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Abstract. Ice core trapped gases are crucial paleoclimate archives, yet various gas loss processes introduce fractionation that 10 

obscures climatic signals. Among these, fractionation induced by pumping during sample evacuation has remained poorly 

constrained. Here we quantify pump-induced fractionation through controlled pumping experiments on a horizontal ice core 

from coastal East Antarctica. We investigated the responses of gas ratios and isotopic compositions (δ18Oatm, δO2/N2 and 

δAr/N2) to varied rotary or turbo pumping durations (0.5 – 90 min). We found that the extent of gas loss is pump-dependent 

(turbo > rotary) but independent of pumping duration. The δAr/N2 – δO2/N2 fractionation slope from pair differences between 15 

samples subjected to different pumping durations was 0.86, significantly higher than the ≤ 0.5 slopes typical of bubble close-

off and post-coring gas loss, and approaching the slope of ~ 1 characteristic of size-dependent gas diffusion in ice lattice. 

Isotopic enrichment in δ18Oatm correlated strongly with gas loss magnitude, yielding fractionation slopes of -0.0132‰∙‰-1 

against δO2/N2 and -0.0124‰∙‰-1 against δAr/N2, substantially steeper than those associated with natural gas loss processes. 

These observations imply that pumping preferentially evacuates gases from ice cracks, which are mainly influenced by mass-20 

dependent fractionation, leaving bubble-resident gases fractionated by lattice diffusion. The coupled loss of O2 and Ar insights 

corrections for δ18Oatm and δO2/N2 based on the covariations among δ18Oatm, δO2/N2 and δAr/N2. Application to the Dome Fuji 

ice core demonstrates that scatter in δO2/N2 records from the bubble-clathrate transition zone can be effectively reduced by 

correcting for gas losses using δAr/N2 as a proxy. Our findings provide the first quantitative constraints on pump-induced 

fractionation and offer a feasible correction method for reducing data uncertainties, thereby enhancing the fidelity of ice core 25 

paleoclimate reconstructions.  

1 Introduction 

Trapped gases in ice cores are primary archives for reconstructing paleoclimate and past atmospheric composition over 

the past million years (Severinghaus et al., 1998; Petit et al., 1999; Bender, 2002; Jouzel et al., 2007; Severinghaus et al., 

2009; Yan et al., 2019; Shackleton et al., 2025). Among these, the O2/N2 ratios and the 18O/16O isotopic compositions of 30 
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trapped air are of particular interest: they correlate with summer insolation and are widely used for dating continuous ice 

cores (Landais et al., 2012; Extier et al., 2018). More recently, high-precision O2/N2 measurements from various ice cores 

have been employed to reconstruct the atmospheric oxygen concentrations (pO2) over the Pleistocene (Stolper et al. 2016; 

Yan et al., 2021). However, trapped gases are subject to fractionation through several gas-loss processes, occurring during 

bubble close-off, ice core drilling, storage, and laboratory trapped gas extraction (Sowers et al., 1989; Bender et al., 1995; 35 

Kawamura et al., 2007). For instance, using O2/N2 to reconstruct paleo-pO2 requires rigorous correction for such 

fractionations to resolve the subtle (~ 0.7 ‰) decline in pO2 over the past 800,000 years (Stolper et al., 2016). In old blue ice 

samples, which often have large age uncertainties, pO2 is reconstructed from the deviations in intercepts of the O2/N2 – 

Ar/N2 relationships. This method demands a strong linear correlation between O2/N2 and Ar/N2 (Yan et al., 2021). Thus, 

high-precision analysis of gas ratios and isotopic compositions of ice core trapped gases are fundamental to ice core dating, 40 

pO2 reconstruction, and robust paleoclimate interpretation. Critically, gas loss compromises the integrity of ice core trapped 

gas records, increasing data scatter and introducing uncertainty into orbital tuning and paleoclimate reconstructions (Suwa 

and Bender, 2008; Landais et al., 2012). Despite the known impacts of natural gas loss, fractionation induced by pumping 

during trapped gas extraction has rarely been quantified. Addressing this gap is essential for improving the accuracy and 

reliability of ice core gas proxies. 45 

 Gas loss processes alter the composition of trapped gases through two primary mechanisms: size-dependent and mass-

dependent fractionation (Bender et al., 1995; Severinghaus and Battle, 2006). When O2 and Ar escape from gas bubbles and 

diffuse through the ice lattice (Fig. 1), the fractionation is predominantly size-dependent and nearly mass-independent 

(Huber et al., 2006). This occurs because the molecular diameters of O2 (3.467 Å) and Ar (3.542 Å) are smaller than the 

critical size of ~ 3.6 Å for lattice diffusion. Meanwhile, larger molecules like N2 (3.798 Å) remain largely unaffected (Reid 50 

et al., 1959; Huber et al., 2006). The apparent effect of size-dependent fractionation is depletion of O2 and Ar in the trapped 

gas relative to air (Severinghaus and Battle, 2006; Kawamura et al., 2007). In comparison, mass-dependent fractionation 

dominates when gases diffuse through ice microcracks via Knudsen or molecular diffusion (Bender et al., 1995; Kobashi et 

al., 2008; Fig. 1). Lighter isotopes escape preferentially, enriching heavier isotopes (e.g., 18O) in the remaining trapped gases 

(Craig et al., 1988). Both size-dependent and mass-dependent fractionations are commonly observed in bubble close-off gas 55 

loss (BCGL) and post-coring gas loss (PCGL) (Bender et al., 1995; Severinghaus et al., 2009; Oyabu et al., 2021).  

