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Greenland was nearly ice-free for extended periods 
during the Pleistocene
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The Greenland Ice Sheet (GIS) contains the equivalent of 7.4 metres 
of global sea-level rise1. Its stability in our warming climate is 
therefore a pressing concern. However, the sparse proxy evidence of 
the palaeo-stability of the GIS means that its history is controversial 
(compare refs 2 and 3 to ref. 4). Here we show that Greenland was 
deglaciated for extended periods during the Pleistocene epoch 
(from 2.6 million years ago to 11,700 years ago), based on new 
measurements of cosmic-ray-produced beryllium and aluminium 
isotopes (10Be and 26Al) in a bedrock core from beneath an ice core 
near the GIS summit. Models indicate that when this bedrock site is 
ice-free, any remaining ice is concentrated in the eastern Greenland 
highlands and the GIS is reduced to less than ten per cent of its 
current volume. Our results narrow the spectrum of possible GIS 
histories: the longest period of stability of the present ice sheet that is 
consistent with the measurements is 1.1 million years, assuming that 
this was preceded by more than 280,000 years of ice-free conditions. 
Other scenarios, in which Greenland was ice-free during any or all 
Pleistocene interglacials, may be more realistic. Our observations 
are incompatible with most existing model simulations that present 
a continuously existing Pleistocene GIS. Future simulations of the 
GIS should take into account that Greenland was nearly ice-free for 
extended periods under Pleistocene climate forcing.

The possibility that future warming will cause destabilization of 
the GIS has motivated the use of geological records to estimate the 
 climate sensitivity of the GIS. Terrestrial studies2,3 have argued that 
the palaeo-environment of the Kap Kobenhavn Formation in north 
Greenland implied an ice-free Greenland, with temperatures nearly 
6 °C above present persisting for about 20,000 years (20 kyr) from  
1.8 million years (Myr) ago to 2.0 Myr ago. Marine sedimentary 
proxy data from sites off southwest Greenland5,6 are interpreted to 
 indicate a smaller GIS during both the Marine Isotope Stage (MIS) 5e  
(or Eemian; about 120 kyr ago) and MIS 11 (about 410 kyr ago) inter-
glacial periods. Biomolecules in basal ice of the Dye-3 ice core in 
 southern Greenland provide evidence for subarctic conditions (and 
thus a smaller GIS) sometime in the past million years or so7 and a 
recent review8 argues that the near-field and far-field data require 
major ice-sheet fluctuations, and allow (but do not require) near-total  
ice loss during the Pleistocene. On the other hand, data from the 
basal NEEM ice core9 indicate minor ice-surface lowering during 
MIS 5e despite temperatures several degrees warmer than present. 
The geochemistry of Greenland Ice Sheet Project Two (GISP2) silty 
basal ice has been interpreted as being consistent with the scenario 
of continuous ice cover for the past 2.6 Myr (ref. 4) and trapped 
air enclosed in the silty ice layer of the nearby Greenland Ice Sheet 
Project (GISP) core indicate basal ice ages exceeding 1 Myr (ref. 10; 
Methods).

The GIS survived mid-Holocene temperatures somewhat warmer 
than those of the past millennium and many model simulations show 
a relatively stable GIS over the interglacials of the recent geologic 
past11,12. However, simulations also show that the warming required 
to remove most of the GIS is model-dependent and sensitive to  external 
forcings and internal feedbacks, including insolation forcing, accu-
mulation rate parameterization, and distribution and seasonality of  
temperature. Results imply temperature thresholds for ice-sheet stabi-
lity between one11 and a few degrees Celsius above present temperatures 
(see review in ref. 8; also refs 13 and 14). Because the GIS sensitivity 
probably changes with increasing forcing temperature, model time-
scales for ice-sheet removal depend on the amplitude of the forcing: a 
temperature threshold of 2 °C with a 5,000-year response time given 
3 °C warming was inferred by ref. 13, but more extreme temperature 
forcing allows for GIS removal within a few thousand or even  several 
hundred years13. Thus, current model results remain ambiguous but 
do show that both the magnitude and the duration of warmth are 
 important to ice-sheet deglaciation.

Overall, existing geological data and model experiments have not 
resolved the question of whether the GIS disappeared or shrank sub-
stantially in warm interglacial periods. Much of this uncertainty reflects 
the fact that the geological data mostly comprise inference from remote 
proxy records, since direct evidence, if it exists, is buried beneath 
the present ice sheet. Here we attempt to overcome this obstacle via 
 cosmogenic nuclide analysis of sub-GIS bedrock.

On 1 July 1993, after five years of drilling and recovery of a 
3,040.3-m-long ice core and a 13.1-m-long core of sediment-rich basal 
ice, the GISP2 project penetrated 1.55 m of bedrock15 (Figs 1 and 2). 
We describe measurements of cosmic-ray-produced in-situ 10Be and 
26Al from this GISP2 bedrock core. 10Be and 26Al, with half-lives of 
1.4 Myr (refs 16 and 17) and 0.7 Myr (ref. 18) respectively, are trace 
radionuclides produced in situ by nuclear interactions between cos-
mic-ray particles and rocks exposed at Earth’s surface. The cosmic-ray 
flux decreases exponentially with an e-folding length (1/e ≈  0.37) of 
about 60 cm in rock or about 1.5 m in ice, so cosmogenic-nuclide pro-
duction is negligible beneath ice sheets. The presence of any substantial 
in situ cosmogenic radionuclide concentration in subglacial bedrock 
indicates geologically recent near-surface exposure and thus ice-free 
conditions. Pioneering analysis in the 1990s, published as an abstract19, 
indicated detectable 10Be and 26Al in the GISP2 bedrock core, but over-
all uncertainties remained large enough to prevent unambiguous con-
clusions about past GIS change. Here we describe comprehensive new 
10Be and 26Al measurements, a detailed analysis of the data, and their 
implications for past GIS dynamics.

After separating and purifying quartz from segments of bedrock core 
(Methods), we combined aliquots into the largest number of depth 
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increments consistent with maintaining the minimum  sample size needed 
for accurate measurements (Fig. 1). This yielded in situ 10Be measure-
ments for five distinct segments (Fig. 2). For 26Al, we further combined 
samples to make two amalgamated samples for precise 26Al/27Al meas-
urements (GISP2/3 combined with GISP4 and GISP5/6 combined with 
GISP7; see Fig. 2, Methods and Extended Data Tables 1–3).

