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The East Antarctic Ice Sheet (EAIS) is the largest potential contributor to future sea 

level rise, but projections are hindered by uncertainty in how the EAIS responded to past 

warm periods, for example during the Pliocene (5.3-2.6 Myr ago) when atmospheric CO2 

concentrations were last ≥ 400 ppm. Geological evidence indicates that some marine-based 

portions of the EAIS and West Antarctic Ice Sheet (WAIS) retreated during parts of the 

Pliocene1,2, but it remains uncertain whether ice grounded above sea level also experienced 

retreat. This uncertainty persists because global sea level estimates for the Pliocene have 

large uncertainties and cannot be used to rule out substantial terrestrial ice loss3, and also 

because direct geological evidence bearing on past ice retreat on land is lacking. Here, we 

show that land-based sectors of the EAIS draining into the Ross Sea were ice covered 

throughout the past 8 Myr based on extremely low concentrations of cosmogenic 10Be and 

26Al in quartz sand extracted from a land-proximal marine sediment core. The sediment we 

analyzed was eroded from the continent where it experienced only minimal exposure to 

cosmic radiation, indicating that atmospheric warming during the past 8 Myr was 

insufficient to cause widespread and/or long-lasting meltback of the EAIS margin onto 

land. We suggest that Antarctic ice volume variations in response to the range of global 

temperature experienced over this period – up to 2-3˚C above preindustrial4, which 

correspond to future scenarios with CO2 concentrations between 400 and 500 ppm – are 

instead driven mostly by retreat of marine ice margins, in agreement with the latest 

models5,6.  

 The configuration of the EAIS during the Pliocene is a longstanding topic of debate (ref. 

7 and references therein). Although the marine δ18O record is consistent with permanent EAIS 

establishment after 14 Ma, Pliocene marine diatoms from glacial sediments high in the 
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Transantarctic Mountains (TAM) first raised the possibility that the ice sheet significantly 

retreated, resulting in an interior seaway, and subsequently regrew as recently as 3 Ma. In 

apparent contradiction, geomorphic investigations identified ancient land surfaces in the TAM, 

implying persistent polar desert conditions for the past several million years, and, together with 

evidence that the diatoms were not in situ but rather wind transported, doubts developed around 

the scale of a late Neogene deglaciation. More recently, land-proximal marine sediment records 

revealed significantly warmer than present sea surface temperatures, a lack of summer sea ice, 

and retreat of marine-based parts of the EAIS and WAIS numerous times during the Pliocene1,2,8. 

Recent modeling may reconcile these seemingly disparate observations, suggesting that 

marine-based ice sheet retreat during the Pliocene allowed winds to loft diatoms from 

isostatically-uplifted marine sediments onto TAM tills that may in fact be much older8,9. 

Atmospheric warming in these Pliocene simulations is insufficient to drive widespread surface 

melting and retreat of land-terminating ice margins. Nonetheless, the resolution of the models is 

coarse relative to the width of potential ablation zones on the steep flanks of the ice sheet, and 

observations show widespread surface melt around Antarctica as high as 1300 m asl even in the 

current climate10. Moreover, Pliocene sea-level reconstructions cannot exclude the possibility of 

EAIS margin retreat onto land. Global sea-level estimates for Pliocene interglacials range from 5 

to >40 m higher than today3,11, owing to persistent uncertainties associated with extracting the 

sea-level signal from the marine δ18O record and paleo-shorelines, in part due to dynamic 

topographic changes and isostatic adjustment over time3. While most of this sea-level rise could 

be accounted for by loss of the current Greenland Ice Sheet (7 m) and/or marine-based portions 

of the WAIS (3 m) and EAIS (19 m), the highest estimates would also require input from EAIS 
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land-based sectors (34 m)12. To date, there has been no direct evidence confirming whether the 

EAIS margin retreated onto land during the past several million years. 

 Here, we directly test for retreat onto land of the EAIS margin and consequent exposure 

of the land surface to cosmic rays over the past 8 Myr by measuring concentrations of the 

cosmogenic nuclides 10Be and 26Al in quartz sands from the AND-1B sediment core retrieved 

from beneath the Ross Ice Shelf (Fig. 1a, 2c). While diatom-rich units in AND-1B were 

previously used to identify numerous open-water intervals1, likely associated with collapse of the 

WAIS8, we focused on terrigenous sediments from the intervening glacial units (Fig. 2) sourced 

from the EAIS. Cosmogenic nuclides are well suited to evaluating past terrestrial retreat of the 

EAIS because they are diagnostic of subaerial land exposure; these nuclides do not form in 

measurable concentrations under ice sheets, which shield rock surfaces from cosmic radiation. 