The characteristics of gas loss fractionation can be evaluated from the relationships between O2/N2 and Ar/N2 gas ratios 

and the isotopic composition of trapped O2. In relevant studies, these parameters are expressed in 𝛿 notation, defined as: 

𝛿 = $
!!"#$%&

!!'"()"*)
− 1' × 1000          (1) 

where 𝛿 can represent δ15N, δ18O, δO2/N2 or δAr/N2. 𝑅"#$%&' is the ratio of different isotopes or elements in a given sample 60 

(e.g., 𝑅() = 18O/16O, or 𝑅*+ ++⁄  is the gas ratio of O2/N2), and 𝑅"-#./#0/ is the equivalent ratio of modern air.   

Size-dependent and mass-dependent fractionations produce distinct slopes in the relationships between δAr/N2 and 

δO2/N2 (Severinghaus et al., 2009; Oyabu et al., 2021). As O2 and Ar have similar molecular diameters, size-dependent gas 
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loss yields a δAr/N2−δO2/N2 slope of ~ 1 for the residual gas (Fig. 1), without significant isotopic fractionation (Ikeda-

Fukazawa et al., 2005; Severinghaus and Battle, 2006; Oyabu et al., 2021). In contrast, mass-dependent gas diffusion along 65 

ice cracks to the exterior scales with the mass or pressure difference of gas molecules, resulting in a δAr/N2−δO2/N2 slope of 

~ 3 (Severinghaus and Battle, 2006; Severinghaus et al., 2009). For BCGL, the combined effect of these fractionations 

results in an apparent δAr/N2−δO2/N2 slope of ~ 0.5 (Craig et al., 1988; Sowers et al., 1989; Kobashi et al., 2008; 

Severinghaus et al., 2009; Oyabu et al., 2021). For PCGL, available data suggest that δAr/N2−δO2/N2 slopes range from 0.22 

to 0.54 (Oyabu et al., 2021). For ice cores stored at higher temperatures ( > −50 °C) or for long storage time, the 70 

δAr/N2−δO2/N2 slope may fall below 0.5, as observed in the Dome C, Byrd and outer ice of the Dome Fuji ice cores (Bender 

et al., 1995; Oyabu et al., 2021). The Tibetan Chongce ice core also exhibits a low δAr/N2−δO2/N2 slope of 0.29, attributed 

to additional O2 consumption by respiration alongside gas losses (Hu et al., 2022). In the bubble-clathrate transition zone 

(BCTZ), however, gas diffusion from bubbles to clathrates reveals a δAr/N2−δO2/N2 slope close to 1 (Seltzer et al., 2017; 

Severinghaus, 2019; Oyabu et al., 2021), indicating the dominance of size-dependent lattice diffusion. Overall, for bubbly 75 

ice, BCGL and PCGL typically produce δAr/N2−δO2/N2 slopes close to or below 0.5.  

 
Figure 1: Schematic diagram of natural gas loss processes and their associated gas ratio slopes. Slopes for BCGL and PCGL are compiled 

from Oyabu et al. (2021) 

 80 
Apart from BCGL and PCGL, mechanical disturbances induced by pumping on ice samples prior to gas extraction can 

also cause trapped gas losses (Kobashi et al., 2008). However, the fractionation associated with this pumping step remains 

poorly constrained. Ice core trapped gases are typically extracted using melt-equilibrium wet extraction (Sowers et al., 1997), 

ice crushing dry extraction (Andree et al., 1986; Wilson and Long, 1997), or sublimation extraction (Wilson and Donahue, 

1989). In the widely used wet extraction method for N2, O2, and noble gases, ice samples are first evacuated using rotary and 85 

turbo pumps to remove ambient air from the sample flask. The required evacuation time varies across laboratories and is 

often determined empirically. For example, Sowers et al. (1989) and Severinghaus et al. (2009) pumped ice samples for 1 h 
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to reach pressures below 10-3 mbar. Higgins et al. (2015) and Severinghaus et al. (2003) pumped blue ice samples for 40 min 

to reach 10-3 mbar for Ar isotope and Kr/Xe analysis. More recently, Yan et al. (2019) shortened the evacuation time to 15 

min to reduce potential gas loss. In our laboratory, the standard protocol involves evacuation for 0.5 min with a rotary pump 90 

until the pressure falls below 1 mbar, followed by switching to a turbo pump for 10 min to reach a final pressure of ∼10-5 

mbar. Insufficient pumping may contaminate trapped gases with modern air, whereas excessive pumping may exacerbate gas 

loss from the ice. Fractured ice cores, such as the Siple Dome and the lower sections of the Allan Hills S27 ice core, has 

been shown to yield reduced data reproducibility, underscoring the need for optimized protocols (Severinghaus et al., 2009; 

Yan et al., 2021). Yet, the specific fractionation patterns induced by pumping and their quantitative impact on trapped gas 95 

composition remain largely unconstrained, as pump effects are difficult to disentangle from PCGL.  