10Be concentrations range from 9,800 ±  490 atoms g−1 to 24,800 ±  740  
atoms g−1 and 26Al concentrations are 54,900 ±  5,400 atoms g−1 to 
88,000 ±  5,200 atoms g−1 (Fig. 2; Extended Data Tables 2 and 3; errors 
reported here and elsewhere are 1σ). These are one to two orders of 
magnitude above blank levels and three to four orders of magnitude  
above the concentration expected from  cosmogenic-nuclide production  
by deeply penetrating cosmic-ray muons at the base of a 3-km-thick 
ice sheet20,21 (Methods).

The measured in situ 26Al/10Be ratios are 4.2 ±  0.3 in the top  sample 
and 4.1 ±  0.6 in the lower sample (Extended Data Table 1), signifi-
cantly below the surface production ratio22 of 6.75. This indicates 
that the period of surface exposure recorded by 10Be and 26Al concen-
trations was followed by a considerable period of time during which 
 samples were deeply enough buried, presumably by the GIS, to stop 
the  cosmic-ray flux (for example, see ref. 23) and let the 26Al/10Be ratio 
‘decay’ during burial, with an apparent half-life of 1.4 Myr (Methods). 
These 26Al/10Be ratios limit the duration of continuous ice cover of the 
GISP2 bedrock to a maximum duration of 1.1 ±  0.1 Myr.

The measured in situ 10Be and 26Al concentrations themselves and 
their variation with depth mean that the GISP2 site must have been 
ice-free for a considerable period of time in the recent geologic past. 
The approximate e-folding length of the measured 10Be concentration 
depth profile is nearly 260 g cm−2 (Methods), which requires contri-
butions both from high-energy neutron spallation (predominant at the 
 surface, decreasing with an e-folding length near 140 g cm−2) and muon 

interactions (dominant below a depth of a few metres, with an  e- folding 
length exceeding 1,500 g cm−1) (refs 2 and 24). This both shows that 
samples were close to the surface when exposed to the  cosmic-ray flux, 
and allows us to estimate their depth below the surface at that time 
(Methods). The data are best explained by 350 ±  20 g cm−2 of cover 
above the present bedrock surface, that is, about 1.3 m of rock, about 
2 m of soil, or about 4 m of ice (Fig. 2; Methods). Thus, not even a 
thin ice cap could have been present at this site during the period of  
exposure. In addition, our data limit possible subglacial erosion at 
the GISP2 site to no more than 1–2 m during the period the site has 
been covered by the ice sheet, consistent with long-term4 and modern 
observations25 (Methods). Given this thickness of cover of the bedrock 
surface during exposure, the shortest exposure period consistent with 
the measurements is 280 ±  30 kyr (Methods).

Simulations of Greenland deglaciation in warm climates consistently 
predict the GISP2 site to be one of the last parts of the ice sheet to  
disappear; when it is ice-free, only a small ice cap in the eastern high-
lands remains26,27 (Fig. 1; Methods), preserving old ice10. This implies 
that when GISP2 bedrock was exposed to the surface cosmic-ray flux, 
more than 90% of the entire GIS was absent.

Although we cannot identify a unique ice-cover history, the 10Be 
and 26Al data can be used to test specific Pleistocene GIS change  
scenarios that are or are not consistent with the data (Fig. 3). The 
 simplest scenario consistent with the data, which also provides an upper 
limit on the length of time the present GIS has been stable, consists of 
more than 280 ±  30 kyr of ice-free conditions followed by 1.1 ±  0.1 Myr 
of continuous ice cover (the maximum-stability scenario ‘1’ in  
Fig. 3; see Methods). If the ice sheet had been continuously present for 
longer, the 26Al/10Be ratios would be lower than observed (for example, 
continuous ice cover over the past 2.6 Myr implies an 26Al/10Be ratio 
no higher than 2).
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Figure 1 | The GISP2 bedrock core and GIS deglaciation. a, The GISP2 
bedrock core. Note the lithologic transition from the top piece (carbonate) 
to granitoid and the excellent condition of the core (photo copyright 
Geoffrey Hargreaves, National Ice Core Laboratory, Denver, 2015).  
b, Snapshots of GIS deglaciation ranging from 100% to 5% ice volume 
relative to today, from simulations by the Penn State University Ice Sheet 

Model (PSU) coupled to the Victoria Earth System Model (UVic ESCM). 
The white circle indicates the GISP2 site. Similar model simulations,  
such as given in ref. 26, reveal this as a robust spatial deglaciation pattern 
of the GIS and show that when the GISP2 site is ice-free, only small ice 
remnants in the east Greenland highlands exist. Image adapted from  
ref. 27, Springer-Verlag.
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However, this maximum-stability scenario does not  resemble 
 available palaeoclimate data28 (Fig. 3; Methods). Other, more complex 
GIS change scenarios are equally consistent with our  observations, 
subject to the constraints that the most recent ice-free period 
ended no longer than 1.1 ±  0.1 Myr ago, and that the smaller the  

number of distinct ice-free periods, the longer the duration of each 
period must be. For example, an opposite endmember that implies 
minimal long-term GIS stability is an episodic steady-state scenario 
in which Greenland was ice-free for 8 kyr of each 100-kyr glacial– 
interglacial cycle spanning several million years (the minimum- 
stability scenario ‘2’ in Fig. 3). More realistic intermediate scenarios 
in which Greenland was ice-free for several thousand years during  
numerous (but not all) major Pleistocene interglacials,  including 
MIS 11 as hypothesized from marine proxy records5,6, are also  
consistent with the measurements (the multiple-exposures scenario 
‘3’ in Fig. 3).

Our observations preclude any scenario in which the GIS was con-
tinually present throughout the entire Pleistocene. The data require 
ice-free periods in Greenland during the interval of 41-kyr-long  
glacial–interglacial cycles and permit (but do not require) subsequent 
ice-free periods during the Mid-Pleistocene Transition (MPT) or the 
interval of 100-kyr-long glacial–interglacial cycles (Fig. 3).