Cosmogenic nuclide concentrations in terrestrial materials from glaciated regions are controlled 

by a combination of ice sheet extent and erosional processes13. Nuclide production is highest at 

the ground surface, decreases exponentially in the top few meters, and then extends tens of 

meters further at much lower rates14. Exposure drives nuclide concentrations higher with time, 

while nuclides are lost due to decay (10Be t1/2 = 1.39 Myr; 26Al t1/2 = 0.71 Myr) and erosion that 

strips nuclide-rich surface material. Glaciation tends to favor both of these concentration-

lowering processes because it halts production and, under areas of erosive ice, removes 

previously exposed material from the bed. The nuclide concentration preserved in sediments 

carried from land to an adjacent ocean reflects a convolution of exposure and burial history along 

with erosion depth, integrated along ice flow lines and weighted by erosion rate13.  

 The AND-1B sediments we measured likely represent a relatively large area well 

upstream of the core site. Sand provenance indicators suggest that AND-1B glaciogenic 
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sediments were probably sourced from the Skelton and Mulock Glacier region of the TAM 

throughout the Plio-Pleistocene15, and perhaps also the Wilkes Basin further inboard beneath the 

EAIS (Fig. 1). Indeed, Last Glacial Maximum tills further outboard in the Ross Sea appear to 

have derived from the ice sheet interior as well as along the entire width of the TAM traversed 

by outlet glaciers16. Modeling suggests that outlet glaciers may have been more active during 

past warm periods, sliding and eroding along much of their lengths17, and erosive zones would 

have migrated inward as the ice sheet margin retreated (Extended Data Fig. 1). The volcanic 

rocks in McMurdo Sound surrounding the core site do not contain quartz15, precluding a local 

contribution. These source areas would have likely accumulated cosmogenic nuclides if 

substantial ice loss occurred in the past. The TAM are above sea level and would experience 

cosmic ray exposure during ice-free periods. The Wilkes Basin lies below sea level today12, but 

much of it would have rebounded above sea level had the ice sheet experienced major retreat 

(Fig. 1a; Extended Data Fig. 2).  

We evaluated whether AND-1B sediments have high cosmogenic nuclide concentrations 

indicative of past ice retreat using 62 diamictite samples from the top 786 m of the core; these 

were amalgamated and purified to obtain sufficient quartz sand for measurement, yielding eight 

samples (designated A-H, from top to bottom), which span core intervals of 0.2-260.7 m in 

thickness or 0.002-2.166 Myr in duration (Fig. 2) (Methods; Supplementary Data). Procedural 

blanks extracted along with samples quantify background nuclide abundances characteristic of 

sample processing and AMS analysis (Methods; Supplementary Data).  

In general, AND-1B nuclide concentrations are only marginally higher than procedural 

blanks, particularly for 26Al (Fig. 3); thus, they are indicative of little if any near-surface 

exposure. We used several statistical techniques to evaluate the certainty with which sample 
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measurements exceeded analytical backgrounds. First, cumulative frequency distributions 

suggest that the sample population as a whole contains low but measurable concentrations of 

both 10Be and 26Al (Extended Data Fig. 3). Then, we used both Frequentist and 

Bayesian statistical approaches to consider whether individual samples contain cosmogenic 

nuclides at concentrations above background (Methods; Extended Data Table 2). We find that all 

but the oldest sample contain more 10Be than process blanks. Six of eight samples (B, C, E, F, G, 

H) contain 26Al above blank level. We corrected sample nuclide concentrations for background 

using blank values and for decay on the seafloor using the core age model (Methods). Although 

the 26Al/10Be ratio can be used to monitor burial duration after exposure because the faster decay 

of 26Al relative to 10Be causes the ratio to decrease from its production value14, the relatively 

large uncertainties of the low-concentration AND-1B data preclude resolution of meaningful 

decay-corrected 26Al/10Be ratios.  

The presence of 10Be and 26Al in AND-1B sediments provides unequivocal evidence for 

past landscape exposure in source regions. The relatively short half-life of 26Al requires that this 

exposure occurred after EAIS expansion at 14 Ma, otherwise none would remain today 

(Extended Data Fig. 4). However, decay-corrected nuclide concentrations are extremely low, 

declining from only ~12,000 to 600 10Be atoms g-1 and 120,000 to 6,000 26Al atoms g-1 over the 

Plio-Pleistocene (Fig. 4a; Extended Data Fig. 4) – the equivalent of only 150-3,000 years of 

surface exposure at sea level (where the 10Be production rate is 4 atoms g-1 yr-1) and even less at 

higher elevations. It is possible that these small concentrations of nuclides result from 

incorporation of minor amounts of material derived from nunataks in the TAM18. In any case, 

these low concentrations are evidence that any Pliocene land-based ice sheet retreat upstream 
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from AND-1B was at most very limited in duration and/or extent. Several arguments support this 

interpretation. 

First, modeling suggests that, in most plausible scenarios, AND-1B nuclide 

concentrations are consistent with spatially and/or temporally limited ice retreat during glacial 

cycles of the Pliocene and especially the Pleistocene (Methods); repeated exposures, even if 

relatively brief, would have led to higher concentrations than we measured (Extended Data Fig. 

