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Abstract. Obtaining a continuous ice core record to 1.5 million years (Ma), which spans the Mid-Pleistocene Transition (MPT, 

1.2 to 0.7 Ma) is a goal of multiple international efforts in Antarctica. Ice of such age is likely to be highly thinned and located 10 

in warm ice near the bed, conditions which promote diffusion of the stored atmospheric gases. Here, we assess the preservation 

of CO2 and the O2/N2 ratio in the ice sheet between South Pole and Dome A where the NSF Center for Oldest Ice Exploration 

has surveyed with airborne radar. We employ two models: 1) a 1D, steady state ice and heat flow model to calculate the 

temperature and age of ice with respect to depth, and 2) a vertical gas diffusion model for clathrate ice. We analyze the 

preservation of CO2 signals with a period of 40 kyr to match pre-MPT glacial cycles and the preservation of O2/N2 signals 15 

with a period of 20 kyr to match precession cycles. 1.5 Ma ice is lost to basal melt in much of the study area where ice thickness 

exceeds 3000 m. In locations that preserve 1.5 Ma ice, vertical gas diffusion is most sensitive to accumulation rate; high 

accumulation rate sites have more highly thinned old ice, and the steeper gas concentration gradients enhance diffusion. The 

most promising region for recovering 1.5 Ma ice is approximately 400 km from both South Pole and Dome A, a region we 

call the “Foothills,” due to low accumulation rates and moderate ice thickness. CO2 signals lose on average 14 % of their 20 

amplitude, while O2/N2 signals lose on average 95 % for 1.5 Ma ice, suggesting precession cycles may not be identifiable. 

Unknown geothermal heat flow is a large uncertainty for both ice loss from basal melt and gas signal preservation. 

1 Introduction 

Extending the continuous ice core record through the Mid-Pleistocene Transition (MPT) to ~1.5 million years (Ma) is a goal 

of the International Partnership in Ice Core Sciences (Fischer et al., 2013). The MPT is a climatic transition that occurred 25 

between 1.2 and 0.7 Ma during which Earth’s glacial cycles shifted from high frequency (~40 thousand years, kyr), low 

amplitude events to low frequency (~100 kyr), high amplitude events (Head et al., 2008). The MPT has been observed in the 

benthic 𝛿18O record (Figure 1, top), a climate proxy used to estimate global ice volume (Lisiecki and Raymo, 2005); the cycle 

transition was first noted by Shackleton and Opdyke (1976). The mechanisms underlying the MPT are not fully understood 

(Clark et al., 2006; Tziperman and Gildor, 2003; Rial, 2004). The role of a proposed gradual decline in atmospheric CO2 30 

remains an open question (Hönisch et al., 2009; Martin et al., 2024). Atmospheric CO2 concentrations prior to the ice core 
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record limit (0.8 Ma; EPICA, 2004) have been reconstructed using δ11B derived from planktic foraminifera (Bartoli 

et al., 2011; Chalk et al., 2017; de la Vega et al., 2020; Dyez et al., 2018; Guillermic et al., 2022; Henehan et al., 2013; 

Hönisch et al., 2009; Martínez-Botí et al., 2015; Seki et al., 2010). However, this method is limited, providing different results 

based on the species and location and requiring several assumptions. Köhler (2023) suggests that some of these assumptions, 35 

such as equilibrium between atmospheric and equatorial sea surface pCO2, lower estimated surface ocean pH in the Pacific 

than the Atlantic, and assumptions on total alkalinity and dissolved inorganic carbon, may be incorrect by comparing 

reconstructions to a carbon cycle model. Therefore, answering questions regarding atmospheric CO2 concentration’s role in 

the MPT may require direct measurements from an ice core older than 0.8 Ma.  

 40 

 
Figure 1: (Top) Record of benthic δ18O, a proxy for global ice volume, from the LR04 Stack (Lisieki and Raymo, 2005). The MPT 
(top magenta) is the transition from low amplitude, high frequency glacial cycles to high amplitude, low frequency cycles. The ice 
core record of CO2 (middle: Ahn et al., 2012; Bereiter et al., 2015; Lüthi et al., 2008; Indermühle et al., 2000; Siegenthaler et al., 
2005; see National Centers for Environmental Information: Antarctic Ice Cores Revised 800 KYr CO2 Data website for data) does 45 
not cover the full MPT. An extended ice core record of CO2 back to 1.5 Ma may provide insights about the MPT. The O2/N2 ratio in 
the ice core record (bottom red; Bouchet et al., 2023; see Bouchet et al., 2023 for data), which has been observed to follow maximum 
summer insolation at 75° S (bottom grey). This can be used for dating an extended ice core by matching precession cycles in the 
O2/N2 ratio. Time axis is inverted for all plots. 

 50 

The National Science Foundation Center for Oldest Ice Exploration (NSF-COLDEX) is investigating the area between the 

South Pole and Dome A to identify a drill site for a continuous deep ice core reaching 1.5 million years (Young et al., 2025). 

Ice of this age will have thinned significantly, steepening gas concentration gradients. Furthermore, it will have experienced a 

long duration of warm temperatures near the bed, increasing the diffusivity and solubility of the gases. Thus, both steeper 



3 
 

gradients and warmer temperature promote diffusive smoothing in trapped gases that may inhibit recovery of atmospheric gas 55 

records, where 1.5 Ma ice is recovered.  

In this study, we assess the preservation of atmospheric gas signals in 1.5-million-year-old ice. We first model the depth-age 

and temperature profiles in the COLDEX study area and then model the diffusion of CO2 and the O2/N2 ratio. We analyze the 

effects of accumulation rate, ice thickness, surface temperature, and geothermal heat flow (GHF) on gas signal preservation.  

Accumulation rate has opposing effects on gas signal preservation. High accumulation rates advect cold surface temperatures 60 

deeper into the ice column, leading to a cooler temperature profile. On the other hand, high accumulation rates lead to increased 

thinning in near-basal ice layers, where old ice is present, and thus increases gas concentration gradients. Ice thickness also 

has opposing effects on gas signal preservation. Thicker ice columns cause less thinning, allowing for thicker layers and less 

steep gradients in near-basal ice. However, a thick ice column also increases the basal temperature and leads to more basal 

melt, potentially removing the oldest ice. Surface temperature and GHF are boundary conditions for the temperature profile, 65 

so lower values will result in a cooler temperature profile. Moreover, minimizing near-basal temperatures will mitigate the 

basal melt rate, increasing the likelihood that old ice is present.  

We focus on CO2 and the O2/N2 ratio in this study. CO2 is an important paleoclimate parameter (Ahn et al., 2012; Bereiter et 

al., 2015; Lüthi et al., 2008; Indermühle et al., 2000; Siegenthaler et al., 2005). Long-term cooling, often attributed to an 

assumed secular decrease in atmospheric pCO2, is at the heart of many possible explanations for the MPT (Raymo, 1997; 70 

Mudelsee and Schulz, 1997; Berger et al., 1999). The O2/N2 ratio is an important dating tool (Kawamura et al., 2007; Bouchet 

et al., 2023) because it records precession cycles by tracking maximum summer insolation, due to influences on snow 

metamorphism and grain properties in shallow firn (Martinerie et al., 1992; Bender et al., 1994; Bender et al., 1995; Bender 

2002; Kawamura et al., 2007; Fujita et al., 2009; Lipenkov et al., 2011). This is a key method in dating gases in the oldest ice 

cores (Oyabu et al., 2022). Histories of these gases from the current ice core record can be found in Fig. 1.  75 

We build upon the work of Bereiter et al. (2014) where the preservation of CO2 and the O2/N2 ratio is evaluated for an idealized 

ice core location. Here, we similarly evaluate signal preservation using the new information provided by the NSF-COLDEX 

airborne survey (Young et al., 2025). We limit our discussion of CO2 and the O2/N2 ratio to the periods of 40 and 20 kyr, 

respectively, to match pre-MPT glacial cycles for CO2 and precession cycles for the O2/N2 ratio. Bereiter et al. (2014) modeled 

O2/N2 diffusion under two sets of gas parameter values, a “fast set” after Ikeda-Fukazawa et al. (2005) and a “slow set” after 80 

Salamatin et al. (2001). Here, we consider only the “slow set” due to the unrealistic modeling results obtained by Oyabu et al. 

(2021) when using the fast set parameters (Sect. 2.3).  

 

2 Methods 

The diffusive smoothing that atmospheric signals stored in the ice sheet have experienced depends on both the temperature 85 

history of the ice and the gradient in gas concentrations. These parameters are determined by the time-evolving depth-age 
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relationship. In this section, we first describe the study area and data sources for model forcings. We then describe a one-

dimensional, steady-state model of ice and heat flow (Fudge et al., 2019; Firestone et al., 1990; Lliboutry, 1979). This model 

is used to provide the physical parameters for a gas diffusion model (Bereiter et al., 2014). 

2.1 Study area 90 

The COLDEX study area is divided into three regions based loosely on the ice thickness and its variability (Figure 2): 

• Foothills — upstream-most portion of the survey towards Dome A with variable ice thickness that typically ranges 

from ~2500 to ~3000 m. 

• Deep basin — the middle of the survey area where ice thickness typically exceeds ~3000 m. 

• Saddle region — the region upstream from South Pole where ice thickness becomes more moderate, ~2000 m to 95 

~3000 m, and the ice flow diverges. 

The accumulation rates across the study area are inferred from an englacial layer dated to 4.7 ka and given in ice equivalent 

(doi pending at usap-dc.org). Because we use a steady-state model, we scale the inferred accumulation rate for the past 4.7 ka 

to the long-term (past four glacial cycles, 450 ka) average at Dome C using the AICC2012 chronology (Bazin et al., 2013; 

Veres et al., 2013). The average accumulation rate for the past 4.7 ka is 2.9 cm yr-1 and for the past 450 ka is 2.1 cm yr-1. This 100 

gives a factor of 0.72. Figure 8a shows the accumulation rate across the study area. Surface temperatures, which also 

approximate a glacial-cycle average, are interpolated across the region based on the easting from the South Pole, with the 

warmest temperatures, -54 ℃, at the South Pole, cooling linearly to the grid-east to the Dome A foothills, reaching -60 ℃ at 

the end of the study area (Figure 8c). We chose -54 ℃ at the South pole from a rough time weighted average temperature 

between glacial and interglacial periods (Buizert et al., 2021; Kahle et al., 2021) and -60 ℃ at the foothills assuming a 105 

combination of lapse rate from the 800 m elevation gain from the South Pole and warmer northward temperatures. GHF is 

poorly known in the study region because there are no direct measurements. Remotely sensed estimates (Stål et al., 2020; Shen 

et al., 2020; An et al., 2015; Fox-Maule et al., 2005; Martos et al., 2017; Shapiro and Ritzwoller, 2004; Purucker, 2013; Hazzard 

and Richards, 2024) vary widely (e.g. van Liefferinge et al., 2018). Therefore, we assume a uniform GHF across the study 

area and consider a range of values to assess how uncertainty in GHF values may affect near-basal ice age, melt rate, and 110 

signal diffusion. 
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Figure 2: (a) COLDEX study area and sub-regions used for this study, defined loosely on ice thickness (see Young et al., 2025, and 
Bedmap3 for data). White lines indicate flight paths. Grey contour lines represent 100 m elevation change (see REMA v2 for data). 115 
(b) Map of East Antarctica. The red rectangle represents the study area. Contour lines represent 500 m elevation change. 