To summarize, direct and robust evidence from the GISP2 bedrock 
core shows that the GIS was almost completely absent for an extended 
period of time during the Pleistocene. Our results do not directly deter-
mine the ice-dynamical processes responsible for the GIS  deglaciation, 
but this first-order result is incompatible with many  existing ice-sheet 
models or their respective climate-driving scenarios and  provides 
important constraints for future simulations of past and future changes 
of the GIS. Models driven by boundary conditions appropriate to the 
warmest and most pronounced Pleistocene interglaciations must  
simulate the near-total disappearance of the ice sheet.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 2 | 10Be and 26Al data for the GISP2 bedrock. a, Schematic 
core stratigraphy showing core recovery. Image adapted from ref. 15, 
International Glaciological Society. b, 10Be and 26Al concentrations in  
core segments, numbered in black. Heights of boxes correspond to the 
length of core segments. Thin vertical lines connect stacked samples  
that we amalgamated for single measurement where necessary. Specifically, 
for 10Be measurements, we combined the individual core segments as 
follows: (1) GISP2 and GISP3; (2) GISP4; (3) GISP5 and GISP6;  
(4) GISP7; (5) GISP8 and GISP9; for 26Al we combined GISP2, GISP3 and 
GISP4 for the analysis of the top sample and GISP5, GISP6 and GISP7 
for the lower sample; please note that GISP5 and GISP6, and GISP8 and 
GISP9 are difficult to detect in the figure as individual samples. Widths 
of boxes show 1σ measurement uncertainties. Black dashed lines show 
predicted nuclide concentrations as a function of depth for the best-fitting 

bedrock cover thickness (350 g cm−2) and the maximum-stability GIS 
exposure–burial scenario (‘1’ in Fig. 3). Heavy black lines are predicted 
nuclide concentrations averaged over depth ranges corresponding to 
each measurement; our fitting procedure (see Methods) minimizes the 
mismatch between these and the measurements. c, Two-nuclide diagram 
comparing measured 10Be and 26Al concentrations, normalized to 
production rates beneath 350 g cm−2 cover of the bedrock surface, with 
predicted concentrations for various exposure histories (see ref. 29 for 
a complete explanation of this kind of diagram). Red ellipses are 68% 
confidence intervals on the measurements, considering measurement 
uncertainty only. Grid shows isolines of exposure and burial time for 
idealized two-stage exposure histories. Black dots show predicted nuclide 
concentrations for exposure histories, numbered as in Fig. 3.
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Figure 3 | Exposure–burial scenarios consistent with the data. 
Exemplary exposure–burial scenarios for the GISP2 bedrock core over 
the past 2.6 Myr that are consistent with the data, plotted over the climate 
record derived from stacked benthic foraminifera30, a proxy for global 
ice volume and deep-ocean temperature. The horizontal bars show 
three such scenarios consistent with observations for the GISP2 bedrock 
site, including the maximum-stability GIS scenario ‘1’, with red periods 
representing exposure of the GISP2 location and blue periods representing 
burial by the GIS overlying the GISP2 site. Small numbers in red above the 
climate curve indicate prominent interglacial marine isotope stages. The 
MPT (0.7–1.2 Myr ago) is the transition period from the early Pleistocene 
(41-kyr glacial–interglacial periodicity) to the mid-/late Pleistocene  
(100-kyr glacial–interglacial periodicity). The Store Koldewey Formation2 
(SKF) and the Kap Kobenhavn Formation2,3 (KKF) are Quaternary 
sediment formations in northern Greenland, indicating that Greenland 
was nearly ice-free at that time.
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the raw count rate of the samples measured at about the same time. The total 
error in the ratio based on this correction reflects the uncertainties of the sample 
measurement together with the uncertainties of this correction. We note that the 
two correction procedures applied here yield very similar results (Extended Data  
Table 3).
Data analysis. We describe how we infer information about the exposure history 
of GISP2 subglacial bedrock from the measured 26Al and 10Be concentrations. The 
three basic characteristics of these data are: (1) cosmogenic-nuclide concentrations 
decrease with depth in the core; (2) concentrations decrease less rapidly than we 
would expect if the bedrock surface in the core had been the land surface during 
exposure; and (3) the measured 26Al/10Be ratio in these samples is substantially 
less than the surface production ratio of 6.75. The change in nuclide concentration 
with depth in the core (as described in detail below) is diagnostic of the depth 
below the surface at which production took place. The 26Al/10Be ratio is impor-
tant because these nuclides are produced at a fixed ratio during surface exposure 
(26Al/10Be =  6.75; ref. 22), but 26Al has a shorter half-life (0.7 Myr; ref. 18) than 10Be 
does (1.4 Myr; refs 16 and 17). A sample that has experienced a single period of 
surface exposure has a 26Al/10Be ratio that conforms to the production ratio, but if 
the sample is then buried sufficiently deeply to halt additional nuclide production, 
the 26Al/10Be ratio decreases over time with a half-life of 1.4 Myr.

It is not possible to invert our observations to yield a single unique exposure 
 history because there exist an infinite number of exposure histories that are 
 consistent with these observed characteristics. Thus, we here propose a number of 
broad classes of exposure histories and ask if they can be fitted to the  observations. 
For example, if we propose that the observations can be explained by a single 
period of surface exposure followed by a single period of ice cover, we can ask 
whether there exist any values for the exposure and burial durations that provide 
an acceptable fit to the observations. If no such values exist, this class of  exposure 
histories is not consistent with the observations. If such values do exist, they 
define exposure histories that are consistent with the observations and thus could 
 potentially represent the true exposure history of the site.

We will use this reasoning to support three main conclusions. First, although 
the present bedrock surface in the core must have been covered by some additional 
rock, soil or ice during past periods of cosmic-ray exposure, the thickness of this 
material cannot have been more than a few metres. Thus, the observations require 
the absence of the GIS during periods of cosmic-ray exposure. Second, the longest 
possible length of time that the present ice sheet could have remained continuously 
present at the core site is approximately 1.1 Myr. Third, although there exist many 
scenarios of ice-sheet change that are consistent with the observations, all these 
scenarios require the absence of the ice sheet at the core site during some or all 
Pleistocene interglaciations.

We now discuss the depth-dependence of the cosmogenic-nuclide concentra-
tions. Production of 10Be and 26Al occurs both by high-energy neutron spallation 
and by muon interactions. At and immediately below the surface, most produc-
tion is by spallation, and spallogenic production rates decrease exponentially with 
depth with an e-folding length near 140 g cm−2 (this value is appropriate for high 
 latitude). With increasing depth, spallogenic production becomes less important 
than production due to deeply penetrating muons, which has a longer e-folding 
length (> 1,500 g cm−2, increasing with depth24). A single exponential curve fit 
to our observed nuclide concentrations has an an e-folding length intermediate 
between these two (262 g cm−2, although because a single exponential function 
does not fit the data adequately, this value is not physically meaningful). Thus, the 
observed nuclide concentrations reflect both spallogenic and muon  production. 
In other words, the observations are not consistent with a single period of 
 exposure during which the present bedrock surface was the land surface (in this 
case the measured concentrations would decrease with an e-folding length near 
140 g cm−2). The fact that we observe an apparent e-folding length that is longer 
than expected for spallogenic production alone requires that a large fraction of 
the measured nuclide concentrations is the result of production by muons, which 
means that production took place farther below the surface than the samples are 
now below the bedrock surface. The data are also not consistent with exposure 
more than a few metres below the surface (in which case the contribution from 
spallogenic production would be negligible, and the concentrations would decrease 
with an e-folding length characteristic of muon production).