5). A single, long-lasting Pliocene exposure event on the other hand, such as during the warm 

~3.6-3.4 Ma interval implied by a 60-m thick diatomite in the AND-1B core1, could yield 10Be 

concentrations consistent with our Pliocene data if erosion rates were at least tens of meters per 

million years once the ice cover returned . However, such high erosion rates cause 10Be 

concentrations to decline more steeply over time than observed in our record without continued 

exposures (Extended Data Fig. 6 and 7), and frequent exposure seems unlikely given that 

temperatures and sea level were rarely higher than today during the Pleistocene19,20. The 

decreasing trend in AND-1B nuclide concentrations instead nearly follows a decay curve (Fig. 

4a), a trend most consistent with low rates of bedrock erosion under continuous ice cover since 

the last episodes of exposure.  

The persistent ice cover suggested by our record is also consistent with the perennially 

frozen conditions that some have argued are needed to explain extreme landscape stability in the 

TAM over the past several Myr reflected by high cosmogenic nuclide concentrations in exposed 

surfaces and intact surficial ash deposits7. 

Lastly, relative stability of the EAIS is evident when the AND-1B cosmogenic marine 

sediment record is compared to similar records from other ice sheets. Decay-corrected AND-1B 

10Be concentrations are several times lower than values for Greenlandic sediment over the same 
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time period13 (Plio-Pleistocene averages of 7,000 and 25,000 atoms g-1, respectively), which are 

in turn several times lower than tills from the Laurentide Ice Sheet21,22 (Pleistocene average of 

70,000 atoms g-1). These patterns are consistent with repeated North American interglacial 

exposure sustaining higher nuclide concentrations, a generally present but dynamic Greenland 

Ice Sheet, and persistent Antarctic ice cover maintaining low 10Be concentrations.  

How well does AND-1B represent the broader EAIS? Models simulating EAIS 

deglaciation suggest that ice may linger in the higher elevations of the TAM, but all show the ice 

sheet generally contracting inward, with considerable land area currently upstream of the core 

site exposed relatively early during retreat23,24. Furthermore, these models suggest that warming 

consistent with even the strongest interglacials of the past 8 Myr would have produced minimal 

land exposure around the entire EAIS margin6,8. The near absence of cosmogenic nuclides in our 

record therefore rules out substantial and long-lasting EAIS retreat onto land over the past 8 

Myr; a finding consistent with recent seismic imaging off the Aurora Basin25 and that could be 

confirmed by similar cosmogenic nuclide measurements in cores elsewhere around Antarctica. 

Our results put an upper limit on estimates of Pliocene sea level, since melting of all marine-

based ice in Antarctica12 and the Greenland Ice Sheet could contribute at most 30 m of sea level 

rise. Together with prior evidence for open waters at the AND-1B site during the Pliocene1, our 

findings agree with model simulations that the terrestrial EAIS experiences minimal melt when 

CO2 is near its present value of ~400 ppm for extended periods of time, whereas some marine-

based ice sheet sectors largely disappear5,23 (Fig. 1c and 4c).  
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Figure 1. Location of the AND-1B core in the Ross Sea, ice flow lines to the core site, and 

simulated ice sheet retreat during the Pliocene. (a) Some areas upstream of the core site are 

currently below sea level12 (light gray), but would mostly rise above sea level 10 kyr after 

deglaciation of marine-based ice sheet sectors26 (dark gray) and be exposed to cosmic radiation. 

WB = Wilkes Basin, and triangles represent the Transantarctic Mountains. Figure modified from 

ref. 1. (b) Ice currently flows to the core site from the Skelton and Mulock outlet glaciers of the 

EAIS, and likely did throughout the Plio-Pleistocene15. Figure modified from ref. 15. (c) 

Simulated Pliocene ice sheet configuration from ref. 5 (solid line), with retreat restricted almost 

entirely to marine-based sectors of the ice sheet. Dashed line shows current ice extent. Star 

shows location of the AND-1B site in all panels. 
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Figure 2. AND-1B stratigraphy and cosmogenic nuclide samples. (a) Core lithostratigraphy27. 

(b) Sand masses of 62 samples used in this study (crosses) (Supplementary Data). Quartz was 

extracted from these samples and amalgamated, yielding eight final samples used for 

cosmogenic nuclide measurement labeled A-H (gray shaded intervals). Note that there is a ~200 

m gap between samples G and H. (c) Age control points from paleomagnetic events (black 

squares), 40Ar/39Ar ages (maroon circles), and diatom datums (green diamonds)27. Arrows 

designate maximum or minimum limiting ages. 
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Figure 3. Cosmogenic nuclide abundances. Probability distribution functions of (a) 10Be and 

(b) 26Al abundances (total number of atoms) measured in AND-1B samples (colored lines) as 

well as all laboratory process blanks run alongside low-level samples in the same hood by the 

same operator (shown as translucent gray rather than lines for visual clarity). Labels A-H give 

sample names from top to bottom in the core, and asterisks denote samples that have nuclide 

abundances above blank level at 90% confidence according to Bayesian analysis (Methods). 