To evaluate pump-induced gas loss fractionation, we conducted pumping experiments using a horizontal ice core 

drilled from coastal East Antarctica. We systematically varied pumping duration under rotary and turbo pumps and measured 

the resulting changes in trapped gas oxygen isotopic and gas ratio compositions (δ18Oatm, δO2/N2, δAr/N2). By examining the 

slopes among these parameters, we characterize the fractionation signature unique to pump-induced gas loss. Finally, as a 100 

demonstration of paleoclimate relevance, we applied a δAr/N2-based gas loss corrections to δO2/N2 data from the BCTZ of 

the Dome Fuji ice core. This approach offers a promising pathway to correct for gas loss artifacts in scattered datasets, 

thereby improving the precision of orbital dating and enhancing the fidelity of ice core paleoclimate records.  

2 Materials and methods 

2.1 Sampling information 105 

In February 2020, a horizontal ice core (oiw2-2) was recovered from an ice stream on the Ingrid Christensen Coast, 

East Antarctica (69°24′29′′ S, 76°20′46′′ E; 151 m a.s.l; Fig. 2), using a hand auger. The length of the ice core was 100 cm, 

with a diameter of 10 cm (Fig. 2). After drilling, the ice core was stored in clean polyethylene bags with insulated cabinets 

and transported under freezing conditions (−20 °C). The ice core was subsequently stored in a −50 °C cold room at the East 

China Normal University Environmental Stable Isotope Laboratory (ECNU-ESIL). In a −20 °C walk-in cold room, the ice 110 

core was bisected with a bandsaw. One half (~50 cm long) was transported to Shanghai Jiao Tong University for trapped gas 

isotopic measurements and divided into four sections for pumping experiments, as shown in Fig. 2d. 
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Figure 2: Sampling Information. (a) Maps of the drilling site.(b) Diagram of the ice stream. (c) The borehole on the ice stream. (d) Ice 
core cutting plan for pumping experiments. 115 

2.2 Trapped gas extraction and isotope measurements  

 Trapped gas extraction and isotope measurements were performed at the Shanghai Jiao Tong University Gas Stable 

Isotope Lab. For each analysis, ∼10 g of ice was cut with a clean bandsaw in a −20 °C walk-in cold room. The outer 2 mm 

of each ice sample was trimmed off to eliminate potential modern air contamination.  

 Trapped gases were extracted and analyzed using a melt-equilibrium method following Emerson et al. (1995). Ice 120 

samples were placed in a sample flask connected to a vacuum line (Fig. 3). The flask bottom was immersed in an ethanol 

bath at −30 to −40 °C  to prevent ice melting during pumping. The flask was first evacuated by a rotary pump (Pfeiffer 

Vacuum Duo 3) and then switched to a turbo pump (Pfeiffer Vacuum HiPace 80) after the pressure reached ≤ 1 mbar. The 

standard evacuation durations for preparing an ice sample were 0.5 and 10 min for the rotary and turbo pumps, respectively. 

The sample flask would reach a final pressure of ∼ 10-5 to 10-6 mbar before sealing. The ice sample was then melted in a 125 

warm water bath, releasing the trapped gases into the headspace. These headspace gases were purified on the vacuum line 
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through two liquid nitrogen traps (−196°C) to remove water vapor and CO2. The purified mixture of N2, O2, and Ar was 

collected in a sample finger filled with silica gel (Sigma Aldrich, 45–60 mesh) at liquid nitrogen temperature. Finally, the 

sample gases were introduced into a dual-inlet Thermo Fisher Delta V Plus mass spectrometer for simultaneous analysis of 

isotopic compositions and gas ratios (δ15N, δ18O, δO2/N2 and δAr/N2). Long-term external precisions (1σ), established from 130 

26 modern air samples collected outside the laboratory between August and December 2021, were ±0.025 ‰, ±0.052 ‰, 

±0.5 ‰, and ±0.5 ‰ for δ15N, δ18O, δO2/N2, and δAr/N2, respectively.  