Extended Data Fig. 1 shows that the depth dependence of the production rate 
immediately below the surface has a much shorter e-folding length than has the 
depth dependence of the measured nuclide concentrations. In other words, an 
exposure model including a period of surface exposure, with negligible erosion, 
during which time the bedrock surface was the land surface, does not fit the data. 
We also show the result of assuming that the bedrock surface was covered by 
additional mass during the period of exposure. In other words, we are trying to 
fit the measurements to the production profile by adjusting how far the bedrock 

METHODS
Analytical methods. We received either half- or quarter-splits of depth  intervals 
from the 3.4-cm-diameter core (Fig. 1). After separating a quartz fraction from 
each core segment, in most cases we combined quartz fractions from  multiple 
core segments to yield sufficient quartz for 10Be and 26Al analyses. Quartz  
separation, purification and Be and Al extraction from quartz then followed 
 standard procedures used at the Lamont Cosmogenic Nuclide Laboratory31. After 
Be and Al extraction, we further combined Al fractions to obtain sufficient Al for 
26Al measurements. Thus, more core segments were combined for 26Al analysis 
than for 10Be, resulting in fewer 26Al analyses overall (Fig. 2). Note that we are not 
including in further discussion a preliminary 26Al measurement from the lowest 
core segments (GISP8 and GISP9), because we could not verify the Al yield in 
the extraction chemistry (Extended Data Table 3). In view of the importance of 
these specific samples and the possibility that the concentrations would be close 
to background levels, we added additional quality-control procedures. These 
include expanded monitoring of process blanks (Extended Data Tables 2 and 3),  
time-progressive blank corrections for the aluminium isotope measurements 
(see below) and ICP-OES standardization by in-house, gravimetrically prepared 
27Al standards cross-checked with commercial standards. Be and Al isotope ratio 
measurements by accelerator mass spectrometry (AMS) were carried out at the 
Center for Accelerator Mass Spectrometry at the Lawrence Livermore National 
Laboratory32 and PRIME Laboratory, Purdue University, respectively.
26Al/27Al analysis at PRIME Laboratory. Until recently, most AMS measurements 
of the 26Al/27Al ratio used Al− as the secondary ion. Injecting Al− has the advantage 
that Mg− is not formed, so 26Mg, the main interference for 26Al measurements, is 
not present. However, Al− currents are low (typically 1 μ A or less). Injecting AlO− 
improves beam current by a factor of ten33, thereby increasing the number of 26Al 
counts measured at the detector. However, MgO− is also produced, injected and 
accelerated, allowing 26Mg to reach the detector. The gas-filled magnet installed 
at PRIME Laboratory allows effective suppression of this 26Mg interference34. 
Specifically, N2 at low pressure is bled into the beam line as it passes between the 
poles of a specially designed magnet placed before the traditional dE/dx detector35. 
26Mg and 26Al ions have different charge-exchange cross-sections with N2. Thus 
they have different charge states as they traverse the curved part of the flight tube 
passing through the magnet and therefore have different radii of curvature. An 
aperture at the magnet exit then suppresses 26Mg ions by a factor of about 104 
while allowing 26Al into the detector. The 26Al and some residual 26Mg enter the 
 detector. For low count rates (< 1,000 counts per second), the dE/dx detector is 
able to distinguish these ions unambiguously on the basis of their energy-loss 
properties. The gas-filled magnet allows much greater secondary ion currents 
and allows the precision of 26Al/27Al measurements to approach that of 10Be/9Be  
measurements36.

For 26Al/27Al measurement the tandem is run at a terminal voltage of 8.5 MV. 
Al ions in charge state + 7 with an energy of around 65 MeV are selected. The 26Al 
loses about a third of its energy traversing the gas-filled magnet, the remaining 
two-thirds being available for particle identification in the dE/dx detector. The 
samples analysed for this work had uniformly low Mg count rates, so the 26Al 
particle peak was well resolved from other peaks in the energy spectra. Maximum 
Al-beam currents were near or above 10 μ A with currents remaining above 5 μ A 
even after an hour of sputtering. All the samples were mixed with niobium before 
loading into sample cathodes, but the combined sample GISP2/3/4 was measured 
after PRIME Laboratory switched to niobium as the binder for the AMS standards, 
which proved to be superior and cleaner in the AMS than the AMS standards used 
in the earlier measurements of the GISP2 samples that were mixed with silver. This 
might be one explanation for the considerably lower blank-level corresponding to 
the GISP2/3/4 measurement (Extended Data Table 3).
26Al/27Al background correction for the GISP2 samples. The corrections to the 
26Al/27Al ‘raw’ ratios of our samples are less than 2% for the top sample GISP2/3/4 
and 15% for the lower GISP5/6/7 sample (Extended Data Table 3). In addition 
to the traditional background correction by simply subtracting the mean ratio 
of the measured process blanks from the 26Al/27Al ratio of the samples, we chose 
to apply a time-progressive background correction that takes into account the 
different run times of the two samples and the blanks. This can be important, 
because our experience indicates that the most likely source of the 26Al blank is ion 
source memory, rather than addition of 26Al during chemical processing. The 26Al 
machine memory derived from higher ratio samples, such as standards, previously 
measured in the ion source, is a function of measurement time, and thus samples 
measured for longer accumulate higher levels of memory 26Al. We monitored the 
machine memory by measuring multiple blanks for periods of time comparable 
to the periods for which the corresponding samples were measured (Extended 
Data Table 3). The number of mass 26 counts in the blanks was converted into 
counts of 26Al per minute of run time and this count rate was subtracted from 
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surface was below the actual land surface at the time that exposure took place. We 
represent this by an additional mass cover thickness covering the bedrock surface. 
The best-fitting cover thickness, the fit of which is shown in Fig. 2 and also in 
Extended Data Fig. 1, is 350 g cm−2. A nominal (Monte Carlo) uncertainty on this 
value derived only from the measurement uncertainties is ± 20 g cm−2. However, 
the best-fitting cover thickness also depends on the assumed mean atmospheric 
pressure at the site during exposure (which, as discussed in more detail below, is 
not well constrained), because this affects the relative proportion of spallogenic 
and muon-induced production. For example, reducing the atmospheric pressure 
by 25 hPa (equivalent to an increase in site elevation of about 200 m) would imply a 
best-fitting cover thickness of 375 g cm−2 instead of 350 g cm−2. By this argument, 
the nominal measurement uncertainty of 20 g cm−2 does not provide a physically 
meaningful error estimate.