Note that the x-axes in the two panels have different scales.  
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Figure 4. AND-1B 10Be record. (a) Decay-corrected 10Be concentrations from AND-1B. 

Shading shows 1σ uncertainty, and the green bar near 8 Ma represents the possible range of 

decay-corrected concentrations in the oldest AND-1B sample that is now below detection limit. 

The dashed black line shows the decay curve that would end at the youngest AND-1B sample. 

(b) Benthic δ18O record, a proxy for global ice volume and deep ocean temperature28. (c) 

Atmospheric CO2 concentrations from ice cores29 (purple line), and paleosol δ13C (red), alkenone 

δ13C (yellow), stomata (green), and marine δ11B (blue) with 1σ uncertainties30. 
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Methods 

Sediment samples. We prepared a total of 62 samples ranging in thickness from 2 to 70 cm from 

the top 786 m of the AND-1B core. The top 61 samples are from Facies 10, diamicton 

interpreted as subglacial sediments, though possibly also associated with rainout from floating 

ice and mass flows31. The lowest sample is from Facies 4, interpreted as hemipelagic muds and 

clasts rained out from icebergs and/or an ice shelf31. The samples were disaggregated by soaking 

in weak acid, wet sieved, and then due to their small masses, the >125 μm fractions from 

adjacent samples were amalgamated until they totaled ~200 g, yielding 14 samples. Quartz was 

isolated through an initial heated HCl ultrasonic etching followed by repeated weak (0.25%) 

HF/HNO3 etching, and the >1000 μm fraction was sieved to remove larger grains feed up during 

acid disaggregation. Because some of the resulting quartz separates were too small for 10Be 

measurement, we amalgamated adjacent samples once again, producing eight final samples with 

quartz masses of 14-20 g spanning core intervals of 0.2-260.7 m in thickness, or 0.002-1.763 

Myr in duration. Sample processing details are given in Supplementary Data. 

Cosmogenic nuclide extraction. 10Be and 26Al were extracted from quartz at the University of 

Vermont following the methods of Corbett et al.32. We added ~250 μg of 9Be to each sample 

using a beryl carrier made at University of Vermont. Total 27Al was quantified using inductively 

coupled plasma optical emission spectrometry analysis of replicate aliquots removed from 

samples directly following digestion; measurements were made using an internal standard (Y) 

and two different Al emission lines. The10Be/9Be ratios were measured at Lawrence Livermore 

National Laboratory and normalized to primary standard 07KNSTD3110, assuming a 10Be/9Be 

ratio of 2.85 x 10-12 (ref. 33). 26Al/27Al ratios were measured at Purdue Rare Isotope 
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Measurement Laboratory and normalized to KNSTD standard 26Al-1-05-2 with an assumed 

26Al/27Al ratio of 1.82 x 10-12 (ref. 34). Isotopic data are given in Supplementary Data. 

Blanks. Two procedural blanks were prepared with the samples during nuclide extraction to 

estimate background nuclide abundances resulting from both laboratory sample processing and 

AMS analysis. To characterize more fully the possible range of backgrounds, we also considered 

all blanks run by the same operator in the same fume hood (dedicated exclusively to the 

preparation of low-ratio samples) with other long-buried samples from beneath the Greenland Ice 

Sheet (n=26 for 10Be, n=18 for 26Al) (Supplementary Data). We quantify the central tendency 

and dispersion of the sample and blank populations using their arithmetic means and standard 

errors. All blanks were measured at the same AMS facilities as the samples (Lawrence 

Livermore National Laboratory for 10Be, Purdue Rare Isotope Measurement Laboratory for 

26Al). 

Statistical analysis. Traditionally, Frequentist methods (i.e., null-hypothesis significance tests) 

are applied (e.g., t-test) to the sample results and process blanks to determine whether the two 

groups are statistically different or if individual samples are statistically distinct from a group of 

blanks. A null hypothesis is framed (e.g., “the true mean of the samples is less than or equal to 

the true mean of the blanks”) and is rejected for p values less than the significance level (α). 

However, under a Frequentist approach, one cannot express support for the research hypothesis 

(e.g., that a given sample result is greater than the mean of the blanks). A low p-value simply 

means there is a low chance that our data would support the null hypothesis simply by random 

chance58. In other words, the probability of incorrectly rejecting the null (Type I error) is low. On 

the other hand, a Bayesian analysis can support either a null or research hypothesis, provide 

explicit information about the precision of parameter estimations in the form of credible 
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intervals, and allow data to be examined in the context of the effect size35-37. Bayesian 

frameworks have the added advantage of allowing for non-normal distribution of data sets38, 

which can be a common occurrence when working with low-level detection samples39. Notably, 

our AND-1B data sets exhibit some non-normality. While 10Be blanks and samples and 26Al 

blanks were each from a normal distribution as confirmed by Shapiro-Wilks test (at a 

significance level, α, of 0.05), the group of 26Al blanks was not normally distributed.   