 

2.2 Temperature and age-depth model 

We use a one-dimensional, steady state ice and heat flow model to calculate the temperature and age of ice with respect to 

depth. The age model is identical to that in Bereiter et al. (2014). The temperature model differs in that we utilize a temperature 120 

dependent thermal conductivity and specific heat capacity, rather than an ice column average. If the basal temperature exceeds 

the pressure melting point, the melt rate is calculated. We choose a steady-state model because the conditions near the base of 

the ice sheet, where the vast majority of diffusion occurs, are relatively insensitive to the transient surface climate forcing. In 

a set of ice flow model runs, glacial-interglacial changes in surface temperature of 8 ℃ results in a difference in basal 

temperature of <0.5 ℃ (Buizert et al., 2021). This model utilizes input parameters of accumulation rate, ice thickness, surface 125 

temperature, GHF, and a parameter for the vertical deformation profile (Lliboutry, 1979). Figure 3a, b, c, and d show an 

example output of this model using forcings of 2 cm yr-1 accumulation rate, 3000 m ice thickness, -60 ℃ surface temperature, 

50 mW m-2 GHF, and a vertical deformation parameter of p = 4. 

The steady heat equation, following Firestone et al. (1990), is solved to obtain the vertical temperature profile: 

𝜕!𝑇
𝜕𝑧! −

𝑤(𝑧)
𝜅

𝜕𝑇
𝜕𝑧 = 0, (1) 130 

where T is temperature, z is height above the bed. The thermal diffusivity is given by κ = "
#$

, where ρ is the constant firn 

column density based on South Pole values (Lilien et al., 2018), c is the temperature-dependent specific heat capacity given 

by Cuffey and Paterson (2010; eq 9.1), and k is the thermal conductivity exponentially fit to the Waite et al. (2006) data as 
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described in the supplementary information of Buizert et al. (2021) (Specific values can be found in the setup_thermal_herc.m 

file in the GitHub repository). w is the vertical velocity as calculated by Parrenin et al. (2007b): 135 

𝑤(𝑧) = −(𝐴 −𝑚)ψ(𝑧) −𝑚, (2) 

ψ(𝑧) = 1 −
𝑝 + 2
𝑝 + 151 −

𝑧
𝐻7 +

1
𝑝 + 151 −

𝑧
𝐻7

%&!
, (3) 

where A is accumulation rate, H is ice thickness, and p is a tuning parameter for vertical deformation (Lliboutry, 1979). The 

deformation parameter is assumed to be 𝑝 = 4 in all scenarios, unless otherwise stated. We include the bedrock in the thermal 

calculation and set the GHF at 7 km below the ice surface. The melt rate, m, is first set at 0 for calculating the temperature 140 

profile. Equation (1) is solved similarly to Firestone et al. (1990) with an integration factor: 

𝐹(𝑧) = 𝑒𝑥𝑝 =−>
𝑤(𝜁)
𝜅

'

(

𝑑𝜁A . (4) 

This gives the following solution: 

𝑇(𝑧) = 𝑇) −
𝑄
𝐾>

1
𝐹(𝜂)

'

*
𝑑𝜂. (5) 

where TS is the surface temperature and Q is GHF. The melt rate is calculated from the excess geothermal heat that the ice 145 

cannot conduct away from the bed. This is calculated iteratively because the melt rate affects the vertical velocity (equation 2) 

and thus the englacial temperature profile. The GHF is equal to the heat conduction through the basal ice and the latent heat 

lost in melting, which we assume is lost as the water flows away from the bed. The example temperature profile in Fig. 3a 

shows how temperature increases roughly linearly with depth approaching the bed as a result of this solution. 

The vertical age profile is found by solving Equations (2) and (3) with the inferred melt rate and integrating the inverse of the 150 

negative vertical velocity: 

𝑎𝑔𝑒(𝑧) = >
−1
w(z+) 𝑑𝑧

+ . (6) 

The example age-depth profile in Fig. 3b shows how the age of ice evolves with depth up to 2 Ma, after which older ice has 

been melted by the warm temperatures shown in Fig. 3a. 

2.3 Gas diffusion model 155 

The gas diffusion model uses the temperature- and age-depth profiles describe above to calculate the rate of diffusion through 

time (Ikeda-Fukazawa et al., 2005; Bereiter et al. 2014). Vertical gas diffusion is modeled as follows: 
∂C,
∂t =

∂
∂z OD,

∂C,
∂z Q ,

(7) 

where Cn is the concentration in the ice of n (CO2 or O2) and Dn is the diffusion coefficient in ice. Gas exchange with 

surrounding ice is calculated according to Ikeda-Fukazawa et al. (2005) and Bereiter et al. (2009). The model does not include 160 

a portion for diffusion in bubbly ice and instead treats the whole ice column as clathrate ice for simplicity. While diffusion 
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does occur within bubbly ice, the time gases spend in the bubble phase is relatively short compared to the timescales of interest 

here (e.g. ice 1000 m below the surface at EDC is ~65 ka, roughly the extent of bubbly ice; Bazin et al., 2013; Veres et al., 

2013). We only simulate the diffusion of O2 because N2 has a permeation coefficient roughly one order of magnitude lower 

than that of O2 (Salamatin et al., 2001). Modeling O2 diffusion is sufficient for modeling the damping of the O2/N2 ratio. 165 

Including N2 diffusion would reduce the smoothing of dO2/N2 from O2 diffusion, provided that the gas concentration gradient 

of N2 has the same sign as O2. This condition is likely met as millennial-scale variable of dO2/N2 and total air content in ice is 

thought to be driven by similar bubble-closure processes. This is supported by empirical data showing dO2/N2 and total air 

content covariance (Fujita et al., 2009; Lipenkov et al., 2011). Thus, this study provides an upper limit on dO2/N2 smoothing 

in ice cores. Note that if O2 and N2 gas concentration gradients were of opposite signs, the effects of their diffusion would be 170 

additive and thus enhance smoothing. 

The concentration of dissolved molecules of gas in pure clathrate ice, Cn, is calculated as follows: 

𝐶- = 𝑍- ⋅ 𝑃-. ⋅ 𝑆-, (8) 

where Zn is the molar fraction of gas n in air enclosed in the clathrate, 𝑃-. is the clathrate dissociation pressure of gas n, and Sn 

is the solubility of gas n. The clathrate dissociation pressure is species and temperature dependent, and has been experimentally 175 

determined (O2: Kuhs et al., 2000; CO2: Miller, 1961).  

𝑙𝑜𝑔/(𝑃-. = 𝑎- −
𝑏-
𝑇 ,

(9) 

where T is the temperature in Kelvin.  

After Bereiter et al. (2014), we use solubility and diffusivity parametrizations from Ahn et al. (2008) and Salamatin et al. 

(2001) for CO2 and O2, respectively. Diffusive smoothing is dependent on the product of diffusivity and solubility: 180 

permeability. Permeability values in clathrate ice are difficult to measure in a lab setting due to their extremely small values, 

so they are instead indirectly estimated based on a model which simulates air fractionation and diffusive smoothing in an ice 

core. The coefficients for CO2 have experimental support at 250 K and are further extrapolated (Ahn et al., 2008). This is the 

only reliable estimate available for CO2 permeability, based on an analysis of refrozen melt water in the Siple Dome ice core; 

however, these estimates have not been independently experimentally verified. Bereiter et al. (2014) modeled O2/N2 diffusion 185 

under two sets of gas parameters, a “fast set” and “slow set.” The “slow set” parameters are derived from empirical fits to ice 

core data (Salamatin et al, 2001). The “fast set” parameters are based purely on molecular dynamics simulations of gas 

diffusion in ice (Ikeda-Fukuzawa et al., 2004). The values for the “fast set” and the “slow-set,” as well as for CO2 permeability, 

can be found in Figure S1 in the Supplement. Oyabu et al. (2021) demonstrates that the “fast set” parameters yield 

unrealistically high rates of smoothing compared to high resolution O2/N2  measurements from the Dome Fuji core (DF1). 190 

Thus, we utilize the “slow set” in this study. For all gases, the permeation coefficients increase as temperature increases, with 

O2 increasing more rapidly than CO2, but their true sensitivity to temperature is not well known.  

Within the gas diffusion model, we calculate the diffusivity as follows:  



8 
 

𝐷-(𝑇) = 𝐷-(	𝑒𝑥𝑝 O−
𝑄-
𝑅 ⋅ 𝑇Q ,

(10) 

where 𝑄- is the activation energy for the diffusion coefficient of molecules of gas n in ice 𝐷-(𝑇), R is the ideal gas constant, 195 

T is the temperature, and 𝐷-( is a specific constant for each gas (Bereiter et al., 2009; Ikeda-Fukazawa et al., 2005). For CO2, 

we calculate solubility as follows: 

𝑆01!(𝑇) = 𝑆01!
( 	𝑒𝑥𝑝 O−

𝐸01!
𝑅 ⋅ 𝑇Q ,

(11) 

where 𝐸01! is the activation energy for the temperature dependent solubility 𝑆01!(𝑇) and 𝑆01!
(  is a specific constant (Bereiter 

et al., 2009). To calculate solubility for O2, we first calculate the permeability: 200 

𝑃1!(𝑇) = a𝑃1!
( 𝑒𝑥𝑝 O−

𝑄2
𝑅 ⋅ 𝑇Qb /𝑃.344

!!(" , (12) 

where 𝑄2  is the activation energy for permeation, 𝑃1!
(  is a specific constant (Salamatin et al., 2001), and 𝑃.344!!("  is the 

dissociation pressure of O2 evaluated at 220 K, as in Equation 9. Solubility is then solved as the quotient of the permeability 

and diffusivity. 