350 g cm−2 of mass thickness is approximately 1.3 m of rock, 1.7 m of soil or 
3.8 m of ice. Thus, the simplest explanation for the observed depth- dependence 
of the measured nuclide concentrations is that the bedrock surface was  covered 
by 1–4 m of soil, sediment, rock or ice when exposure took place. Later, for 
 completeness, we consider a more complicated and geologically less likely 
 potential explanation involving a long period of continuous surface exposure at 
a relatively high erosion rate, and show that it does not provide as good a fit to 
the  measurements. To summarize our discussion of the depth-dependence of 
the measured nuclide concentrations, (1) this shows that the present bedrock 
 surface was probably covered by some additional shielding at the time of nuclide 
 production, and (2) this requires that production took place within a few metres 
of Earth’s surface. The observed nuclide inventory could not be the result of long 
residence under tens or hundreds of metres of ice; if it were, nuclide concentrations 
would decrease less with depth.

We now proceed by developing a forward model to compute the predicted 
nuclide concentrations in our samples given a specified exposure history. First, 
we describe our production-rate calculations in detail. We assume a  reference 
10Be production rate due to spallation of 4.1 atoms g−1 yr−1, which follows  
ref. 37 but is adjusted for the difference in muon interaction cross-sections between 
those used here and those used in that work; a 26Al/10Be production ratio of 6.75  
(ref. 22); and the production rate scaling method of ref. 38, as implemented in ref. 37.  
We assume that the land surface at the core site during periods of exposure is 
located at sea level, and compute the atmospheric pressure using the spatially 
 variable atmosphere of ref. 37. We note that this is speculative because both the 
elevation of the site and the atmospheric pressure distribution would most probably 
be very different in the absence of the GIS; in addition, both would experience 
transient changes during ice-free periods. We take the 10Be decay constant to be 
4.99 ×  10−7 (refs 16 and 17) and the 26Al decay constant to be 9.83 ×  10−7 (ref. 39). 
We compute production rates due to muons using the MATLAB implementation 
in ref. 37 of the method of refs 20 and 21. However, we use muon interaction 
cross-sections derived from fitting this method to measurements from a deep 
sandstone core in Antarctica. These measurements are reported in ref. 40; the 
fitted cross-sections are: for 10Be, f* =  0.0011 and σ0 =  0.81 μ b; for 26Al, f* =  0.0084 
and σ0 =  13.6 μ b (these symbols correspond to those used by refs 20 and 21). 
These  differ from the values given in ref. 41, because we are using different code 
to  compute the muon fluxes. Note that our main conclusions in this paper relate 
to the duration of ice cover of the site, which is sensitive to the values we use for  
the 10Be and 26Al decay constants and the 26Al/10Be production ratio, but is 
 insensitive to inaccuracies in the absolute magnitude of the production rates. This 
is  important because the uncertainty in our knowledge of the elevation and atmos-
pheric  pressure prevailing at the site during ice-free periods means that we are  
unlikely to be accurately estimating surface production rates when past exposure 
took place.

We now describe the model calculation of the nuclide concentrations expected 
for a particular exposure history. Assuming an exposure history is equivalent to 
specifying the mass cover thickness zc (mass thickness has units of grams per 
square centimetre) above the surface of the bedrock in the core at all past time. 
We define a time coordinate t that is zero at the present time and positive for 
past times, and then define an exposure history as a function zc(t) that describes 
the variation in zc over time. For example, if the exposure history consists of one 
period of surface exposure followed by one period of cover by the full thickness of 
the Greenland ice sheet, then zc(t) equals zero during the period of exposure and 
is effectively infinite (ice thickness of the order of 100 m or greater is effectively 
infinite burial, that is, zero cosmogenic-nuclide production) during the period of 
ice cover. Another example is that surface erosion during ice-free periods would 
be represented by zc(t) steadily decreasing during the ice-free period at the rate 
of erosion.

Given an exposure history zc(t) and also knowing the production rate of nuclide 
k as a function of mass depth z, Pk(z) (atoms g−1 yr−1; calculated as described 

above), the predicted average concentration Nj,k (atoms g−1) of nuclide k in sample 
j at the present time is given by the integral:
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where zj,bottom and zj,top are the top and bottom mass depths (in units of g cm−2) 
of sample j below the bedrock surface, zc(t) is the exposure history—that is, the 
mass thickness (in g cm−2) covering the bedrock surface as a function of time t 
(in years)—λ k is the decay constant (in yr−1) of nuclide k, and τ and ζ are  variables 
of integration. As noted above, the time coordinate is defined to be zero at the 
present time and positive for past times: tmax is the time that the exposure history 
begins, and the nuclide concentration at tmax is zero. In the case that the sample 
is composed of multiple core segments, we evaluate the integral for each segment 
separately and then use the weight of quartz contributed by each core segment 
to calculate the average nuclide concentration in the combined sample. We 
 evaluate this integral using the default numerical integration routine in MATLAB  
software with, for computational efficiency, a piecewise-linear approximation of 
Pk(z) defined on a logarithmic grid.

The misfit statistic we use in comparing predicted to measured nuclide concen-
trations is the chi-squared statistic χ2 using the measurement uncertainty in the 
nuclide concentrations as the weighting. We note that because the measurement 
uncertainties for 10Be are much smaller than those for 26Al, this statistic assigns 
greater importance to the 10Be measurements and is more sensitive to whether the 
model matches the depth profile of 10Be concentrations than to whether the model 
matches 26Al/10Be ratios. A fitting statistic that weighted the 26Al data set equally 
with the 10Be data set might yield slightly different conclusions, although we tested 
this and did not find a large effect on the main conclusions of the paper. Another 
important point about the fit statistic is that we assume that the measured core 
depths and density are exact. This is unlikely to be strictly true, because the core is 
jointed and somewhat fragmented, with short missing sections (Fig. 1), and small 
vertical displacements of the core segments during recovery are likely. Thus, the 
probabilities of fit to the observations discussed below are likely to underestimate 
the model performance; if we accounted for additional uncertainties in depth and 
density we would obtain higher probabilities of fit.