Bayesian inference was applied to estimate distribution parameters (including the mean 

and standard deviation) for our AND-1B data sets, and compare parameters between the samples 

and blanks. In the context of the t-test, our response variables (10Be and 26Al reported in the 

samples and the blanks) were modeled as having a t-distribution to accommodate potential 

outliers. The t-distribution is similar to a normal distribution, parameterized by mean (µ) and 

standard deviation (σ), but includes a third parameter (ν) that accommodates heavy-tailed 

distributions (ν <30) and near-normal distributions (ν =30).    

Model parameters included µ1, µ2 σ1, σ2, ν, with the subscripts denoting the identity of the 

blanks (Group 1) and samples (Group 2). Non-informative priors were assigned to each 

parameter. A normal distribution was assigned to µ1, µ2 centered on the empirical mean of 

pooled data (both blank and sample groups), with a variance ranging from 0.2 to 5 times the 

standard deviation of the pooled data. Standard deviation parameters, σ1, σ2, were each assigned 

a prior distributed as a gamma density with shape and rate parameters “derived from the desired 

mode and standard deviation of the gamma distribution”51. Equal normality was assumed for 

both groups, with a prior for v distributed as a gamma density with shape and rate parameters 

“derived from the desired mean and standard deviation of the gamma distribution”40. 
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Gibbs sampling was used to obtain samples from the posterior distribution and estimate 

the mean, standard deviation, standard error of the mean (SEM), mode, quantiles and credible 

intervals for each Bayesian model parameter. Markov-chain Monte Carlo sampling was 

implemented in R41 using the “BEST” package42, which relies on “JAGS”43 and “coda”44. 

Sampling was conducted with three chains, for 100,000 iterations with a thinning factor of 1, 

after discarding the initial 4,500 iterations for adaptation and burn-in phases. Convergence was 

confirmed by visual examination of trace plots and the Gelman-Ruben statistic45 (i.e., potential 

shrink reduction factor less than 1.1).   

We first compared the blanks to samples for each nuclide (expressed in atoms), applying 

a one-sided, two-group t-test (2GTT) using both Frequentist and Bayesian approaches. 

Importantly, our blank results included all laboratory process blanks run alongside low-level 

samples in the same hood by the same operator over time (n=26 for 10Be and n=18 for 26Al). 

A Frequentist one-sided, 2GTT (unequal variances, Welch approximation) determined 

that the mean of the samples may be greater than the mean of the blanks for both 10Be and 26Al. 

The null hypothesis (that the true mean of the samples is less than or equal to the true mean of 

the blanks) was rejected at α = 0.05 (p < 0.05, Extended Data Table 1). 

A Bayesian, one-sided, 2GTT yielded consistent results, but provided support for the 

research hypothesis (i.e., that the sample mean is greater than the blank mean) and quantified the 

probability.  Results indicate the two groups (samples vs. blanks) are credibly different for both 

10Be and 26Al; and there is a greater than 99% probability that the sample mean is greater than 

the blank mean for each nuclide (Extended Data Table 1). The 95% credible interval on the 

estimated difference between group means excludes zero for both 10Be and 26Al.  
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Next, we compared each individual sample to the mean of the blanks to determine if the 

samples contained credible quantities of 10Be and 26Al, using both Frequentist and Bayesian 

methods. The two methods yielded contrasting outcomes with the value of Bayesian over 

Frequentist methods becoming especially apparent from this analysis. 

The Frequentist 1GTT was performed to evaluate the null hypothesis that the sample 

result was less than or equal to the blank mean. For 10Be, a low p value (<0.10) was obtained for 

seven of the eight samples (A through G), rejecting the null hypothesis. However, this 1GTT 

failed to reject the null hypothesis for reported 10Be in sample H. For 26Al, a low p value (<0.10) 

resulted in a rejection of the null hypothesis for all eight samples. However, Frequentist analysis 

does not permit us to express support for the research hypothesis – i.e., that 26Al is credibly 

present in these eight samples, or that 10Be is credibly present in seven of the eight samples - 

only that there is a low probability of a Type I error.   

Bayesian 1GTT were carried out by defining a Region of Uncertainty (ROU) around the 

sample-specific estimate equal to +/- 1σ. Bayesian 1GTT results indicated that 10Be is credibly 

present above the mean blank value in seven of the eight samples (all but H). In each credible 

case, the blank mean is less than the sample value, and a 90% Credibility Interval (C.I.) on the 

posterior distribution of the mean of the blanks fully excludes the +/-1σ ROU surrounding the 

sample value (Extended Data Fig. 8a). In contrast, for sample H, the mean of the blanks is 

greater than the reported sample value (Extended Data Fig. 8b). An estimated 92.9% of the 

posterior distribution is above the sample value, and 89.9% of the posterior distribution of the 

mean is located within the sample-specific ROU (Extended Data Table 2).    

In the case of 26Al, Bayesian 1GTT results indicated this constituent is credibly present 

above the mean blank value in samples B, C, E, F, G and H only.  In contrast, samples A and D 
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may be, to varying degrees, indistinguishable from the process blanks (Extended Data Table 2). 