The total air content (TAC) of this ice core was determined and calibrated from the gas pressure measured on the 

sample bellow of the mass spectrometer dual inlet system. The mean TAC was 0.06 ± 0.01 scc∙g-1 (standard cubic 

centimeters per gram, “standard” refers to 273 K and 101.325 kPa). Although this core was retrieved from an ice stream, the 135 

presence of visible gas bubbles and the relative high TAC values indicate that the ice underwent normal firn densification 

and bubble closure processes. This suggests that, despite its origin, the core retains physical characteristics comparable to 

those of deep ice cores and can serve as a suitable analogue for investigating gas-trapping processes and pump-induced 

artifacts in paleoclimate studies. 

 140 
Figure 3: Schematic diagram of the vacuum line for ice core trapped gas extraction and purification. G1 and G2 are pressure gauges; LN2 
traps are cold traps at liquid nitrogen temperature (−196 °C). 

2.3 Pumping experiments  

The pumping experiments were conducted by varying the evacuation duration for ice core samples under rotary or 

turbo pumps to evaluate pump-induced gas loss fractionation. The standard protocol (0.5 min rotary and 10 min turbo) was 145 

defined as the “initial sample” for each pumping experiment. We then increased the pumping duration for one pump type 

while holding the other as the same as the “initial sample”. The oiw2-2 ice core was divided into four sections for these 

experiments (Fig. 2d): NJ-1 and NJ-3 were used for rotary pumping experiments; NJ-2 and NJ-4 were used for turbo 

pumping experiments. The pumping durations and number of samples for each ice core section are detailed in Table 1. 

 150 
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Table 1. Information for pumping experiments 

Ice core section Pumping duration (min) 
 Rotary pumping experiments (turbo pumping for 10 min) 
NJ-1 (4 samples) 0.5* 9 17 30  
NJ-3 (4 samples) 0.5* 25 60 90  
 Turbo pumping experiments (rotary pumping for 0.5 min) 
NJ-2 (5 samples) 10* 20 40 60 90 
NJ-4 (5 samples) 3 10* 30 50 90 

Note: * denotes the “initial sample” for each ice core section. 
 

 

 155 
Table 2. All data summary 

Sample 
ID 

Pump 
time 
(min) 

TAC 
(scc/g) 

Gravitational corrected data Pair differences with the initial sample Gas-loss 
corrected 

δ18Ograv 
(‰) 

δO2/N2 grav 
(‰) 

δAr/N2 grav 
(‰) 

Δδ15N 
(‰) 

Δδ18O 
(‰) 

ΔδO2/N2 
(‰) 

ΔδAr/N2 
(‰) 

δ18Oatm 
(‰) 

Rough pumping experiments 
NJ-1-1 0.5 0.066 -0.099 13.26 13.53 0.000 0.000 0.00 0.00 0.021 

NJ-1-4 9 0.060 -0.092 21.29 21.13 -0.108 0.007 8.03 7.60 0.116 

NJ-1-2 17 0.074 -0.100 12.09 12.40 0.029 -0.001 -1.17 -1.13 0.007 

NJ-1-3 30 0.046 -0.361 22.96 21.23 0.064 -0.262 9.70 7.70 -0.094 

  1s ± 0.132       ± 0.086 
NJ-3-3 0.5 0.080 -0.370 23.73 22.74 0.000 0.000 0.00 0.00 -0.116 

NJ-3-4 25 0.072 -0.363 18.95 17.76 -0.001 0.007 -4.78 -4.98 -0.149 

NJ-3-2 60 0.059 -0.430 29.32 30.14 0.001 -0.060 5.59 7.40 -0.171 

NJ-3-6 90 0.060 -0.237 16.41 17.14 -0.014 0.133 -7.32 -5.60 -0.099 

  1s ± 0.081       ± 0.033 

Turbo pumping experiments 
NJ-2-1 10 0.049 -0.124 8.88 10.17 0.000 0.000 0.00 0.00 -0.073 

NJ-2-4 20 0.056 -0.213 23.95 26.22 -0.001 -0.089 15.07 16.05 -0.044 

NJ-2-6 40 0.059 -0.193 17.45 19.65 -0.018 -0.069 8.57 9.48 -0.085 

NJ-2-5 60 0.051 -0.194 18.42 21.89 -0.056 -0.070 9.54 11.72 -0.111 

NJ-2-3 90 0.056 -0.404 25.85 22.30 0.198 -0.280 16.97 12.13 -0.060 

  1s ± 0.105       ± 0.025 
NJ-4-3 3 0.066 -0.506 31.92 30.64 0.026 0.037 3.76 7.30 -0.165 

NJ-4-2 10 0.045 -0.543 28.16 23.34 0.000 0.000 0.00 0.00 -0.143 

NJ-4-5 30 0.064 -0.389 23.29 21.19 0.083 0.154 -4.87 -2.15 -0.109 

NJ-4-6 50 0.071 -0.364 17.88 16.99 0.069 0.179 -10.28 -6.35 -0.168 

NJ-4-4 90 0.062 -0.473 33.05 29.39 0.087 0.070 4.89 6.05 -0.057 

  1s ± 0.076       ± 0.046 
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2.4 Data corrections  

Following chemical slope correction and normalization to the concurrent air standard (Severinghaus et al., 2003), 

isotopic compositions and gas ratios were corrected for gravitational fractionation (Craig et al., 1988; Bender et al., 1995): 160 

𝛿grav = 𝛿12.456 − Δm ∙ 𝛿 N15            (2) 

where δgrav represents the gravitationally corrected value of δ18Ograv, δO2/N2 grav and δAr/N2 grav, δvs.air is the value corrected 

versus air. Δm is the mass difference between the relevant gases, which is 2 for 18O/16O, 4 for O2/N2 and 12 for Ar/N2.  