We begin by fitting the simplest possible exposure history that can explain our 
data to the measurements. Several observations lead us to this simplest possible 
exposure history; by ‘simplest’, we mean the exposure history that has the fewest 
distinct periods of surface exposure or burial by the ice sheet. First, the fact that 
we observe substantial cosmogenic-nuclide concentrations that decrease with 
depth indicates that a period of surface exposure occurred. Second, the depth- 
dependence of the concentrations, as discussed above, indicates that the bedrock 
surface was probably shielded by additional cover at the time that exposure took 
place. Third, the fact that the observed 26Al/10Be ratio is lower than the surface 
 production ratio indicates that the samples have been shielded from the surface 
cosmic-ray flux, presumably by the present GIS, for some time (Extended Data 
Table 1). These three observations show that the simplest possible exposure model 
that can explain our observations must include at least one period of surface 
 exposure, at least one period of burial, and some thickness of additional cover of 
the bedrock surface. For the time being we assume zero surface erosion at all times. 
We refer to this model henceforth as ‘model 1’.

Extended Data Fig. 2 shows the results of fitting model 1 with three adjustable 
parameters (the duration of a single period of exposure, the duration of a subse-
quent period of burial, and the cover thickness above the present bedrock surface)  
to the observations. Model 1 fits the observations with reduced χ2 of 1.9 for  
4 degrees of freedom, which is a probability of fit of 0.11. Given that the probability- 
of-fit is probably biased low as discussed above, we view this as an acceptable 
fit. As discussed above, note that the fitting statistics here are disproportionately 
affected by whether or not the depth profile fits the relatively high-precision 10Be 
 measurements; because the model is overparameterized in relation to a single  
26Al/10Be pair, the exposure time and burial time parameters could be chosen  
to fit either pair exactly. The best-fitting exposure history here has 280 kyr 
of  exposure under 350 g cm−2 of additional cover, followed by 1.1 Myr of  
burial. A Monte Carlo uncertainty analysis considering only measurement uncer-
tainties indicates formal uncertainties in these parameters as follows: exposure 
time 282 ±  31 kyr; burial time 1.110 ±  0.092 Myr. If we include uncertainties in 
decay constants, the  uncertainty on the burial time is 0.109 Myr. We note that 
these uncertainties only apply if model 1 is assumed to be correct a priori. In 
reality, of course, although model 1 is consistent with the cosmogenic-nuclide 
measurements taken by  themselves, geological and palaeoclimate conside-
rations show that it is unlikely. In addition, the best-fitting exposure duration  

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



LETTERRESEARCH

for this model is also somewhat dependent on the assumed atmospheric  
pressure. For example, decreasing the assumed atmospheric pressure by 25 hPa  
(as we did above in the discussion of cover thickness, which is approximately 
equivalent to a 200-m increase in elevation) decreases the best-fitting exposure 
duration by 6 kyr (to 276 kyr). However, this does not affect the estimate of burial  
duration.

Fitting model 1 highlights the fact that because of the additional cover thickness 
that we need to match the measured attenuation length of the 10Be concentration 
depth profile, the exposure time to account for the observed nuclide concentra-
tions must be on the order of 105 years. Taken out of this depth profile context, the 
measured nuclide concentrations are similar to typical surface concentrations in 
modern deglaciated landscapes that have experienced Holocene surface exposure 
only of the order of 10,000 years. However, because exposure took place below 
the land surface (below 1.3 m of rock, 1.7 m of soil or 3.4 m of ice; see above), they 
actually record an exposure history that is much longer than a single interglacial, 
or even a few interglacials.

For completeness, we now consider another theoretical explanation for the fact 
that the depth-dependence of the measured concentrations is inconsistent with 
spallogenic production alone. This could occur if the bedrock surface had been 
allowed to erode at a steady rate while continuously exposed at the surface for a long 
period of time. A long period of steady erosion means that a large fraction of the 
near-surface nuclide inventory was actually produced at depth by muons, and has 
been brought to the surface by erosion. This results in a longer apparent  attenuation 
length near the surface than would be expected for spallogenic production  
only. In effect, steady erosion acts to drag the lower, longer-attenuation-length, 
part of the profile towards the surface. This scenario is unlikely for geological and 
palaeoclimatic reasons because it takes a long period of steady erosion for the 
muon-produced inventory to reach steady state. For example, at an erosion rate of 
30 m Myr−1 (see below) it would take of the order of 1 Myr of continuous exposure 
and steady erosion for the muon-produced 10Be inventory to reach steady state. In 
other words, although the steady-state scenario removes the need for additional 
sediment cover of the bedrock surface, it requires a very long period of undisturbed 
exposure before burial.

To evaluate this possibility, we fitted a model (‘model 1B’) with the  following 
exposure history. First, the bedrock surface is the land surface—there is no 
 sediment cover—and it erodes at a steady rate for long enough that nuclide con-
centrations reach a steady state in which production is balanced by nuclide loss 
via surface erosion and radioactive decay. Second, it is buried under ice for a 
period of time. Model 1B has two free parameters: the steady erosion rate and the 
burial duration. The best fit of model 1B to the data (Extended Data Fig. 2) has 
steady erosion at 32 m Myr−1 followed by 1.06 Myr of burial. This does not fit the 
data as well as model 1; the reduced χ2 is 5.85 for 5 degrees of freedom, implying 
a  probability-of-fit < 0.0001. Model 1B has difficulty matching both the depth 
dependence of the 10Be concentrations and also the 26Al/10Be ratio. Perhaps more 
importantly, as discussed above, this scenario requires more than about 1 Myr of 
undisturbed steady erosion before burial, which is geologically unlikely in the 
light of evidence for glaciation of Greenland during the Pleistocene. In addition, 
the observation of high concentrations of meteoric 10Be in sediment in GISP2 
basal ice4 would be inconsistent with an erosion rate as high as 30 m Myr−1. If the 
sediment analysed by ref. 4 has been buried under ice since 1.1 Myr ago as our 
26Al/10Be ratios indicate, then a steady-state balance calculation based on Figure 3B  
of ref. 4 would suggest an erosion rate of 7 m Myr−1, which would be typical of 
early Pleistocene cratonic landscapes in North America42. If the erosion rate were 
7 m Myr−1, we could not match the observed 10Be depth profile with a steady- 
erosion model unless we also allowed for sediment cover of the bedrock surface. 
Thus, we conclude that model 1B is unrealistic and the most likely explanation 
for the observed depth-dependence of the 10Be and 26Al concentrations is that the 
present bedrock surface was covered by around 1–4 m of additional cover at the 
time that exposure took place.