While the 90% C.I. on the posterior distribution of the blank mean was less than, and fully 

excluded, the respective sample value, a percentage of the posterior distribution (17.5% and 

10.8%, respectively, for A and D) was located within the sample-specific ROU – including 

portions of the 90% C.I. (Extended Data Fig. 8c).   

Thus, Bayesian 1GTT results contrast with those of the Frequentist null-hypothesis 

significance tests. While significant p values (at α = 0.10) obtained in the Frequentist 1GTT may 

have led one to conclude that 10Be is present in seven out of eight samples and 26Al is present in 

all eight samples with a “confidence” interval of 90%, we can only state a low chance of having 

incorrectly rejected a true null hypothesis (i.e., generated a “false positive”) for these samples. 

The Bayesian approach, however, allowed us to express support for the research hypothesis that 

10Be is credibly present above the mean of the blanks in samples A-G, and 26Al is credibly 

present above background only in samples B, C, E, F, G, and H.  

It is difficult to explain the presence of 26Al but the absence of 10Be in sample H given the 

shorter half-life of 26Al. Because 26Al abundance in this sample barely exceeds the threshold for 

statistical significance (Fig. 3b), we consider it dubious that this sample in fact contains 

measurable 26Al and disregard it. 

Blank correction. To estimate the concentration of nuclides in the samples, we subtracted the 

mean nuclide abundance of all the blanks. We quantified the blank uncertainty as the standard 

error of the mean, and combined it with the measurement uncertainty of the sample nuclide 

abundances in quadrature. 

Decay correction. We corrected measured cosmogenic nuclide concentrations for radio-decay 

on the seafloor following deposition using the age model from Wilson et al.27, which is based on 
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paleomagnetic events, biostratigraphic data, and 40Ar/39Ar ages. Because measurements were 

made on amalgamated subsamples spanning considerable depth (and thus age) ranges in the core, 

we used the average age of the subsamples, weighted by their sand (>125 μm) masses. Our 

cosmogenic record is relatively insensitive to age model uncertainties because the age 

uncertainties are substantially smaller than the half-lives of 10Be and 26Al (1.39 (ref. 46) and 0.71 

Myr (ref. 47)).  

Limiting initial nuclide concentrations of blank-level samples. We estimated the maximum 

concentration that samples without measurable nuclides could have had when they were 

deposited and still decayed to blank levels by today. For example, our average 10Be blank has 

~7,000 atoms. This implies that the oldest sample (H), which does not have measurable 10Be, 

could have had up to ~380,000 atoms (or ~19,000 atoms/g for this 20.1 g sample) when it was 

deposited 8 Ma (5.75 half lives ago).  

Antarctic erosion rates.  The AND-1B cosmogenic nuclide record is erosion-weighted because 

sediments are sourced from areas in proportion to their erosion rate. In addition, areas of more 

rapid erosion contribute deeper-sourced, and thus nuclide-poorer, material, potentially diluting 

the cosmogenic nuclide concentration resulting from a past exposure event. Modeling, sediment 

backstacking techniques, subglacial imaging, and thermochronometry suggest that while 

Antarctic subglacial erosion rates may have reached up to 200 m/Myr in spatially isolated 

regions in the past, spatial averages were typically much lower (1-2 m/Myr)48-50, particularly 

during the late Cenozoic as landscape dissection probably slowed with colder conditions and less 

aggressive glacial erosion49,51,52.  

Modeling hypothetical exposure scenarios. We generated synthetic 10Be and 26Al records to 

help inform interpretation of the AND-1B record using the MATLAB implementation of 
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Heisinger et al.53 and Balco et al.54, including nuclide production by muons. In a first experiment, 

we evaluated whether the 26Al measured in our record could have been produced prior to EAIS 

expansion at 14 Ma, and find that it could not. For instance, even in an extreme scenario with a 

high-elevation, non-eroding surface saturated with 26Al (equal rates of nuclide production and 

loss by radio-decay) at 14 Ma and subsequently decaying for 20 half-lives under cold-based, 

non-erosive ice cover, there would not be detectable 26Al remaining today (Extended Data Fig. 

4). In a second set of simulations, we calculated 10Be and 26Al concentrations in sediment eroded 

from a bedrock profile averaged over multiple glacial cycles, driven by high-latitude production 

rates at sea level and 2000 m asl, and given various durations of exposure per cycle (0-100%) 

and glacial erosion rates (0-100 m Myr-1). AND-1B Pliocene 10Be concentrations are consistent 

with exposure lasting >10% of a glacial cycle only in cases with low-elevation sediment sources 

and very high erosion rates; most scenarios in agreement with the AND-1B data instead imply 

little to no exposure during the Pliocene, and especially the Pleistocene (Extended Data Fig. 5). 

