.
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983  Fig. 11: Results of the DF configuration (Table 1) with and without ice thickness changes in the past.
984 A combination of p = 3 and GHF = 60 mW m 2 is adopted in these experiments. (a) Simulated
985  temperature profiles at present (0 ka) from the surface to the base. (b) Vertical age profiles at present
986 (0 ka). (c) Basal melting rates of the last 500 ka.
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Fig. 12: Simulated basal temperature at the present day with combinations of ice thickness, geothermal
heat flux, and present-day SMB. (a) Red shading indicates a basal temperature —0.5 2€-°C below the
pressure-melting point. (b) Basal temperature at the present day with GHF = 5560 mW m ™2, The black
star represents the condition at the DF ice core (H = 3028 m, SMB = 30 ice mm a '), with a calibrated
geothermal heat flux (5560 mW m™2).
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Fig. 13: Results with different ice thicknesses: at the DF configuration (SMB = 30 ice equivalent mm
a_'and GHF= 60 mW m). (a) The black and blue lines indicate the simulated ageages of the ice at
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Ma is the limit of the experiments. (b) The vertical axis indicates the resolution of the ice age (kam™)
at 1.5 Ma BP. The crosses indicate that the 1.5 Ma age of ice does not exist under these conditions.
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Fig. 14: Results with different ice thicknesses (2200, 2600, 2800, 3000, and 366063200 m) withand
calibrated geothermal heat flux (60 mW m2) and SMB (55-mW-m%-30 ice equivalent mm a™*) at DF.
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(0 ka). (b) Vertical resolution of the ice age.
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combination of p = 3 and GHF = 60 mW m 2 is adopted in these experiments. The horizontal axis
indicates the distance from DF (km), and the vertical axis indicates the depth from the surface (m).
The gray coloring indicates the reflection intensity from the ground radar surveys, and the color
contours indicate the simulated age of the ice using the 1-D model. The bottom color bar indicates the
simulated basal temperature (relative to the melting point) at the present-day.
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