To complete the discussion of two-stage exposure models, we observe that 
although we have considered two-stage models with no erosion and sediment 
cover (model 1) and steady-state erosion with no sediment cover (model 1B, which 
we have subsequently rejected), there exist intermediate scenarios that provide an 
acceptable fit to the data. Here we perform a Monte Carlo simulation in which 
we consider only two-stage exposure histories with a single period of exposure 
 followed by a single period of burial, but allow the exposure duration, burial 
duration, erosion rate during exposure, and cover thickness to float. This model 
(‘model 1C’) is effectively overparameterized and finds many combinations of 
the parameters that fit the data acceptably well. Here we define ‘acceptable’ to be 
reduced χ2 =  2.6 for 3 degrees of freedom; that is, we cannot reject the model at 
95% confidence. Extended Data Fig. 3 shows that a wide variety of combinations of 
exposure time, burial time and cover of the bedrock surface will adequately fit the 
observations. This exercise also demonstrates that the best-fitting burial duration is 

only very weakly sensitive to the trade-off between exposure time, erosion rate and 
cover thickness. No matter what the exposure time, cover thickness and erosion 
rate before burial, the observed 26Al/10Be ratio constrains the burial time for any 
two-stage exposure history to be close to 1.1 Myr.

Finally, we now turn to exposure models with more than two stages. As has 
been discussed at length in the literature in the context of 26Al–10Be concentrations 
observed in bedrock that has been covered by ice in the past (for example, see  
ref. 43), there are an infinite number of possible exposure-burial histories that will 
yield our observed 26Al and 10Be concentrations and ratio. In this case, however, all 
possible exposure histories share the constraint that at least one period of exposure 
must have ended no earlier than 1.1 (± 0.1) Myr ago. If this were not the case—if 
the present ice sheet at the core site had been in place for more than 1.1 Myr—the 
26Al/10Be ratio in these samples would be lower than we observe at present. For 
example ref. 4 hypothesized that the GISP2 site has been continuously covered by 
the GIS since 2.7 Myr ago. If this hypothesis were correct (and if we also assume 
350 g cm−2 of cover of the bedrock surface as discussed above, although this is not 
a critical assumption), the observed 26Al/10Be concentration in our samples could 
be no higher than 2.

In this section, therefore, we propose a series of representative multi-stage  
exposure–burial scenarios and determine whether or not they are consistent with 
the observations. We also use the observation from fitting model 1C (Extended 
Data Fig. 3) that the burial duration is not sensitive to the particular combination 
of erosion rate and cover of the bedrock surface during exposure periods, to limit 
the parameter space somewhat. Henceforth we will assume that the bedrock sur-
face is covered by 350 g cm−2 of cover during exposure periods, and the surface 
erosion rate is zero. If this were not correct, that is, if the erosion rate were greater 
than zero during exposure periods, this assumption would lead us to underesti-
mate the  duration of exposure periods slightly. If we can take the meteoric 10Be 
measurements of ref. 4 as a guide to the likely erosion rate as discussed above, 
this effect is not important to any of our conclusions. Note that the relevance of 
underestimating the erosion rate on the inferred duration of exposure periods can 
be estimated from Extended Data Fig. 3.

The first many-stage exposure history we consider is an endmember, opposite 
from the simplest possible exposure history of model 1, in which the site has been 
cyclically covered and uncovered by ice for long enough that nuclide concentrations 
have reached a dynamic steady state, in which nuclide production during intergla-
cial periods when the site is exposed is equal to radioactive decay of the existing  
nuclide inventory during each cycle (henceforth ‘model 2’). We assume 350 g cm−2 
cover and zero erosion as discussed above, and we assume 100-kyr  durations for 
glacial–interglacial cycles, so model 2 has one free parameter: the length of time 
during each cycle that the site is ice-free. Palaeoclimate data, of course, indicate 
that 100-kyr glacial–interglacial periodicity was not evident before about 0.8 Myr 
ago, so model 2 is only an approximate representation of palaeoclimate data. 
Instead, it represents a simple, but infinitely long, exposure history as a contrast 
to the shortest possible exposure history that can explain the data (model 1).  
Interestingly, even though model 2 has only one fitting parameter (the fraction 
of each 100-kyr cycle during which the site is ice-free) we can obtain a good fit to 
the measurements (Extended Data Fig. 4). The best-fitting interglacial duration is 
8,000 years, which fits the data with reduced χ2 =  1.75 for 6 degrees of freedom, 
that is, a probability-of-fit of 0.11, which is indistinguishable from the probability 
of fit for model 1.

We have now discussed two endmember models that fit the data: a single period 
of middle Pleistocene exposure followed by 1.1 Myr of continuous burial (model 1;  
this is the shortest possible exposure model that can fit the data), and a dynamic 
steady state model in which the GIS is absent for 8 kyr of each 100-kyr-long glacial–
interglacial cycle (Model 2; as this model is infinitely long, it is the longest possible 
exposure model that can fit the data, although it is not uniquely so). There are many 
intermediate models that also fit the data. These are constrained by the general 
principle that if we start with model 1 and add any periods of exposure during the 
most recent 1.1 Myr, then we must also add periods of burial before 1.1 Myr ago to 
maintain the observed 26Al/10Be ratio. We show several such models, one of which 
is shown in Fig. 3 as model 3 (see also Extended Data Fig. 4). All these models have 
the same probability of fit, which is also the same as for model 1 above (and, in fact, 
they predict exactly the same 26Al and 10Be concentrations).