Lastly, we tested whether a single episode of exposure for 10, 50, 100, or 200 kyr during the 

mid-Pliocene could yield a 10Be record similar to ours. We assumed that the bedrock had no 

cosmogenic nuclides initially, rock was eroded at various rates (0, 20, and 100 m Myr-1) and the 

resulting sediment transported instantaneously to the sea floor, where the radionuclides were 

only subject to decay. The resulting time series were degraded to the resolution of our isotopic 

record. The simulations suggest that both short-exposure, low-erosion and long-exposure, high-

erosion scenarios could yield 10Be concentrations similar to the AND-1B Pliocene samples, but 

the rapid erosion in the latter scenarios decreases 10Be concentrations more quickly than we 

observe during the Pleistocene (Extended Data Fig. 6). The long mid-Pliocene exposure scenario 

would require either a substantial decrease in erosion rates from the Pliocene to the Pleistocene 
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or continued brief exposure events during the Pleistocene to match the entire AND-1B record. 

We also repeated the 200 kyr mid-Pliocene exposure simulation, but first mixed eroded bedrock 

into a deformable till layer before fluxing it to the ocean. We used deformable bed thicknesses of 

1 and 10 m, erosion rates of 10 and 80 m Myr-1, assumed instantaneous homogenization of 

eroded bedrock material throughout the deformable bed in each time step, and removed an equal 

amount of bed material to the ocean to keep the bed thickness constant. This sediment mixing 

reduces the magnitude of the mid-Pliocene exposure signal and extends its longevity through 

time compared to the bedrock-only simulations, but it similarly fails to replicate the AND-1B 

record; high erosion rates are needed to reduce Pliocene 10Be concentrations in the regolith to 

AND-1B values, but low erosion rates are needed to slowly discharge the regolith to the ocean 

over the past several million years (Extended Data Fig. 6). More complicated scenarios would be 

required to fit the AND-1B record, such as long-lived pockets of higher-10Be regolith mixing 

with more rapidly eroding, and thus lower-10Be, bedrock.  

Data availability. All AND-1B data generated in this study (sediment processing, sample and 

blank isotopic ratios and concentrations) are provided as Supplementary Data.  

Code availability. The codes used to model cosmogenic nuclide exposure and erosion scenarios 

shown in the Extended Data Figures are available at https://github.com/shakunj/Shakun-et-al-

2018-Nature. 
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Extended Data Figure 1. Modeled patterns of erosion. Simulated erosion potential under the 

Antarctic Ice Sheet calculated from modeled driving stress and basal velocity fields for several 

uniform (atmosphere and ocean) warming scenarios of (a) 4˚C, (b) 8˚C, (c) 12˚C, and (d) 15˚C 

55. The location of the AND-1B core is shown by the yellow dot. Note that erosive zones tend to 

extend toward the continental interior with warming. 
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Extended Data Figure 2. Glacial isostatic adjustment following ice retreat. Antarctic land 

above sea level (yellow) (a) 0, (b) 5, (c) 10, and (d) 15 kyr after a near-instantaneous (1-kyr) 

collapse of all marine-based ice sheet sectors for two different mantle viscosity models26.  Model 

1 is from Peltier et al.56, and Model 2 has the following parameters: lithosphere thickness = 96 

km, upper mantle viscosity = 5 x 1020 Pa s, lower mantle viscosity = 1022 Pa s. The location of 

the AND-1B core is shown by the star.  
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Extended Data Figure 3. AND-1B sample versus blank populations. Cumulative exceedance 

probabilities of measured (i.e., not blank-corrected) (a) 10Be and (b) 26Al nuclide abundances in 

AND-1B samples (blue) and all blanks run by the same operator in the same low-level hood 

(red), with 1σ uncertainties. These plots display the fraction of measurements that exceed a given 

nuclide abundance. Note that probabilities are generally higher for the samples than the blanks; 

in other words, a random draw from the samples is more likely to be above a random draw from 

the blanks, suggesting that they are separable populations.   
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Extended Data Figure 4. AND-1B decay-corrected 26Al concentrations. Shaded intervals 

surrounding the blue line show 1σ uncertainties, while shaded intervals not surrounding the blue 

line show the possible range of decay-corrected concentrations in samples that are below 

detection limit. The dashed black line simulates the 26Al concentration in non-eroding material at 

2000 m asl that was originally saturated at 14 Ma and subsequently decayed under cold-based, 

non-erosive ice. The fact that several AND-1B samples have higher concentrations than even this 

extreme scenario most favorable to having nuclides persist to the present suggests that the AND-

1B nuclides were produced after the expansion of the EAIS in the mid-Miocene.  
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Extended Data Figure 5. Modeled cosmogenic nuclide concentrations for various 

interglacial exposure durations and glacial erosion rates. Simulated (a,b) 10Be and (c,d) 26Al 

concentrations in material sourced from sea level and 2000 m asl in Antarctica as a function of 

the fraction of time land is exposed over 40 kyr glacial cycles. Results are nearly identical for 

100 kyr cycles. Erosion rates were assumed to be 0 m/Myr during ice-free conditions, based on 

geologic evidence for negligible late Cenozoic erosion in ice-free areas of the TAM9,10. Black 

arrows next to the scale bars show the range of decay-corrected nuclide concentrations in AND-