The ice column is partitioned into discrete intervals of 50 kyr of ice age. An ice particle being advected down the ice column 205 

spends 50 kyr in each interval. An average annual layer thickness and average temperature are calculated for each interval. 

Gas concentrations are initialized, and the model simulates diffusion based on the properties of the first 50 kyr interval. Next, 

gas concentrations are saved, and the model physical parameters are updated using the average layer thickness and temperature 

from the next interval. Then, the simulation continues for the next 50 kyr interval. The process iterates until the last interval is 

reached (e.g. Figure 3e and f). 210 

We use a 40 kyr period for CO2 to match the predicted frequency of glacial cycles prior to the MPT and a 20 kyr period for 

the O2/N2 ratio to match precession cycles. To express the amount of signal amplitude lost to diffusion, we define the signal 

damping ratio (SDR) as: 

𝑆𝐷𝑅(𝑎𝑔𝑒) = 1 −
𝑋(𝑎𝑔𝑒)
𝑋(0) , (13) 

where X(age) is the gas signal amplitude at a given age and X(0) is the initial gas signal amplitude. We use an initial amplitude 215 

of 50 ppm for CO2 and 5 ‰ for the O2/N2 ratio. The SDR gives the fraction of gas signal lost at a target age, with higher values 

indicating more diffused gas signals. The SDR for 1.5 Ma will be of most interest in this study as it fully covers the MPT and 

some time prior to it. Figure 3e and f shows how CO2 and O2/N2 ratio concentrations evolve through time given the 

corresponding temperature- and age- depth profiles. CO2 signal amplitudes do not change significantly in this example (Fig. 

3e). O2/N2 ratio signal amplitudes dampen in old ice, particular in ice older than 0.9 Ma (Fig. 3f). 220 
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Figure 3: Example output from models using forcings of 2 cm yr-1 accumulation rate, 3000 m ice thickness, 50 mW m-2 GHF, and -
60 ℃ surface temperature. (a) Temperature and (b) age profile calculated with 1D, steady state model. (c) Age-temoerature 
relationship. (d) Age-layer thickness relationship. (e) CO2 and (f) O2/N2 ratio amplitude evolution through time. SDR represents the 225 
fraction of gas signal lost. In this example, CO2 loses very little signal amplitude, only 3 % as indicated by the SDR. The O2/N2 ratio 
loses much more signal, 80 % by 1.5 Ma, but only begins losing its amplitude around 0.9 Ma. 

 

3 Results 

We conduct three sets of simulations with the gas diffusion model. First, we force the model with physical parameters from 230 

EPICA Dome C to assess whether the existing ice core record can be used to predict the expected diffusion in older records. 

Second, we assess the sensitivity of each gas’s SDR to the four model input parameters to gain an intuition of which forcings 

are most important. Third, we run the model over the NSF-COLDEX study area to understand where old ice may reside in the 

region and where each gas will be best preserved.  

3.1 Diffusion in existing ice core records 235 

To determine the extent to which ice core gas concentration measurements can be used to estimate the expected diffusion of 

atmospheric gases in 1.5 Ma ice, we conduct four model runs. In the first run, we simulate the conditions for EPICA Dome C 

(EDC) and use parameter values from Bereiter et al. (2014) (“EDC” in Table 1). In the second run, we simulate the conditions 

for Dome Fuji with parameters values tuned to fit the age (Uemera et al., 2018) and borehole temperature data (Buizert et al., 

2021) (“DF” in Table 1). We conduct two additional synthetic cases studies. The first synthetic case is an idealized scenario 240 
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where diffusion is limited in 1.5 Ma ice (“Low diffusion” in Table 1). The second case aims to simulate a scenario with higher 

diffusive smoothing (“High diffusion in Table 1). Figure 4 shows how the SDR of CO2 and the O2/N2 ratio evolve for each 

model run. The simulation of CO2 smoothing at EDC yields an SDR of <0.1 % and an O2/N2 SDR of 3 % at 0.8 Ma, the ice 

core record limit. The simulation of CO2 smoothing at Dome F yields an SDR of <0.1 % and an O2/N2 SDR of 2.7 % at 0.75 

Ma, the age limit in the model run. Both the low and high diffusion model runs also produce SDRs for each gas below 10 % 245 

at 0.8 Ma, indicating that gas signal diffusion within the age range of the current ice core record is minimal. However, the SDR 

values between the low and high diffusion model runs diverge after 0.8 Ma, with the high smoothing simulation yielding an 

SDR of 84 % for O2/N2 at 1.5 Ma and the low smoothing simulation yielding an SDR of 45 % at the same age. While 

atmospheric signals are well preserved in the ice sheet to 0.8 Ma, they may be significantly smoothed by 1.5 Ma. The simulated 

smoothing in ice older than 0.8 Ma is driven by extreme layer thinning and warmer temperatures near the bed. It will be 250 

important to consider gas diffusion in older ice despite the lack of diffusion in the current record as orbital scale variations in 

gases in the current ice core record cannot be used to estimate diffusion. 

 

 
Acc. rate (cm yr-

1) 
Ice thickness (m) Surface temp (℃) GHF (mW m-2) p 

EDC 1.82 3153 -60.95 53.3 3.8 

DF 2.1 3032 -58 55 4 

Low diffusion 2 3000 -60 40 4 

High diffusion 4 2700 -60 40 4 

Table 1: Forcing values used to model each scenario to assess how reliable estimates of diffusive smoothing from existing ice core 
gas concentration measurements are. EDC surface temperatures approximate a glacial-cycle average. The SDR from 0 to 1.5 Ma of 255 
each scenario is shown in Fig. 4. 
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Figure 4: SDR for CO2 (dashed) and the O2/N2 ratio (dotted) modeled with EPICA Dome C forcings (green), Dome F forcings 
(magenta), a low diffusion scenario (blue), and a high diffusion scenario (red). The inset shows each case between 0.4 and 0.8 Ma. 

 260 

3.2 SDR sensitivity to input parameters 

Here, we investigate the sensitivity of gas diffusion to four input parameters to the models: accumulation rate, ice thickness, 

surface temperature, and GHF. First, we hold three parameters constant and vary the fourth to gain an intuition for how SDR 

responds to each forcing parameter separately. Parameter values are chosen to keep the melt rate at zero. This ensures that the 

oldest ages are represented in this analysis and not destroyed by basal melt. The parameter values also are different between 265 

the CO2 and the O2/N2 ratio model runs. We consider separate sets of parameters for CO2 and O2/N2 because of the large 

difference in the diffusion rates of CO2 and the O2/N2 ratio. Fixed parameter values for each gas are shown in Table 2. The 

range for each variable parameter is based on the physical properties of the study area. The effects of the parameters are 

interrelated. In other words, the effect of varying accumulation depends on the assumed temperature, ice sheet thickness, and 

GHF. So, this analysis should be considered qualitative. Figures 5 and 6 show CO2 and the O2/N2 ratio SDR sensitivity to input 270 

parameters. 

 

 Acc. rate (cm yr-1) Ice thickness (m) Surface temp. (℃) GHF (mW m-2) 

CO2 5 2800 -60 50 

O2/N2 2  2800 -65 40 

Table 2: Fixed parameter values for sensitivity analysis. We use different parameter values for each gas due to their different levels 
of diffusive smoothing. Values are set to maintain zero melt rate. 
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 275 

The SDR of CO2 increases roughly linearly with accumulation rate, surface temperature, and GHF, and decreases with ice 

thickness. Increasing accumulation yields increased SDR (Figure 5a). Higher accumulation enhances signal smoothing because 

the thinner layers near the bed cause steeper gas concentration gradients. The steep gradients increase diffusion more than the 

decrease in ice temperature from greater vertical advection of cold surface temperatures. Additionally, the relatively steep 

slope in Fig. 5a shows that accumulation rate has the largest impact on CO2 signal preservation.  The effect of surface 280 

temperature and GHF are simpler. Lower values reduce SDR because of colder temperatures and the changes are near linear 

for both (Figure 5c and d). The response to ice thickness is more complex. Thicker ice columns result in lower SDR due to 

thicker layers and shallower gas concentration gradients. However, ice columns larger than ~3000 m have a greater likelihood 

of basal melting, potentially removing old ice. Therefore, the sensitivity in Fig. 5b should not be interpreted to suggest 

maximizing ice thickness will minimize SDR. We explore scenarios with basal melt in more detail in Fig. 7. 285 

 

 
Figure 5: Sensitivity of CO2 SDR to (a) accumulation rate, (b) ice thickness, (c) surface temperature, and (d) GHF. Parameter values 
are chosen to keep the melt rate at zero. 

 290 

The O2/N2 ratio model runs show similar results to those for CO2. The accumulation rate impact on gas concentration gradients 

dominates the impact from colder temperatures (Figure 6a), and its relatively steep slope also shows its importance among the 

forcings. The O2/N2 ratio SDR is mildly more sensitive to GHF, due to higher sensitivity of O2 permeability to temperature 

compared to CO2. Similarly to CO2, minimizing surface temperature and GHF will minimize SDR for the O2/N2 ratio, too 

(Figure 6c and d). Unlike CO2, ice thickness has a relatively weak effect on the O2/N2 ratio SDR. In thicker ice columns, we 295 

find the impact on temperature slightly dominates the impact on gas concentration gradients as demonstrated by the slightly 
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positive slope in Fig. 6b. This arises from a higher sensitivity to temperature in the permeability of O2 compared to CO2. 

However, in shallower ice columns, where temperatures are cooler compared to thicker ice columns, the relatively flat slope 

implies the impacts on temperature and layer thinning are about equal and opposite. The lower dissociation pressure of O2 

compared to CO2 causes more diffusion in the warmer temperatures of thick ice columns. Ice thickness’s weak effect on the 300 

O2/N2 ratio SDR is further highlighted in Fig. 7. 

 

 
Figure 6: Sensitivity of O2/N2 ratio SDR to (a) accumulation rate, (b) ice thickness, (c) surface temperature, and (d) GHF. Parameter 
values are chosen to keep the melt rate at zero. 305 

 

Basal melt is important to consider for SDR and site selection. Under scenarios where basal melt rates are low, about 0.1 mm 

yr-1, ice older than 1.5 Ma is removed but ice of 1.5 Ma age remains. The melting of the older ice, without removing the 1.5 

Ma ice, creates additional vertical space for the 1.5 Ma ice to occupy, thus reducing the thinning. The reduced thinning of 1.5 

Ma ice thus results in improving gas signal preservation. Figure 7 shows SDR values for CO2 and the O2/N2 ratio in 1.5 Ma 310 

ice under varying GHF and ice thickness, with fixed accumulation rates of 3 cm yr-1 and surface temperatures of -60℃. The 

signal preservation enhancing effect of low melt rates is apparent at the boundary between preserved 1.5 Ma ice and melted 

ice, where SDR values are lower by about 5 % (Figure 7). This is most important for CO2 signal preservation, as we see that 

the O2/N2 signals are almost fully damped above 45 mW m-2. However, producing such a low melt rate requires a specific 

range of forcing values in this simplified model, so a site with these conditions is likely rare.  315 
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Figure 7: SDR in 1.5 Ma ice for CO2 (left) and the O2/N2 ratio (right) with varying GHF and ice thickness. Note the different color 
scales. Accumulation rate is fixed at 3 cm yr-1; surface temperature is fixed at -60 ℃. 