Gas loss effects are typically evaluated by calculating the pair difference between ice samples from the same depth. As 

we used a horizontal ice core drilled from a single stratigraphic layer (Fig. 2), the original gas ratios and isotopic 165 

compositions were considered identical. Therefore, differences in δ18Ograv, δO2/N2 grav and δAr/N2 grav values within each ice 

core section after pumping experiments are attributed to pump-induced “gas losses” or post-coring gas loss. For each 

experiment, pair differences in isotopic and gas ratio compositions were calculated between samples with different pumping 

durations and the “initial sample” (Table 1): 

Δ𝛿 = 𝛿7641 − d7641,9           (3) 170 

where Dd represents Δδ18O, Δδ15N, ΔδO2/N2, or ΔδAr/N2 pair differences, dgrav is the corresponding gravitational corrected 

value and dgrav,0 is the value for the “initial sample” of that ice core section. All data are presented in Table 2 and Table S1 in 

supplementary materials. 

3 Results and discussion 

3.1 Gas losses related to pumping duration  175 

Both rotary and turbo pumps operate by compressing gas volume via rotor blades (Song et al., 2004). This process can 

disturb trapped gases in ice, potentially causing O2 and Ar leakage. As illustrated in Fig. 1, gas molecules can escape from 

gas bubbles and diffuse through the ice lattice and microcracks to the exterior. These gas loss processes lead to depletions in 

δO2/N2 grav and δAr/N2 grav, and enrichment in δ18Ograv values.  

If pump-induced gas loss increased with pumping duration, we would expect a systematic increase in Dδ18O and 180 

decrease in DδO2/N2 and DδAr/N2 with longer pumping time. However, we observed no clear correlations between pumping 

duration and Dδ18O, DδO2/N2 or DδAr/N2 (Fig. 4). For example, the Δδ18O values for section NJ-2 first decreased and then 

increased with pumping time, while the parallel experiment on section NJ-4 showed the opposite trend (Fig. 4d). 

Furthermore, some samples with longer pumping durations exhibited negative Dδ18O and positive ΔδO2/N2 and 

ΔδAr/N2 values, indicating less gas losses than the initial sample. These observations contradict the hypothesis that gas 185 

losses increase with pumping duration. Oyabu et al. (2021) evacuated Dome Fuji bubbly ice (446.4 m) and clathrate hydrate 

ice (2001.1 m) samples for 20 min to 5 h. Their observations are consistent with ours: there are either no clear relationships 
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between pumping time and δ18O, δO2/N2, or δAr/N2 for the Dome Fuji ice core (Figure B2 in Oyabu et al., 2021). Therefore, 

the extent of gas loss is likely not directly related to pumping duration during ice core sample preparation.  

 190 
Figure 4: Isotopic and gas ratio variations for pumping experiments. Top row: (a) Dδ18O, (b) ΔδO2/N2, and (c) ΔδAr/N2 variations with 
pumping time for the rotary pumping experiment. Middle row: (d) Dδ18O, (e) ΔδO2/N2, and (f) ΔδAr/N2 variations with pumping time for 
the turbo pumping experiment. Bottom row: Cross plots of (g) ΔδAr/N2–ΔδO2/N2; (h) Δδ18O–ΔδO2/N2; (i) Δδ18O–ΔδAr/N2 showing 
correlations between gas ratios and oxygen isotopic compositions after pumping experiments. NJ-1 (filled green dots) and NJ-3 (open 
green dots) were used for rotary pumping experiments, while NJ-2 (filled blue squares) and NJ-4 (open blue squares) were used for turbo 195 
pumping experiments. Stars denote the “initial sample” for each experiment. Dd15N data are shown as grey symbols for comparison. We 
also processed the pumping experiments data in Oyabu et al. (2021) and plotted against our data (yellow triangles in g, h and i). The slopes 
from their pumping experiments are shown in Table 3. Note that the slopes shown in Figure 4 were calculated only using data from this 
study. 
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 200 

We did observe different magnitudes of gas loss between rotary and turbo pumping experiments. The Dδ18O values 

ranged from −0.262 to 0.133 ‰ for rotary pumping and from −0.280 to 0.179 ‰ for turbo pumping experiments (Fig. 4a, d). 