1B samples. The model was initialized with zero nuclides at 8 Ma (representative of conditions 

implied by AND-1B sample H), assumes instantaneous transport of eroded sediment to the ocean 

and no mixing, and continuous radio-decay. Concentrations shown are the Pliocene (5-3 Ma) 

average. Comparison of these simulations with AND-1B nuclide concentrations suggests that 

land exposure in sediment source regions was probably quite limited in duration and/or extent 

through the Plio-Pleistocene.  
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Extended Data Figure 6. Modeling a mid-Pliocene exposure event of bedrock. Each panel 

shows AND-1B decay-corrected 10Be concentrations with 1σ uncertainty (green), as well as 

simulated 10Be concentrations assuming a single (a) 10 kyr, (b) 50 kyr, (c) 100 kyr, and (d) 200 

kyr exposure of a bedrock column in the mid-Pliocene. The exposure event was chosen to start at 

3.6 Ma and extend up to 200 kyr in duration based on the presence of a 60-m thick diatomite unit 

in the AND-1B core thought to reflect warm interglacial conditions from 3.6-3.4 Ma1. Simulated 

records are driven by production at sea level (gray) or 2000 m asl (black), and subjected to 

continuous radio-decay and continuous erosion at rates of 0 m/Myr (solid lines), 20 m/Myr 

(dashed lines), and 100 m/Myr (dotted lines). The model assumes that the sediment source was 

initially devoid of nuclides and that sediments are transported instantaneously to the sea floor. 

The synthetic time series have been binned to the same resolution as the AND-1B data.  
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Extended Data Figure 7. Modeling a mid-Pliocene exposure event with eroded bedrock 

mixed through a deformable bed. AND-1B decay-corrected 10Be concentrations with 1σ 

uncertainty (green), as well as simulated 10Be concentrations assuming a single exposure event 

from 3.6-3.4 Ma and routing of eroded bedrock through a well-mixed deformable bed for various 

bed thicknesses and erosion rates. Material eroded from the bedrock profile is instantaneously 

mixed throughout the deformable bed in each time step, and an equal amount of material is 

removed from the bed, keeping its thickness constant. Sediment mixing in the deformable bed 

dilutes the surface 10Be signal of the exposure event but extends its longevity through time in 

comparison to the bedrock simulations shown in Extended Data Fig. 6. Simulated records are 

driven by production at sea level, and subjected to continuous radio-decay and continuous 

erosion. The model assumes that the bedrock and deformable bed were initially devoid of 

nuclides and that sediments eroded from the deformable bed are transported instantaneously to 

the sea floor. The synthetic time series have been binned to the same resolution as the AND-1B 

data. 
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Extended Data Figure 8.  Conceptual diagram of Bayesian one-group t-test outcomes and 

their interpretation. (a) Nuclide is credibly present above background: i.e., the sample value is 

greater than the mean of the blanks (defined at the mode of the posterior distribution), and the 

region of uncertainty surrounding the sample value fully excludes the 90% credible interval 

(C.I.) on the posterior distribution of the mean of the blanks;  (b) Nuclide is not credibly present 

above background: the sample value is less than or equal to the blank mean;  (c)  Nuclide is not 

credibly present above background: while the sample value is greater than the blank mean, the 

region of uncertainty surrounding the sample value does not fully exclude the 90% C.I. 
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Extended Data Table 1.  Comparison of nuclide abundances in sample populations with 

procedural blank populations. 1Arithmetic mean and standard error of the mean of samples and 

of all blanks associated with hood in which samples were processed by same operator. 2Bayesian 

estimation of mean and standard error of the mean of samples and of all blanks associated with 

hood in which samples were processed by same operator. 3The mean and standard error values 

estimated under Frequentist and Bayesian methods differ slightly, given that the former is 

derived arithmetically and the latter is derived through MCMC sampling.   
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Extended Data Table 2. Comparison of nuclide abundances in individual samples with 

procedural blanks. 1Arithmetic average of blanks subtracted from measured atoms in each 

sample, with uncertainties added in quadrature. In calculating the blank average, a value of one-

half the lowest detected blank value was substituted for two of the eighteen 26Al blanks which 

exhibited zero-count results. 2Test result is significant at specified alpha level, where indicated 

by *. Test compared non-corrected samples individually to the mean of the blanks. 3Bayesian-

estimated blank mean subtracted from measured atoms in each sample, with uncertainties added 

in quadrature, using Bayesian estimated standard error of the mean (SEM) of the blanks. 4Values 

formatted as “a/b/c” represent the following statistics: a – percent of the posterior distribution of 

the mean of the blanks above the sample value, b – percent of the posterior distribution of the 

mean of the blanks within the region of uncertainty (ROU) around the sample value. ROU 

defined as +/- 1σ, c – Y = yes, N = no in answer to the question “constituent credibly present in 

sample?” (i.e., 90% Credibility Interval of posterior distribution of the mean of the blanks is less 

than and fully excludes the ROU around the sample value?). 
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