 320 

3.3 Atmospheric gas diffusion in the interior of the east Antarctic ice sheet 

The gas diffusion model is now applied to the COLDEX study area (Figure 8). We will first discuss the distribution of old ice 

in each of the three regions – the Saddle Region, the Deep Basin, and the Foothills – then discuss the CO2 and the O2/N2 ratio 

SDRs. The accumulation rate and ice thickness inferred from the airborne radar data (Young et al., 2025) is shown in Fig. 8a 

and b and the surface temperature forcing in Fig. 8c. Estimates of GHF (Stål et al., 2020; Shen et al., 2020; An et al., 2015; 325 

Fox-Maule et al., 2005; Martos et al., 2017; Shapiro and Ritzwoller, 2004; Purucker, 2013; Hazzard et al., 2024) show 

considerable variability and their relative accuracy cannot be assessed; therefore, we use uniform GHF values of 45, 50, and 

55 mW m-2. We consider the near-basal ice age as the age of ice that is 2 % of the ice column’s thickness above the bed (Figure 

8g–i), which is between 40 m and 80 m above the bed in the COLDEX study area. We use the 2 % threshold to facilitate 

comparison among the study area.  330 

The Saddle Region and the Foothills retain old ice, while the Deep Basin has mostly lost the oldest ice to basal melt (Figure 

8g–i). Only in the low GHF scenario does the Deep Basin retain old ice. Figure 8d-f shows how each GHF scenario increases 

the basal melt, particularly in the Deep Basin. It is also important to note that the Saddle Region is downstream from the Deep 

Basin and advection is not considered in our model; we discuss the effects of advection in Sect. 4.1. The Foothills contain the 

oldest ice under all GHF scenarios, but the calculated age is variable due to the considerable variability in ice thickness in the 335 

region.  

We discuss SDR in terms of its value at 1.5 Ma. The lowest CO2 SDR (Figure 8j–l) is in the Foothills and in the Deep Basin 

when there is old ice present. CO2 SDR tends to be higher in the Saddle Region where accumulation rates are higher, consistent 

with the results in Sect. 3.2. The variable ice thickness in the Foothills contributes to variability in CO2 SDR but is not as 
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significant as the variability in ice age. For each GHF scenario, the CO2 SDR varies marginally in the Foothills (~3–10 %) and 340 

varies more significantly in the Saddle Region (~18–30 %).  

The O2/N2 ratio SDR (Figure 8m–o) follows a similar pattern to the CO2 SDR. The lowest O2/N2 ratio SDR is in the Foothills, 

although it is still much higher than the SDR for CO2. Both the Deep Basin and Saddle Region have nearly 100 % SDR. In the 

Deep Basin, this is because of the warm temperatures in the deep ice while in the Saddle Region it is because of the high 

accumulation rate and steep gas concentration gradients in the basal ice. The Foothills is the only region with SDR significantly 345 

below 1, due to the effects of low melt rates as described in Sect. 3.2. Although, there is considerable variability in the SDR 

in the Foothills. 

Uncertainties in GHF have a larger effect on the distribution of old ice compared to the diffusion of gas signals. In the Deep 

Basin, where ice thickness is consistently around or above 3000 m, we see the amount of old ice present changes dramatically 

with different GHF values. At 45 mW m-2, old ice is abundant in the basin, only absent where ice thickness nears 4000 m. 350 

However, at 50 mW m-2 most of the old ice is gone except towards grid-south, and at 55 mW m-2 there is virtually no old ice 

in the basin. Assuming uniform GHF, the oldest ice will be around the South Pole and the Foothills according to the model, 

with the Foothills having better conditions for atmospheric gas signal preservation. Additionally, advection will affect the 

presence of old ice in the Saddle Region, as discussed in Sect. 4.1.  

 355 
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Figure 8: (a) Accumulation rate and (b) ice thickness were measured or inferred with aerial radar, provided by COLDEX. (c) 
Surface temperature is interpolated over the region based on the Easting from the South Pole. Each model output is calculated under 
three GHF scenarios: 45, 50, and 55 mW m-2. (d–e) Basal melt rate and (g–i) the age of near-basal ice (2 % of ice thickness above 
the bed, ~20–40 m) as calculated by the 1D, steady-state ice and heat flow model. (j–l) SDR for CO2 in 1.5 Ma ice; grey points indicate 360 
where 1.5 Ma ice is melted. (m–o) SDR for the O2/N2 ratio in 1.5 Ma. The yellow star represents the South Pole. 
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4 Discussion 

4.1 Impact of Advection 

We have presented 1D results and have not assessed the impact of advection. Advection will be important to consider because 365 

even the slow horizontal velocities in the region, 1-2 m yr-1 in the survey region, imply that 1.5 Ma ice has travelled hundreds 

of kilometers. Unfortunately, modeling SDR for the full study area with flowline models is intractable both because of the 

computational time and the increasing number of assumptions needed to force the model. We note that the gas diffusion model 

can be applied to any ice thinning and temperature scenario and thus is compatible with output from ice flow models as long 

as this information is tracked (e.g. Chung et al., 2024; Parrenin et al., 2025). Consideration of specific ice core sites should 370 

employ flowband models where parameter ranges for the upstream area can be carefully considered. 

The 1D model results are best for gaining qualitative information about the broader regions which are likely to best preserve 

atmospheric gas records. The primary limitation is that small scale variations in forcing parameters, such as bedrock 

topography, can produce results that appear favorable but where advection would have instead significantly imprinted the 

conditions from upstream on the ice at that location. Thus, considering the conditions in the upstream direction is useful for 375 

interpreting the results at any individual location. For example, in our results the model signifies the presence of old ice in the 

Saddle region (Figure 8g–i). However, ice flows from the Foothills, through the Deep Basin, where old ice likely melts away, 

before reaching the Saddle Region. Thus, the Saddle Region is less likely to preserve old ice than the 1D model results may 

suggest.  

4.2 Implications for ice core site selection 380 

The most favorable site conditions for the preservation of gas signals in a deep ice core are where accumulation rates, basal 

melt rates, and surface temperatures are low, and ice thickness is moderate, between ~2500 and ~3000 m. If a location with 

low GHF can be identified, then greater ice thicknesses are preferred because basal melt is avoided and the gas concentration 

gradients are smaller, reducing the amount of diffusion.  

The Deep Basin, due to its large ice thickness, results in too much basal melt, removing the old ice. Even in the low GHF 385 

scenario (45 mW m-2), some of this region experiences basal melt (Figure 8d). We note that if the GHF is unusually low, the 

Deep Basin could provide exceptional preservation conditions; however, geophysical observations supporting such a unique 

combination would be necessary to justify further exploration in this region. In the Saddle Region, accumulation rates are 

relatively high (~6 cm yr-1), steepening gas concentration gradients in the basal ice and increasing signal diffusion. The SDR 

is higher in the Saddle Region than in the Foothills, as seen in Fig. 9. We also note that the ice has flowed across the Deep 390 

Basin, so if melt has removed the old ice in the Deep Basin, it would not be present in the Saddle Region. Thus, both the Deep 

Basin and the Saddle Region are not optimal locations for a deep ice core. While there remains the possibility of finding an 

ice core site in these regions, it would likely require an unusually low GHF in the Deep Basin (e.g. Hazzard et al., 2024) so 

that ice is not removed there. 
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The lower accumulation rates and moderate ice thickness make the Foothills a more promising region for a deep ice core. Old 395 

ice is more common and SDRs are lowest in this region. Within the Foothills, the grid-south portion of the foothills have 

thicker ice columns than the grid-north portion, increasing melt rates and decreasing the old ice present. This leaves the grid-

north foothills as the most promising location (Fig. 9). Even though this is the most promising region, the presence of 1.5 Ma 

ice is variable and should be evaluated at a particular site to ensure its presence. Sites where the melt rate might be low enough, 

but non-zero, to decrease SDR as described in Sect. 3.2 should not be sought, since the narrow range of necessary forcings, 400 

the uncertainties associated with the modeling, and the impact of advection make looking for such a site impractical. 

Our results show that CO2 SDR for 1.5 Ma ice does not exceed 13 % in the grid-north Foothills and averages 5 % given 50 

mW m-2 GHF (Figure 8k). However, the SDR for the O2/N2 ratio in the grid-north Foothills is still high, with a mean value of 

89 % (Figure 8l). There is uncertainty associated with the fraction of gas signal lost to diffusion in the model arising from 

uncertain gas parameter values (see Sect. 4.4). Nonetheless, we still expect that CO2 signals will experience only a small 405 

amount of diffusion, while the O2/N2 ratio will experience significantly more. The difference between the SDR for CO2 and 

the O2/N2 ratio is partly due to the different frequency in the climate record; the SDR for a 20 kyr CO2 signal is 28 % for a 

typical site in the Foothills whereas the 40 kyr SDR is 8 %. Therefore, even though old ice is likely present in the grid-north 

Foothills and CO2 may be well preserved, the damping of precession signals in the O2/N2 ratio from this region may preclude 

dating of the ice core. Measurements of total air content (TAC) may provide another method for dating an old ice core (e.g. 410 

Raynuad et al., 2007), but this method comes with its own complications (Vudayagiri et al., 2025) as climate and elevation 

changes can overprint the insolation signal. Future work could consider how TAC signals may diffuse in old ice. For 1.2 Ma 

ice (when the MPT is thought to have begun; Clark et al., 2006) the SDR for the O2/N2 ratio is lower than at 1.5 Ma (~0.5–0.7 

in the grid-north Foothills), so it may be possible to track precession cycles through the MPT. 

 415 
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Figure 9: CO2 SDR in 1.5 Ma ice under 50 mW m-2 GHF (Fig. 8k) and ice thickness and elevation (Fig. 2a). 

 

4.3 Potential impacts of basal ice units 

The 1D model we use assumes a continuous depth-age relation to the bed; however, radar imaging shows that stratigraphic 420 

layering is lost hundreds of meters above the bed and finds diffuse scattering in portions of the deep ice (Young et al., 2025). 