For rotary pumping experiments, ΔδO2/N2 and ΔδAr/N2 ranged from −7.32 to 9.70 ‰ and −5.60 to 7.70 ‰, respectively 

(Fig. 4b, c). Whereas for turbo pumping experiments, the ranges were wider: −10.28 to 16.97 ‰ for ΔδO2/N2 and −6.35 to 

16.05 ‰ for ΔδAr/N2 (Fig. 4e, f). The total variations in Dδ18Oatm for both pumping experiments are similar, whereas 205 

variations in ΔδO2/N2 and ΔδAr/N2 were approximately 1.6 times greater after turbo pumping, suggesting stronger 

disturbances to trapped gases caused by turbo pump.  

In the Oyabu et al. (2021) experiments, the variations in isotopic and gas ratios were much smaller than ours (e.g., ∼ 

0.02 ‰ for Dδ18O and < 1 ‰ for gas ratios). This is likely due to the differences in ice quality, i.e. the Dome Fuji ice core is 

well-preserved and less fractured. Pressure release during drilling and storage can create random microcracks in ice cores 210 

(Ikeda-Fukazawa et al., 2005; Kobashi et al., 2008), making fractured ice more susceptible to pump-induced disturbance and 

gas loss.  

3.2 Gas and isotopic fractionations induced by pumping  

δO2/N2 and δAr/N2 values are useful indicators for gas loss, with lower values indicating greater losses (Severinghaus 

et al., 2009; Extier et al., 2018). Therefore, we used ΔδO2/N2 and ΔδAr/N2 to evaluate the degree of gas losses for each ice 215 

sample. In Fig. 4g, we observed strong linear correlations between ΔδAr/N2 and ΔδO2/N2, indicating simultaneous O2 and Ar 

losses through ice lattice and cracks. The slopes between ΔδAr/N2 and ΔδO2/N2 were 0.90 and 0.82 for rotary and turbo 

pumping, respectively (Table 3). These slopes are significantly higher than the ≤	0.5 slopes typical of BCGL and PCGL. 

Instead, they were close to the slope of ~1 for size-dependent gas losses via lattice diffusion (Fig. 1). We also calculated the 

paired differences from the Oyabu et al. (2021) pumping experiments using Eq. (3) and plotted against our data (Figure 4). 220 

Their ΔδAr/N2 – ΔδO2/N2 slopes were 0.72 for bubbly ice and 0.86 for clathrate (Table 3), consistent with our observations.  

We propose that pumping preferentially disturbs gases within ice fractures rather than those in ice bubbles or the ice 

lattice. Gases in cracks were preferentially evacuated during pumping, leaving behind bubble-resident gases that have been 

fractionated by lattice diffusion. The ΔδAr/N2 and ΔδO2/N2 values of these residual gases thus carry a size-dependent 

fractionation signature, producing slopes near 1. This explains the high slopes we observed.  225 

Pumping also induced oxygen isotopic fractionation. We found that Δδ18O increased with decreasing ΔδO2/N2 and 

ΔδAr/N2, while Dδ15N remained insensitive to gas loss due to the larger molecular diameter of N2 (Fig. 4h, i). The isotopic 

fractionation slopes for Δδ18O−ΔδO2/N2 and Δδ18O−ΔδAr/N2 were similar for both pump types (Table 3). In a standard 

sample preparation protocol, an ice sample is evacuated by both pumps. Given the similar fractionation slopes for both pump 

types, we combined all data to determine the characteristic pump-induced gas and isotopic fractionation slopes. The overall 230 

slopes were 0.86 for ΔδAr/N2 – ΔδO2/N2, –0.0132 ‰∙‰-1 for Δδ18O – ΔδO2/N2 and –0.0124 ‰∙‰-1 for Δδ18O – ΔδAr/N2 (p 
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< 0.05, Fig. 4). Compared to BCGL and PCGL, pump-induced gas loss has a higher ΔδAr/N2 – ΔδO2/N2 slope and more 

negative Δδ18O – ΔδO2/N2 and Δδ18O – ΔδAr/N2 slopes (Table 3). These slopes are steeper than those of BCGL and PCGL, 

indicating greater isotopic fractionation caused by pumping, increasing data scatter. Slopes calculated using processed data 

of Dome Fuji pumping experiments from Oyabu et al. (2021) also show more significant oxygen isotopic fractionations 235 

(Table 3). Although the horizontal ice core used in this study was retrieved from surface of an ice stream, the gas ratio and 

isotopic fractionation slopes induced by pumping from our experiments and Dome Fuji pumping experiments are similar. 

This indicates that the gas losses during pumping probably follow similar mechanisms for shallow and deep ice cores.  

Our results demonstrate that pump-induced gas loss exhibits a size-dependent fractionation signature for O2 and Ar and 

causes greater oxygen isotopic fractionation than BCGL and PCGL. Since pumping primarily affects gases in ice cracks, 240 

fractured ice is more susceptible to pump-induced gas loss, increasing the uncertainty in gas ratio and isotopic data. 