Work around Dome C suggests there may be basal layers of stagnant ice (Lilien et al., 2021; Chung et al., 2023; 2024), which 

can affect the inferred depth-age relationship. Analysis of the radar data at ice core locations (Mutter and Holschuh, 2025) 

show that the continuous climate record can be preserved at depths with diffuse scattering. We assume that the climate record 

is undisturbed to the bed in this study. However, if instead the basal unit is mechanically decoupled (e.g. Lilien et al., 2021; 425 

Chung et al., 2024), then the thickness of the deforming ice column is less than the total ice thickness. This would result in 

greater layer thinning as well as colder temperatures because the old ice is higher in the ice column.  

 

 
Deforming ice 

thickness (m) 

Basal ice layer 

thickness (m) 

Total ice 

thickness (m) GHF (mW m-2) 
CO2 SDR 

(1.5 Ma) 

O2/N2 SDR 

(1.5 Ma) 

Case 1 (no basal ice) 2700 0 2700 50 5.7 % 92.0 % 

Case 2  

(layer thinning effect) 
2430 270 2700 50 6.3 % 88.1 % 

Case 3 (temperature effect) 2700 300 3000 49.2 5.4 % 89.6 % 
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Table 3: Deforming ice thickness, basal ice layer thickness, total ice thickness, GHF, and SDR at 1.5 Ma for each basal ice layer case. 
Case 1 is a control which simulates a 2700 m deforming ice column. Case 2 simulates the presence of a 270 m basal ice layer to assess 430 
the impact of increased layer thinning from a basal ice layer. Case 3 simulates the presence of a 300 m basal ice layer to assess the 
impact of decreased temperature from a basal ice layer. Each case uses an accumulation rate of 2 cm yr-1 and a surface temperature 
of -60 ℃.  

 

 435 
Figure 10: The temperature (left) and age (right) profiles for each model case. The age profiles of Cases 1 and 3 are the same. Note 
that depth is measured from the surface, not as height above the bed. 

 

To assess the impact of a potential basal ice layer, we perform three model runs and compare their SDRs. Case 1 is the control 

with 2700 m ice thickness, 50 mW m-2 GHF, 2 cm yr-1 accumulation rate, and -60 ℃ surface temperature. Case 2 investigates 440 

the impact of a change in layer thickness while keeping the temperature the same. Case 3 investigates the impact of a change 

in temperature while keeping the layer thickness the same. 

The temperature and age profiles of the three cases are shown in Figure 10. We do not directly incorporate a non-deforming 

basal layer and instead adjust the GHF to simulate its impacts. Case 2 simulates a 10 % (270 m) basal ice layer to assess the 

impact of layer thinning from a non-deforming basal ice layer; we model a thinner ice column (2430 m) but match the Case 1 445 

temperature. Case 3 simulates a 3000 m ice column with the bottom 10 % (300 m) non-deforming to assess the impact of a 

change in ice temperature from a basal ice layer; we model the same thickness (2700 m, so the depth-age profile is the same), 

but match the temperature profile to a model run of Case 1 extended to 3000 m ice thickness (Case 1* in Fig. 10) by reducing 

the GHF. The cases and resulting SDR are summarized in Table 3. 

In Case 2, a thinner deforming ice column increases CO2 SDR and decreases the O2/N2 ratio SDR. This aligns with what we 450 

would expect given the parameter sensitivity analysis in Sect. 3.2 (see Fig. 5b and Fig. 6b). In Case 3, a lower ice temperature 

from the presence of a basal ice layer decreases the CO2 and the O2/N2 ratio SDRs. This also aligns with our expectations since 

the presence of a basal ice layer decreases the ice temperature, reducing diffusion. The difference in SDR for all cases small, 
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so we don’t expect the presence of a basal ice layer to dramatically alter the preservation of gas signals. In each case, CO2 

remains well preserved and the O2/N2 ratio is poorly preserved. 455 

  

4.4 Uncertainties from gas parameters 

We perform sensitivity studies to assess the possible implications of the uncertainty in gas permeation parameters for our 

result. All sensitivity runs use forcing values identical to those in Fig. 3 (2 cm yr-1 accumulation rate, 3000 m ice thickness, 50 

mW m-2 GHF, -60 ℃ surface temperature). Salamatin et al. (2001) report a ±15 % uncertainty for the permeation coefficient 460 

of O2, so we conduct simulations using permeation coefficients that span this range. Ahn et al. (2008) do not provide an 

uncertainty for the permeability of CO2 so we apply the same 15 % uncertainty range. Oyabu et al. (2021) have previously 

demonstrated that O2 permeation values an order of magnitude faster than those we consider here yield unrealistically high 

smoothing compared to O2/N2 measurements from the Dome Fuji core. Those researchers also show that the permeation 

coefficients of Salamatin et al. (2001) yield diffusive smoothing in reasonable agreement with the Dome Fuji measurements, 465 

increasing confidence in our parameterizations. However, the permeation values provided by Salamatin et al. (2001) (the “slow 

set”) are tested over a limited temperature range, and the values given by Ikeda-Fukazawa et al. (2004) (the “fast set”) approach 

the values in the “slow set” at higher temperatures, like those near the bed of the ice sheet. Thus, our use of the “slow set” in 

this study may provide a more conservative estimation of diffusive smoothing of O2/N2. Future ice core measurements may 

improve our understanding of the temperature dependence of these permeation coefficients. Table 4 shows the SDR for each 470 

gas from each model run. Uncertainty in the permeation coefficient of CO2 affects the SDR by <1 %. Uncertainty in the 

permeation coefficient of O2 can change the O2/N2 ratio SDR by about ±5 %. The study area will be affected by this uncertainty 

equally, and so the pattern of where SDR is low will not be altered significantly by these results. The expected SDR we find 

in this study is much more dependent on ice sheet physical properties than the uncertainty in gas permeation. 

 475 

 Control Permeation coefficient +15% (-15%) 

CO2 SDR (1.5 Ma) 2.8 % 3.3 % (2.4 %) 
O2/N2 SDR (1.5 Ma) 80.4 % 84.7 % (75.0 %) 

Table 4: CO2 and O2/N2 ratio SDR based on permeation coefficient uncertainties. Uncertainty ranges based on the uncertainty of 
the permeation coefficient of O2 (Salamatin et al., 2001). All model runs are done with the input forcings shown in Fig. 3. “Control” 
refers to the model run with no alterations to gas parameter values.  

 

5 Conclusions 480 

Gas signal preservation in a 1.5 Ma ice core from the COLDEX study area between South Pole and Dome A was investigated 

using gas diffusion models. We expand on the work of Bereiter et al., (2014) who showed that CO2 variations, but not the 
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O2/N2 ratio, are likely preserved at an idealized location similar to the Little Dome C site that the Beyond EPICA Oldest Ice 

program has recently completed drilling. We find that the conditions most likely to preserve atmospheric gas signals are a low 

accumulation rate, minimal surface temperature, minimal GHF, and moderate ice thickness between 2500 and 3000 m. We 485 

identify the Foothills region, the portion of the study area closest to Dome A, as more likely to preserve atmospheric gas 

records. CO2 signals (with a period of 40 kyr) do not lose more than 13 % of their amplitude in the Foothills compared to up 

to 43 % elsewhere in the study area. The Foothills also better preserve the O2/N2 ratio; however, O2/N2 signal preservation is 

poor with 89 % signal loss on average in the Foothills. The grid north portion of the Foothills has more moderate ice thickness 

and is less likely than the grid south portion to lose old ice to basal melt. 490 

Our analysis focused on four boundary conditions. The accumulation rate is the dominant factor for diffusion: high 

accumulation rates lead to more layer thinning in old ice, resulting in an increased gas concentration gradient and thus more 

diffusion. This outweighs any reduction in diffusion from colder temperatures in the ice column. Thicker ice has a similar 

effect to low accumulation rates by reducing layer thinning. For CO2, this results in better gas preservation; the O2/N2 ratio is 

not as sensitive to this due to a greater effect from higher temperatures in thicker ice columns. However, thicker ice also 495 

promotes basal melting and removal of 1.5 Ma ice. Thus, moderate ice thickness of 2500 m to 3000 m is better with the 

important caveat that thicker ice is better for CO2 preservation if the GHF is low enough to not induce substantial basal melt.  

GHF is the least constrained parameter, introducing large uncertainty in whether 1.5 Ma ice will be preserved. Atmospheric 

gas preservation also has uncertainty due to unknown gas parameter coefficients. We note that gas parameter coefficients will 

affect all areas of the study area similarly, so while the absolute preservation may be uncertain, the relative pattern of 500 

preservation should be consistent. The Foothills region, particularly to the grid north, is the most likely region to preserve 

atmospheric gas records reaching 1.5 Ma and should be explored in more detail to determine whether it is suitable for a deep 

ice core. 

Our results suggest that the recovery of a continuous ice core record back to 1.5 Ma would not experience significant diffusive 

smoothing of CO2 signals, under the recommended conditions. Thus, such an ice core will provide insights into the role CO2 505 

played in the MPT. However, dating such an ice core will likely require a method other than precession cycles apparent in the 

O2/N2 ratio. The O2/N2 ratio diffuses significantly in ice older than 1 Ma, but if high resolution measurements can distinguish 

precession cycles in a damped O2/N2 record, some dating may still be achievable. 

 

Code Availability 510 

Model code is available at https://doi.org/10.5281/zenodo.15347004. We utilized the following MATLAB packages in creating 

figures: Red Blue Colormap (Adam, 2023); Scientific Colour Maps (Crameri, 2019); Antarctic Mapping Tools for MATLAB 

(Greene et al., 2017); The Climate Data Toolbox for MATLAB (Greene et al., 2019); Antarctic Boundaries for IPY 2007-2009 

from Satellite Radar, Version 2 (Mouginot et al., 2017). 



23 
 

 515 

Author Contribution 

MJS and TJF designed the temperature and age-depth model and conducted experimentation and analysis. JDP designed the 

gas diffusion model. SY and DAY created figure 2. SY created figure 9. DAY, SS, DB, and MK contributed to collecting 

accumulation rate and ice thickness data. All authors contributed to editing the manuscript. 

 520 

Competing Interests 

The authors declare that they have no conflict of interest. 

Acknowledgements 

This work was supported by the U.S. National Science Foundation Center for Oldest Ice Exploration (NSF COLDEX), an 

NSF Science and Technology Center (NSF 2019719) and U.S. National Science Foundation Antarctic Glaciology program 525 

(NSF 1851022). Support for M.J. Sailer was provided by National Oceanographic and Atmospheric Administration 

Cooperative Institute for Climate, Ocean, & Ecosystem Studies and NSF COLDEX Research Experience for Undergraduates 

as well at the University of Washington Opportunities in Glacier InVEstigation. We thank the NSF Office of Polar Programs, 

the NSF Office of Integrative Activities, Oregon State University, and University of Washington for financial and 

infrastructure support, and the NSF Antarctic Infrastructure and Logistics Program and the Antarctic Support Contractor for 530 

logistical support. We thank Kenn Borek Air and South Pole Station personnel for their support. 

 

References 

Auton, Adam (2023). Red Blue Colormap (https://www.mathworks.com/matlabcentral/fileexchange/25536-red-blue-

colormap), MATLAB Central File Exchange. Retrieved November 18, 2023. 535 

Ahn, J., Headly, M., Wahlen, M., Brook, E. J., Mayewski, P. A., and Taylor, K. C.: CO2 diffusion in polar ice: observations 

from naturally formed CO2 spikes in the Siple Dome (Antarctica) ice core, J. Glaciol., 54, 685–695, 

https://doi.org/10.3189/002214308786570764, 2008. 

Ahn, J., Brook, E. J., Mitchell, L., Rosen, J., McConnell, J. R., Taylor, K., Etheridge, D., and Rubino, M.: Atmospheric 

CO2 over the last 1000 years: A high-resolution record from the West Antarctic Ice Sheet (WAIS) Divide ice 540 

core, Global Biogeochem. Cycles, 26, https://doi.org/10.1029/2011GB004247, 2012. 



24 
 

An, M., Wiens, D. A., Zhao, Y., Feng, M., Nyblade, A., Kanao, M., Li, Y., Maggi, A., and Lévêque, J. J.: Temperature, 

lithosphere‐asthenosphere boundary, and heat flux beneath the Antarctic Plate inferred from seismic velocities, J. 

Geophys. Res.: Sol. Ea., 120, 8720-8742, https://doi.org/10.1002/2015JB011917, 2015. 

Bartoli, G., Hönisch, B., & Zeebe, R. E.: Atmospheric CO2 decline during the Pliocene intensification of northern hemisphere 545 

glaciations. Paleoceanography, 26, https://doi.org/10.1029/2010PA002055, 2011. 

Bazin, L., Landais, A., Lemieux-Dudon, B., Toyé Mahamadou Kele, H., Veres, D., Parrenin, F., Martinerie, P., Ritz, C., 

Capron, E., Lipenkov, V., Loutre, M.-F., Raynaud, D., Vinther, B., Svensson, A., Rasmussen, S. O., Severi, M., 

Blunier, T., Leuenberger, M., Fischer, H., Masson-Delmotte, V., Chappellaz, J., and Wolff, E.: An optimized multi-

proxy, multi-site Antarctic ice and gas orbital chronology (AICC2012): 120–800 ka, Clim. Past, 9, 1715–1731, 550 

https://doi.org/10.5194/cp-9-1715-2013, 2013. 

Bender, M. L.: Orbital tuning chronology for the Vostok climate record supported by trapped gas composition, Earth Planet 

Sc. Lett., 204, 275-289, https://doi.org/10.1016/S0012-821X(02)00980-9, 2002. 

Bender, M. L., Sowers, T., Barnola, J. M., and Chappellaz, J.: Changes in the O2/N2 ratio of the atmosphere during recent 

decades reflected in the composition of air in the firn at Vostok Station, Antarctica, Geophys. Res. Lett., 21, 189-192, 555 

1994. 

Bender, M., Sowers, T., and Lipenkov, V.: On the concentrations of O2, N2, and Ar in trapped gases from ice cores, J. 

Geophys. Res., 100, 18651–18660, https://doi.org/10.1029/94JD02212, 1995. 

Bereiter, B., Schwander, J., Lüthi, D., and Stocker, T. F.: Change in CO2 concentration and O2/N2 ratio in ice cores due to 

molecular diffusion. Geophys. Res. Lett., 36, https://doi.org/10.1029/2008GL036737, 2009. 560 

Bereiter, B., Fischer, H., Schwander, J., & Stocker, T. F.: Diffusive equilibration of N2, O2 and CO2 mixing ratios in a 1.5-

million-years-old ice core, The Cryosphere, 8, 245-256, https://doi.org/10.5194/tc-8-245-2014, 2014.  

Bereiter, B., Eggleston, S., Schmitt, J., Nehrbass-Ahles, C., Stocker, T. F., Fischer, H., Kipfstuhl, S., and Chappellaz, 

J.: Revision of the EPICA Dome C CO2 record from 800 to 600 kyr before present, Geophys. Res. Lett., 42, 542–

549, https://doi.org/10.1002/2014GL061957, 2015. 565 

Berger, A.: Long-term variations of daily insolation and Quaternary climatic changes. J. Atmos. Sci., 35, 2362-2367, 

https://doi.org/10.1175/1520-0469(1978)035%3C2362:LTVODI%3E2.0.CO;2, 1978. 

Berger, A. and Loutre, M.F.: Insolation values for the climate of the last 10 million years. Quaternary Sci. Rev., 10, 297-317, 

https://doi.org/10.1016/0277-3791(91)90033-Q, 1991. 

Berger, A., Li, X. S., and Loutre, M. F.: Modelling northern hemisphere ice volume over the last 3 Ma. Quaternary Sci. 570 

Rev., 18, 1-11, https://doi.org/10.1016/S0277-3791(98)00033-X, 1999. 

Bouchet, M., Grisart, A., Landais, A., Prié, F., Jacob, R., Fourré, E.: δO2/N2 from EPICA Dome C ice core (Antarctica) (0-

800 ka), PANGAEA [data set], https://doi.org/10.1594/PANGAEA.961025, 2023.  

Bouchet, M., Landais, A., Grisart, A., Parrenin, F., Prié, F., Jacob, R., Fourré, E., Capron, E., Raynaud, D., Lipenkov, V. Y., 

Loutre, M.-F., Extier, T., Svensson, A., Legrain, E., Martinerie, P., Leuenberger, M., Jiang, W., Ritterbusch, F., Lu, 575 



25 
 

Z.-T., and Yang, G.-M.: The Antarctic Ice Core Chronology 2023 (AICC2023) chronological framework and 

associated timescale for the European Project for Ice Coring in Antarctica (EPICA) Dome C ice core, Clim. Past, 19, 

2257–2286, https://doi.org/10.5194/cp-19-2257-2023, 2023. 

Buizert, C., Fudge, T. J., Roberts, W. H., Steig, E. J., Sherriff-Tadano, S., Ritz, C., Lefebvre, E., Edwards, J., Kawamura, K., 

Oyabu, I., Motoyama, H., Kahle, E. C., Jones, T. R., Abe-Ouchi, A., Obase, T., Martin, C., Corr, H., Severinghaus, 580 

J. P., Beaudette, R., Epifanio, J. A., Brook, E. J., Martin, K., Chappellaz, J., Aoki, S., Nakazawa, T., Sowers, T. A., 

Alley, R. B., Ahn, J., Sigl, M., Severi, M., Dunbar, N. W., Svensson, A., Fegyversei, J. M., He, C., Liu, Z., Zhu, J., 

Otto-Bliesner, B. L., Lipenkov, V. Y., Kageyama, M., and Schwander, J.: Antarctic surface temperature and elevation 

during the Last Glacial Maximum, Science, 372, 1097-1101, https://doi.org/10.1126/science.abd2897, 2021. 

Chalk, T. B., Hain, M. P., Foster, G. L., Rohling, E. J., Sexton, P. F., Badger, M. P. S., Cherry, S. G., Hasenfratz, A. P., Haug, 585 

G. H., Jaccard, S. L., Martínez-García, A., Pälike, H., Pancost, R. D., and Wilson, P. A.: Causes of ice age 

intensification across the Mid-Pleistocene Transition, P. Natl. Acad. Sci. U.S.A., 114, 13114–

13119, https://doi.org/10.1073/pnas.1702143114, 2017. 

Chung, A., Parrenin, F., Steinhage, D., Mulvaney, R., Martín, C., Cavitte, M. G. P., Lilien, D. A., Helm, V., Taylor, D., 

Gogineni, P., Ritz, C., Frezzotti, M., O'Neill, C., Miller, H., Dahl-Jensen, D., and Eisen, O.: Stagnant ice and age 590 

modelling in the Dome C region, Antarctica, The Cryosphere, 17, 3461–3483, https://doi.org/10.5194/tc-17-3461-

2023, 2023. 

Clark, P. U., Archer, D., Pollard, D., Blum, J. D., Rial, J. A., Brovkin, V., Mix, A. C., Pisias, N. G., and Roy, M.: The middle 

Pleistocene transition: characteristics, mechanisms, and implications for long-term changes in atmospheric pCO2, 

Quaternary Sci. Rev., 25, 3150-3184, https://doi.org/10.1016/j.quascirev.2006.07.008, 2006. 595 

Crameri, F.: Geodynamic diagnostics, scientific visualisation and StagLab 3.0., Geosci. Model Dev. [code],  

https://doi.org/10.5194%2Fgmd-11-2541-2018, 2018. 

Crameri, F.: Scientific Colour Maps. Zenodo [code], https://zenodo.org/record/1243862, 2019. 

de la Vega, E., Chalk, T. B., Wilson, P. A., Bysani, R. P., and Foster, G. L.: Atmospheric CO2 during the Mid-Piacenzian 

Warm Period and the M2 glaciation, Sci. Rep.-U.K., 10, 11002. https://doi.org/10.1038/s41598-020-67154-8, 2020. 600 

Dyez, K. A., Hönisch, B., and Schmidt, G. A.: Early Pleistocene obliquity-scale pCO2 variability at ∼1.5 million years 

ago. Paleoceanography and Paleoclimatology, 33, 1270–1291, https://doi.org/10.1029/2018PA003349, 2018. 

EPICA community members: Eight glacial cycles from an Antarctic ice core. Nature, 429, 623–628, 

https://doi.org/10.1038/nature02599, 2004. 

Firestone, J., Waddington, E. D., and Cunningham, J.: The potential for basal melting under Summit, Greenland. J. Glaciol., 605 

36, 163-168, https://doi.org/10.3189/S0022143000009400, 2017. 