Microcracks develop in all ice cores during drilling, pressure release, and storage (Ikeda-Fukazawa et al., 2005; Kobashi et 

al., 2008). Minimizing pump influence is therefore crucial, especially for fractured ice like shallow Antarctic blue ice 

samples. Therefore, pump-induced fractionation is a universal artifact whose magnitude scales with ice quality, but its 

potential impact exists across all ice core types. To optimize the pumping process, we recommend conducting evacuation 245 

tests on empty flasks to determine the minimum time required to reach the critical vacuum pressure. Once the critical 

vacuum pressure is reached, it is not essential to pump for longer. Instead, reducing unnecessary pumping could possibly 

minimize the risk of excessive gas losses and isotopic fractionation. 

 
Table 3. Compilation of gas loss fractionation slopes from different studies 250 

Site name Zone 
ΔδAr/N2 vs. 
ΔδO2/N2 
(‰∙‰-1) 

1σ 
Δδ18Oatmvs.  
ΔδO2/N2 
(‰∙‰-1) 

Δδ18Oatmvs. 
ΔδAr/N2 
(‰∙‰-1) 

References 

Pumping gas loss 
oiw2-2 Bubbly ice (rotary) 0.90 0.07 -0.0142 -0.0138 This study 
oiw2-2 Bubbly ice (turbo) 0.82 0.08 -0.0140 -0.0142 This study 
        Combined 0.86 0.06 -0.0132 -0.0124 This study 
Dome Fuji Bubbly ice (446.4m) 0.72 0.08 -0.0098 (R2=0.36) -0.0129 (R2=0.36) Oyabu et al. (2021) 
Dome Fuji  Clathrate (2001.1m) 0.86 0.29 -0.0518 (R2=0.19) -0.0712 (R2=0.35) Oyabu et al. (2021) 
Natural gas loss 
Byrd All depths (145-2101m) 0.42 0.04 -0.0023 (>1700m) -0.0037 (>1700m) Bender et al. (1995) 
Vostok-3G All depths (140-2058m) 0.41 0.06   Bender et al. (1995) 
Dome C Bubbly ice (181-625m) 0.24  0.03   Bender et al. (1995) 

Siple Dome Bubbly ice (75-973m) 0.54 0.01 -0.0065 -0.0035 Severinghaus et al. 
(2009) 

Dome Fuji Bubbly ice (112-450m) 0.53 0.08 -0.0068 -0.0079 Oyabu et al. (2021) 

Dome Fuji Outer pieces vs. inner 
pieces 0.22 0.01 -0.0083  Oyabu et al. (2021) 
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3.3 Gas loss corrections  

 The strong correlations between Δδ18O and gas ratios (ΔδO2/N2, ΔδAr/N2) demonstrate that oxygen isotopic 

fractionation is coupled to the loss of both O2 and Ar. This highlights the necessity of correcting δ18Ograv for gas loss effects 

by accounting variations in both ΔδO2/N2 and ΔδAr/N2. By cross-plotting Δδ18O, ΔδO2/N2 and ΔδAr/N2, we calculated the 255 

best fit using a multivariate regression model. Therefore, δ18Oatm could be corrected using the following equation regarding 

pump-induced gas losses: 

𝛿 𝑂#-$ =() 𝛿 𝑂:0#; − /−0.037 ∙ 𝛿𝑂< 𝑁<,:0#;⁄ + 0.027 ∙ 𝛿𝐴𝑟 𝑁<,:0#;⁄ :			()      (4) 

The gas-loss corrected δ18Oatm values are presented in Table 2. We compared the pooled standard deviations of δ18Ograv and 

δ18Oatm for the four pumping experiment datasets (NJ-1 to NJ-4) before and after correction. The pooled standard deviation 260 

in δ18Oatm decreased from 0.100‰ to 0.051‰, representing about 50% reduction in data scatter. This marked improvement 

demonstrates that our correction method effectively mitigates pump-induced fractionation and enhances the precision of 

trapped gas measurements.  

 As discussed above, pumping primarily evacuates gases residing in ice cracks, while gases trapped within the ice 

lattice and bubbles remain largely unaffected. This mechanism explains the high ΔδAr/N2 – ΔδO2/N2 slope of 0.86 observed 265 

in our experiments. The coupled variations of O2 and Ar in both ice cracks and lattice further inspires a rationale correction 

of δO2/N2 using δAr/N2. δO2/N2 in BCTZ or clathrate hydrate zone usually exhibit large scatter due to gas diffusion during 

the bubble to clathrate transition (Bender 2002; Ikeda-Fukazawa et al., 2005; Landais et al., 2012). Gas loss effects in these 

zones can be evaluated similarly using the ΔδAr/N2 – ΔδO2/N2 relationship derived from paired samples at the same depth. 