Fischer, H., Severinghaus, J., Brook, E., Wolff, E., Albert, M., Alemany, O., Arthern, R., Bentley, C., Blankenship, D., 

Chappellaz, J., Creyts, T., Dahl-Jensen, D., Dinn, M., Frezzotti, M., Fujita, S., Gallee, H., Hindmarsh, R., Hudspeth, 

D., Jugie, G., Kawamura, K., Lipenkov, V., Miller, H., Mulvaney, R., Parrenin, F., Pattyn, F., Ritz, C., Schwander, 

https://zenodo.org/record/1243862


26 
 

J., Steinhage, D., van Ommen, T., and Wilhelms, F.: Where to find 1.5 million yr old ice for the IPICS "Oldest-Ice" 610 

ice core, Clim. Past, 9, 2489–2505, https://doi.org/10.5194/cp-9-2489-2013, 2013. 

Fudge, T. J., Biyani, S. C., Clemens‐Sewall, D., and Hawley, R. L.: Constraining geothermal flux at coastal domes of the Ross 

Ice Sheet, Antarctica. Geophys. Res. Lett., 46, 13090-13098, https://doi.org/10.1029/2019GL084332, 2019. 

Fujita, S., Okuyama, J., Hori, A., and Hondoh, T.: Metamorphism of stratified firn at Dome Fuji, Antarctica: A mechanism for 

local insolation modulation of gas transport conditions during bubble close off. J. Geophys. Res.-Earth, 114, F03023, 615 

https://doi.org/10.1029/2008JF001143, 2009. 

Gildor, H., and Tziperman, E.: Sea ice as the glacial cycles’ Climate switch: role of seasonal and orbital forcing, 

Paleoceanography, 15, 605-615, https://doi.org/10.1029/1999PA000461, 2000. 

Greene, C. A., Gwyther, D. E., and Blankenship, D. D.: Antarctic Mapping Tools for MATLAB, Comput. Geosci., 104, 151–

157, https://doi.org/10.1016/j.cageo.2016.08.003, 2017. 620 

Greene, C. A., Thirumalai, K., Kearney, K. A., Delgado, J. M., Schwanghart, W., Wolfenbarger, N. S., Thyng, K. M., Gwyther, 

D. E., Gardner, A. S., and Blankenship, D. D.: The Climate Data Toolbox for MATLAB, Geochem. Geophy. Geosy., 

20, 3774–3781, https://doi.org/10.1029/2019GC008392, 2019. 

Guillermic, M., Misra, S., Eagle, R., and Tripati, A.: Atmospheric CO2 estimates for the Miocene to Pleistocene based on 

foraminiferal δ11B at Ocean Drilling Program Sites 806 and 807 in the Western Equatorial Pacific, Clim. Past, 18, 625 

183–207, https://doi.org/10.5194/cp-18-183-2022, 2022.  

Head, M. J., Pillans, B., and Farquhar, S. A.: The Early–Middle Pleistocene Transition: characterization and proposed guide 

for the defining boundary, Episodes Journal of International Geoscience, 31, 255-259, 

https://doi.org/10.18814/epiiugs/2008/v31i2/014, 2008. 

Henehan, M. J., Rae, J. W., Foster, G. L., Erez, J., Prentice, K. C., Kucera, M., Bostock, H. C., Martínez-Botí, M. A., Milton, 630 

J. A., Wilson, P. A., Marchall, B. J., and Elliot, T.: Calibration of the boron isotope proxy in the planktonic 

foraminifera Globigerinoides ruber for use in palaeo-CO2 reconstruction, Earth Planet Sci. Lett., 364, 111–

122, https://doi.org/10.1016/j.epsl.2012.12.029, 2013. 

Hönisch, B., Hemming, N. G., Archer, D., Siddall, M., and McManus, J. F.: Atmospheric carbon dioxide concentration across 

the mid-Pleistocene transition, Science, 324, 1551-1554, https://doi.org/10.1126/science.1171477, 2009. 635 

Howat, I: The Reference Elevaiton Model of Antarctica – Mosaics, Version 2, Harvard Dataverse [dataset], 

https://doi.org/10.7910/DVN/X7NDNY, 2022. 

Ikeda-Fukazawa, T., Kawamura, K., and Hondoh, T.: Mechanism of Molecular Diffusion in Ice Crystals, Molecular 

Simulation, 30, 973–979, https://doi.org/10.1080/08927020410001709307, 2004. 

Ikeda-Fukazawa, T., Fukumizu, K., Kawamura, K., Aoki, S., Nakazawa, T., and Hondoh, T.: Effects of molecular diffusion 640 

on trapped gas composition in polar ice cores, Earth Planet Sci. Lett., 229, 183-192, 

https://doi.org/10.1016/j.epsl.2004.11.011, 2005. 

https://doi.org/10.1029/2019GC008392


27 
 

Indermühle, A., Monnin, E., Stauffer, B., Stocker, T. F., and Wahlen, M.: Atmospheric CO2 concentration from 60 to 20 kyr 

BP from the Taylor Dome ice core, Antarctica, Geophys. Res. Lett., 27, 735-738, 

https://doi.org/10.1029/1999GL010960, 2000. 645 

Kahle, E. C., Steig, E. J., Jones, T. R., Fudge, T. J., Koutnik, M. R., Morris, V. A., Vaughn, B. H., Schauer, A. J., Stevens, C. 

M., Conway, H., Waddington, E. D., Buizert, C., Epifanio, J., and White, J. W.: Reconstruction of temperature, 

accumulation rate, and layer thinning from an ice core at South Pole, using a statistical inverse method, J. Geophys. 

Res.-Atmos., 126, e2020JD033300, https://doi.org/10.1029/2020JD033300, 2021. 

Kawamura, K., Parrenin, F., Lisiecki, L., Uemura, R., Vimeux, F., Severinghaus, J. P., Hutterli, M. A., Nakazawa, T., Aoki, 650 

S., Jouzel, J., Raymo, M. E., Matsumoto, K., Nakata, H., Motoyama, H., Fujita, S., Goto-Azuma, K., Fujii, Y., and 

Watanabe, O.: Northern Hemisphere forcing of climatic cycles in Antarctica over the past 360,000 years. Nature, 448, 

912-916, https://doi.org/10.1038/nature06015, 2007. 

Köhler, P.: Atmospheric CO2 concentration based on boron isotopes versus simulations of the global carbon cycle during the 

Plio‐Pleistocene, Paleoceanography and Paleoclimatology, 38, e2022PA004439, 655 

https://doi.org/10.1029/2022PA004439, 2023. 

Kuhs, W. F., Klapproth, A., and Chazallon, B.: Chemical physics of air clathrate hydrates, In Physics of ice core records, 373-

392, https://www.researchgate.net/profile/Alice-Klapproth-

2/publication/37568757_Chemical_physics_of_air_clathrate_hydrates/links/53e01c6d0cf27a7b830a33b0/Chemical

-physics-of-air-clathrate-hydrates.pdf, 2000. 660 

Lilien, D., Fudge, T. J., Koutnik, M., Conway, H., Osterberg, E., Ferris, D., Waddington, E., Stevens, C. M., and Welten, K. 

C.: Holocene ice-flow speedup in the vicinity of South Pole, J. Geophys. Res., 45, 6557–6565. 

https://doi.org/10.1029/2018GL078253, 2018. 

Lilien, D. A., Steinhage, D., Taylor, D., Parrenin, F., Ritz, C., Mulvaney, R., Martín, C., Yan, J.-B., O'Neill, C., Frezzotti, M., 

Miller, H., Gogineni, P., Dahl-Jensen, D., and Eisen, O.: Brief communication: New radar constraints support 665 

presence of ice older than 1.5 Myr at Little Dome C, The Cryosphere, 15, 1881–1888, https://doi.org/10.5194/tc-15-

1881-2021, 2021. 

Lipenkov, V. Y., Raynaud, D., Loutre, M. F., and Duval, P.: On the potential of coupling air content and O2/N2 from trapped 

air for establishing an ice core chronology tuned on local insolation, Quaternary Sci. Rev., 30, 3280-3289, 

https://doi.org/10.1016/j.quascirev.2011.07.013, 2011. 670 

Lisiecki, L. E., and Raymo, M. E.: A Pliocene‐Pleistocene stack of 57 globally distributed benthic δ18O records, 

Paleoceanography, 20, https://doi.org/10.1029/2004PA001071, 2005. 

Lliboutry, L.: A critical review of analytical approximate solutions for steady state velocities and temperature in cold ice sheets, 

Z. Gletscherkd. Glacialgeol, 15, 135–148, http://pascal-

francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=PASCAL8130264619, 1979. 675 



28 
 

Lüthi, D., Le Floch, M., Bereiter, B., Blunier, T., Barnola, J. M., Siegenthaler, U., Raynaud, D., Jouzel, J., Fischer, H., 

Kawamura, K., and Stocker, T. F.: High-resolution carbon dioxide concentration record 650,000–800,000 years 

before present, Nature, 453, 379–382, https://doi.org/10.1038/nature06949, 2008. 

Martin, J. R. W., Pedro, J. B., and Vance, T. R.: Predicting trends in atmospheric CO2 across the Mid-Pleistocene Transition 

using existing climate archives, Clim. Past, 20, 2487–2497, https://doi.org/10.5194/cp-20-2487-2024, 2024. 680 

Martinerie, P., Raynaud, D., Etheridge, D. M., Barnola, J. M., and Mazaudier, D.: Physical and climatic parameters which 

influence the air content in polar ice, Earth Planet Sci. Lett., 112, 1-13, https://doi.org/10.1016/0012-821X(92)90002-

D, 1992. 

Martínez-Botí, M. A., Foster, G. L., Chalk, T. B., Rohling, E. J., Sexton, P. F., Lunt, D. J., Pancost, R. D., Badger, M. P. S., 

and Schmidt, D. N.: Plio-Pleistocene climate sensitivity evaluated using high-resolution 685 

CO2 records, Nature, 518, 49–54. https://doi.org/10.1038/nature14145, 2015. 

Martos, Y. M., Catalán, M., Jordan, T. A., Golynsky, A., Golynsky, D., Eagles, G., and Vaughan, D. G.: Heat flux distribution 

of Antarctica unveiled, Geophys. Res. Lett., 44, 11417–11426, https://doi.org/10.1002/2017GL075609, 2017. 

Maslin, M. A., and Brierley, C. M.: The role of orbital forcing in the Early Middle Pleistocene Transition. Quatern. Int., 389, 

47–55, https://doi.org/10.1016/j.quaint.2015.01.047, 2015. 690 

Maule, C. F., Purucker, M. E., Olsen, N., and Mosegaard, K.: Heat flux anomalies in Antarctica revealed by satellite magnetic 

data, Science, 309, 464–467, https://doi.org/10.1126/science.1106888, 2005. 

Miller, S. L.: The occurrence of gas hydrates in the solar system, P. Natl. Acad. Sci. U.S.A., 47, 1798–1808, 

https://doi.org/10.1073/pnas.47.11.1798, 1961. 

Mouginot, J., Scheuchl, B., and Rignot, E.: MEaSUREs Antarctic Boundaries for IPY 2007-2009 from Satellite Radar, Version 695 

2. Coastline, ice shelves, NASA NSIDC Distributed Active Archive Center [code],  

http://dx.doi.org/10.5067/AXE4121732AD, 2017.  

Mudelsee, M., and Schulz, M.: The Mid-Pleistocene climate transition: onset of 100 ka cycle lags ice volume build-up by 280 

ka, Earth Planet. Sci. Lett., 151, 117-123, https://doi.org/10.1016/S0012-821X(97)00114-3, 1997. 

Mutter, E. L. and Holschuh, N.: Advancing interpretation of incoherent scattering in ice-penetrating radar data used for ice 700 

core site selection, The Cryosphere, 19, 3159–3176, https://doi.org/10.5194/tc-19-3159-2025, 2025. 

National Centers for Environmental Information: Antarctic Ice Cores Revised 800 KYr CO2 Data: 

https://www.ncei.noaa.gov/access/paleo-search/study/17975, last access: 1 August 2023. 

Oyabu, I., Kawamura, K., Uchida, T., Fujita, S., Kitamura, K., Hirabayashi, M., Aoki, S., Morimoto, S., Nakazawa, T., 

Severinghaus, J. P., and Morgan, J. D.: Fractionation of O2/N2 and Ar/N2 in the Antarctic ice sheet during bubble 705 

formation and bubble–clathrate hydrate transition from precise gas measurements of the Dome Fuji ice core, The 

Cryosphere, 15, 5529–5555, https://doi.org/10.5194/tc-15-5529-2021, 2021.  



29 
 

Oyabu, I., Kawamura, K., Buizert, C., Parrenin, F., Orsi, A., Kitamura, K., Aoki, S., and Nakazawa, T.: The Dome Fuji ice 

core DF2021 chronology (0–207 kyr BP), Quaternary Sci. Rev., 294, 107754, 

https://doi.org/10.1016/J.QUASCIREV.2022.107754, 2022. 710 

Parrenin, F., Dreyfus, G., Durand, G., Fujita, S., Gagliardini, O., Gillet, F., Jouzel, J., Kawamura, K., Lhomme, N., Masson-

Delmotte, V., Ritz, C., Schwander, J., Shoji, H., Uemura, R., Watanabe, O., and Yoshida, N.: 1-D-ice flow modelling 

at EPICA Dome C and Dome Fuji, East Antarctica, Clim. Past, 3, 243–259, https://doi.org/10.5194/cp-3-243-2007, 

2007. 

Parrenin, F., Chung, A., and Martín, C.: age_flow_line-1.0: a fast and accurate numerical age model for a pseudo-steady flow 715 

tube of an ice sheet, EGUsphere [preprint], https://doi.org/10.5194/egusphere-2024-3411, 2025. 

Pritchard, H.D., Fretwell, P.T., Fremand, A.C. et al.: Bedmap3 updated ice bed, surface and thickness gridded datasets for 

Antarctica, Sci. Data, 12, 414, https://doi.org/10.1038/s41597-025-04672-y, 2025. 

Purucker, M. E., Connerney, J. E., Blakely, R. J., Bracken, R. E., Nowicki, S., Le, G., Sabaka, T. J., Bonalsky, T. M., Kuang, 

W., Ravat, D., Ritz, C., Vaughan, A. P. M., Gaina, C., McEnroe, S., and Lesur, V.: Icebase: A suborbital survey to 720 

map geothermal heat flux under an ice sheet, EGU General Assembly 2013, Vienna, Austria, 7–12 April 2013, 

EGU2013-13740-1, https://ui.adsabs.harvard.edu/abs/2013EGUGA..1513740P/abstract, 2013. 

Raymo, M. E., Oppo, D. W., and Curry, W.: The mid‐Pleistocene climate transition: A deep sea carbon isotopic 

perspective, Paleoceanography, 12, 546-559, https://doi.org/10.1029/97PA01019, 1997. 

Raymo, M. E., Ruddiman, W. F., Shackleton, N. J., and Oppo, D. W.: Evolution of Atlantic-Pacific δ13C gradients over the 725 

last 2.5 m.y., Earth Planet Sci. Lett., 97, 353–368, https://doi.org/10.1016/0012-821X(90)90051-X, 1990. 

Raynaud, D., Lipenkov, V., Lemieux-Dudon, B., Duval, P., Loutre, M. F., and Lhomme, N.: The local insolation signature of 

air content in Antarctic ice. A new step toward an absolute dating of ice records, Earth Planet Sc. Lett., 261, 337–

349, https://doi.org/10.1016/j.epsl.2007.06.025, 2007. 

Rial, J. A., Pielke, R. A., Beniston, M., Claussen, M., Canadell, J., Cox, P., Held, H., de Noblet-Ducoudré, N., Prinn, R., 730 

Reynolds, J. F., and Salas, J. D.: Nonlinearities, feedbacks and critical thresholds within the Earth's climate 

system, Climatic change, 65, 11-38, https://doi.org/10.1023/B:CLIM.0000037493.89489.3f, 2004. 

Rignot, E., Jacobs, S., Mouginot, J., and Scheuchl, B.: Ice-shelf melting around Antarctica, Science, 341, 266–270, 

http://dx.doi.org/10.1126/science.1235798, 2013.  

Salamatin, A. N., Lipenkov, V. Y., Ikeda-Fukazawa, T., and Hondoh, T.: Kinetics of air–hydrate nucleation in polar ice 735 

sheets, J. Cryst. Growth, 223, 285-305, https://doi.org/10.1016/S0022-0248(00)01002-2, 2001. 

Seki, O., Foster, G. L., Schmidt, D. N., Mackensen, A., Kawamura, K., and Pancost, R. D.: Alkenone and boron-based 

Pliocene pCO2 records, Earth Planet. Sci. Lett., 292, 201–211, https://doi.org/10.1016/j.epsl.2010.01.037, 2010. 

Shackleton, N. J., Opdyke, N. D.: Oxygen-Isotope and Paleomagnetic Stratigraphy of Pacific Core V28-239 Late Pliocene to 

Latest Pleistocene, in: Investigation of Late Quaternary Paleoceanography and Paleoclimatology, The Geological 740 

Society of America, edited by: Cune, R. M., Hays, J. D., 449, https://doi.org/10.1130/MEM145-p449, 1976. 



30 
 

Shapiro, N. M., and Ritzwoller, M. H.: Inferring surface heat flux distributions guided by a global seismic model: particular 

application to Antarctica, Earth Planet. Sci. Lett., 223, 213–224, https://doi.org/10.1016/j.epsl.2004.04.011, 2004. 

Shen, W., Wiens, D. A., Lloyd, A. J., and Nyblade, A. A.: A geothermal heat flux map of Antarctica empirically constrained 

by seismic structure, Geophy. Res. Lett., 47, e2020GL086955, https://doi.org/10.1029/2020GL086955, 2020. 745 

Siegenthaler, U., Stocker, T. F., Monnin, E., Luthi, D., Schwander, J., Stauffer, B., Raynaud, D., Barnola, J. M., Fischer, H., 

Masson-Delmotte, V., and Jouzel, J.: Stable carbon cycle climate relationship during the Late 

Pleistocene, Science, 310, 1313–1317, https://doi.org/10.1126/science.1120130, 2005. 

Stål, T., Reading, A. M., Halpin, J. A., Phipps, S. J., and Whittaker, J. M.: The Antarctic crust and upper mantle: a flexible 3D 

model and software framework for interdisciplinary research, Front. Earth Sci., 8, 750 

https://doi.org/10.3389/feart.2020.577502, 2020. 

Stolper, D. A., Bender, M. L., Dreyfus, G. B., Yan, Y., and Higgins, J. A.: A Pleistocene ice core record of atmospheric O2 

concentrations, Science, 353, 1427-1430, https://doi.org/10.1126/science.aaf5445, 2016. 

Uemura, R., Motoyama, H., Masson-Delmotte, V., Jouzel, J., Kawamura, K., Goto-Azuma, K., Fujita, S., Kuramoto, T., 

Hirabayashi, M., Miyake, T., Ohno, H., Fujita, K., Abe-Ouchi, A., Iizuka., Y., Horikawa, S., Igarashi, M., Suzuki, 755 

K., Suzuki, T., and Fujii, Y.: Asynchrony between Antarctic temperature and CO2 associated with obiliquity over the 

past 720,000 years, Nat. Commun., 9, 961, https://doi.org/10.1038/s41467-018-03328-3, 2018. 

Van Liefferinge, B., Pattyn, F., Cavitte, M. G. P., Karlsson, N. B., Young, D. A., Sutter, J., and Eisen, O.: Promising Oldest 

Ice sites in East Antarctica based on thermodynamical modelling, The Cryosphere, 12, 2773–2787, 

https://doi.org/10.5194/tc-12-2773-2018, 2018. 760 

Veres, D., Bazin, L., Landais, A., Toyé Mahamadou Kele, H., Lemieux-Dudon, B., Parrenin, F., Martinerie, P., Blayo, E., 

Blunier, T., Capron, E., Chappellaz, J., Rasmussen, S. O., Severi, M., Svensson, A., Vinther, B., and Wolff, E. W.: 

The Antarctic ice core chronology (AICC2012): an optimized multi-parameter and multi-site dating approach for the 

last 120 thousand years, Clim. Past, 9, 1733–1748, https://doi.org/10.5194/cp-9-1733-2013, 2013. 

Vudayagiri, S., Vinther, B., Freitag, J., Langen, P. L., and Blunier, T.: Total air content measurements from the RECAP ice 765 

core, Clim. Past, 21, 517–528, https://doi.org/10.5194/cp-21-517-2025, 2025. 

Waite, W. F., Gilbert, L. Y., Winters, W. J., Mason, D. H.: Estimating thermal diffusivity and specific heat from needle probe 

thermal conductivity data, Rev. Sci. Instrum., 77, 044904, 2006. 

Young, D. A., Paden, J. D., Yan, S., Kerr, M. E., Singh, S., Gonzàlez, A. V., Kaundinya, S. R., Greenbaum, J. S., Ng, G., Buhl, 

D. P., Kempf, S. D., and Blankenship, D. D.: Coupled ice sheet structure and bedrock geology in the deep interior of 770 

East Antarctica: Results from Dome A and the South Pole Basin, ESS Open Archive 

[preprint], https://doi.org/10.22541/essoar.175516831.14587354/v1, 14 August 2025. 