Based on the strong correlation between O2 and Ar, δO2/N2 could be corrected using δAr/N2 as an indicator of gas loss: 270 

𝛿𝑂< 𝑁<,=>00⁄ = 𝛿𝑂< 𝑁<,:0#;⁄ −𝑚 ∙ 𝛿𝐴𝑟 𝑁<,:0#;⁄         (5) 

where m is the slope of the ΔδAr/N2 – ΔδO2/N2 relationship for a given ice core section, δO2/N2 corr is the gas loss corrected 

value. We applied this correction method to gas ratio data from the BCTZ and upper clathrate hydrate zone of the Dome Fuji 

ice core (450-1500 m), where previous measurements showed pronounced scatter in δO2/N2 and δAr/N2. We divided these 

samples into three depth intervals: upper BCTZ (450-800 m), lower BCTZ (800-1200 m) and upper clathrate hydrate zone 275 

(1200-1450 m). The ΔδAr/N2 – ΔδO2/N2 slopes for these three intervals are 0.6066, 0.8939, and 0.5252, respectively. After 

correcting the δO2/N2 values using equation (5), the residuals of δO2/N2 corr relative to a low-pass-filtered curve substantially 

reduced compared to the original data in Oyabu et al. (2021) (Fig. 5). The low-pass-filtered curve is designed by linear 

interpolating δO2/N2 data at 0.1-kyr intervals with a cut-off period from 16.7 to 10.0 kyr, same as Kawamura et al. (2007). 

This marked reduction in scatter demonstrates that our correction method can effectively recover coherent orbital-scale 280 

signals from noisy δO2/N2 records in the BCTZ, enhancing the fidelity of orbital tuning dating of deep ice cores.  

https://doi.org/10.5194/egusphere-2025-5800
Preprint. Discussion started: 16 March 2026
c© Author(s) 2026. CC BY 4.0 License.



13 
 

 
Figure 5: Gas-loss corrected δO2/N2 records from the BCTZ and upper clathrate hydrate zone of Dome Fuji ice core plotted against ice 
age and depth. (a) Summer insolation at 77°S (W m⁻²; Laskar et al., 2004). (b) Gas-loss corrected δO2/N2 corr data (blue dots) with 
corresponding low-pass filtered curves (red lines; filter using parameters same as Kawamura et al. 2007). Gray dots show the original 285 
δO2/N2 grav data from Oyabu et al. (2021). (c) Absolute residuals between the δO2/N2 corr and their low-pass filtered curves. Green squares 
represent residuals calculated in this study; grey dots represent residuals from Oyabu et al. (2021). Shaded regions denote the Upper BCTZ 
(450–800 m), Lower BCTZ (800–1200 m), and upper clathrate hydrate ice zone (1200–1450 m). 

 

4 Conclusions  290 

 Our experiments provide the first quantitative constraints on pump-induced fractionation during ice core gas 

extraction, revealing mechanistic pathways distinct from BCGL and PCGL. The ΔδAr/N₂−ΔδO₂/N₂ slope of 0.86 confirms the 

dominance of size-dependent fractionation in remaining gases after pumping. This can be attributed to the selective evacuation 

of fracture-hosted gases, leaving bubble-resident gases fractionated by lattice diffusion. Isotopic enrichment in Δδ18O 

correlated strongly with gas loss magnitude, yielding fractionation slopes of -0.0132‰∙‰-1 against ΔδO2/N2 and -0.0124‰∙‰-295 
1 against ΔδAr/N2, substantially steeper than those associated with natural gas loss processes. The partial removal of fracture-

hosted gases introduces larger apparent δ18Oatm fractionations compared to BCGL and PCGL, increasing data uncertainties. 
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The strong correlations between Δδ18O and gas ratios demonstrate that oxygen isotopic fractionation is coupled to the loss of 

both O2 and Ar.  

The magnitude of gas loss varied randomly across ice core sections and showed no correlation with pumping duration, 300 

but was consistently greater for turbo pumping than rotary pumping. The concurrent loss of O2, Ar and lighter isotopes indicate 

gas loss through ice microcracks during pumping. These findings underscore that fractured ice, common in shallow Antarctic 

blue ice, brittle ice or poorly preserved ice cores, is highly vulnerable to pump artifacts. Shortening evacuation time after 

achieving critical vacuum pressure is recommended for these ice cores.  

Critically, we demonstrate that pump-induced fractionation can be effectively corrected. Our O2-Ar coupled 305 

multivariate correction reduces the pooled standard deviation of δ18Oatm by ~ 50%, from 0.100‰ to 0.051‰. More importantly, 

applying a δAr/N2-based correction to the Dome Fuji ice core substantially reduces scatter in δO2/N2 records from the BCTZ, 

enabling recovery of coherent orbital-scale signals essential for accurate ice core chronology. This marks the demonstration 

that gas loss artifacts in this challenging depth interval can be systematically corrected, with direct implications for orbital 

tuning and paleoclimate reconstruction. 310 
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