To summarize, we present endmember exposure models and a wide variety of 
exposure models between those endmembers that can explain the observed 10Be 
and 26Al concentrations in the GISP2 bedrock core. The important point of these 
calculations is not that any one of these scenarios is either uniquely most likely or 
most favoured by other palaeoclimate data, but that exposure histories that include 
ice-free conditions during any or all Pleistocene interglaciations (before the present 
one) can be fitted to the data. However, a scenario in which the present ice sheet has 
existed continuously for more than the last 1.1 Myr does not fit the observations 
under any circumstances.
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Code availability. MATLAB code used to perform all data analysis in this paper 
is available at http://hess.ess.washington.edu/repository/GISP2.
Erosion of bedrock under the GIS summit. First, the observation by Bierman 
and others4 of high concentrations of meteoric 10Be in soil within GISP2 basal ice 
is not consistent with any substantial erosion of the underlying bedrock. Second, 
available data indicate that erosion from normal ice-sheet processes is very slow, 
and inadequate to remove a substantial amount of bedrock underneath the GIS 
summit. Summarized by ref. 25, the basal hs ≈  13 m of ice in the GISP2 ice core  
contained a volume-concentration of silt cs ≈  0.001. Measured borehole 
 deformation indicates a mean horizontal flow velocity for this silty ice of 
u ≈  0.07 m yr−1. If the rock material is sourced uniformly from the L ≈  2.8 ×  104 m 
flow line extending through GISP2 from the ice divide at GRIP, then the steady-
state erosion rate is E =  hscsu/L ≈  3 ×  10−8 m yr−1 of rock, or 3 cm per million 
years25.
Basal silty ice chronologies and bedrock exposure ages. The new results of Yau 
et al.10 on the antiquity of basal ice from the Dye-3 (southern Greenland) and 
GRIP (summit) ice cores might at first seem to raise questions about the results 
presented here, but may indeed provide a consistent history and point to ways to 
constrain that history more tightly. Using the measured ratios of argon isotopes in 
air trapped in the basal ice of the cores, together with the rise in atmospheric 40Ar 
over time linked to radioactive decay of 40K in rocks and subsequent degassing, the 
oldest ages of replicates of air that Yau et al.10 found in ice at the base of the GRIP 
core gave 970 ±  140 kyr (and 400 ±  170 kyr in the Dye-3 core); much younger air 
was also present. In the light of the possibility of contamination by local radiogenic 
production, the ice containing the oldest air could be even older.

These findings are not themselves inconsistent with our data, because our 
main conclusion is prolonged periods of nearly ice-free Greenland during the 
Pleistocene, and the simplest GIS scenario consistent with our data that also gives 
an upper bound for the maximum period the GIS was continuously present (the 
maximum-stability scenario ‘1’ in Fig. 3) is that of approximately 280 kyr of ice-free 
Greenland summit before 1.1 Myr ago followed by burial by the GIS since then. 
Alternatively, it could be that the old basal ice at GRIP and Dye-3 was preserved 
during periods of nearly vanished GIS in the eastern or northeastern Greenland 
highlands and subsequently flowed to their current positions. Modelling of the 
GIS under  warming, or under cooling from warmer conditions, often produces 
a greatly reduced ice volume together with ice-free conditions across most of the 
island including at or near GISP2, but an intact small ice cap on the highlands to 
the east (for example, see ref. 27); the simulated position of the western boundary 
of that ice cap relative to GISP2 and GRIP (which is 28 km east of GISP2) depends 
on the model, including its resolution, and on the forcing, history, and so on  
(Fig. 1). The broad picture of retreat to and advance from a greatly reduced eastern 

ice cap is fairly widespread across models, and histories can be simulated in which 
substantial ice-sheet shrinkage and regrowth occur with deglaciation of GISP2 
and GRIP locations, or with deglaciation of GISP2 but not of GRIP. Notably, if 
advance occurs from an extant ice cap over adjacent surfaces, old ice will move 
over younger surfaces. Thus, our results plus those of Yau et al.10 are consistent  
with the idea of preservation of old ice in the eastern highland areas during 
prominent interglacials, as discussed in the main text. The bedrock cosmogenic 
nuclides and the basal gas isotopes provide independent, potentially complemen-
tary constraints, and together might deliver a rather tight framework for ice sheet  
models.
Data availability. The data used in this study are available in Extended Data  
Tables 1–3.
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Extended Data Figure 1 | 10Be and 26Al concentrations compared to 
production rates. 10Be (n =  5) and 26Al (n =  2) concentration–depth 
profiles compared to the depth dependence of nuclide production rates 
(including both spallogenic and muon production). In both a and b, the 
red and blue boxes represent 10Be (red) and 26Al (blue) measurements. 
The vertical dimension of each box represents a distinct segment of core, 
and vertical lines connect multiple core segments that were amalgamated 
for each 10Be or 26Al analysis. In most cases amalgamated segments were 
adjacent to each other, but in some cases (for example, the uppermost two 
core segments), they were separated by gaps. The width of the boxes shows 
measurement uncertainty (1σ; see Extended Data Table 1) on nuclide 
concentrations. In a, we attempt to fit the observations by assuming 
that the bedrock surface is the land surface, the erosion rate is zero, and 
by allowing the duration of a single period of exposure to vary. For this 
exercise we treat 10Be and 26Al separately, that is, the predictions are not 
forced to obey the production ratio. The continuous thin black lines show 
predicted nuclide concentrations for this model, and the discontinuous, 
darker, black bars show predicted nuclide concentrations averaged over 
depth ranges corresponding to each analysis. The black bars, therefore, are 
the model predictions that we compare to the measurements. This model 
cannot be fitted to the data, because observed nuclide concentrations do 
not decrease as rapidly as they would if the bedrock surface were the land 
surface during exposure. In b, we perform the same fitting exercise, but 
also include a thickness of shielding mass above the bedrock surface as an 
additional fitting parameter. This removes the systematic misfit shown 
in a and makes it possible to fit the observations. A cover thickness of 
350 g cm−2 best fits the observations.
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Extended Data Figure 2 | Two-stage exposure histories fit to 10Be and 
26Al measurements. In a and d, the red and blue boxes represent 10Be 
(n =  5; red) and 26Al (n =  2; blue) measurements. The vertical dimension 
of each box represents a distinct segment of core, and vertical lines 
connect multiple core segments that were amalgamated for each 10Be or 
26Al analysis. In most cases amalgamated segments were adjacent to  
each other, but in some cases (for example, the uppermost two core 
segments), they were separated by gaps. The width of the boxes shows 
measurement uncertainty (1σ; see Extended Data Tables 2 and 3) on 
nuclide concentrations. The thick black lines are nuclide concentrations 
predicted for each core segment by the best-fitting parameters of each 
model. b and e show the exposure history implied by the best-fitting 
parameters of each model compared to the LR04 oxygen isotope stack 
from ref. 30. Red bars represent periods of surface exposure and blue 
bars periods of cover by the ice sheet. c and f show observed nuclide 
concentrations compared to model predictions for samples in which both 
10Be and 26Al were measured, normalized to production rates at their 
respective depths implied by each model, on a two-nuclide diagram29. 
Red ellipses are 68% confidence regions for the nuclide concentrations 

including measurement uncertainties only, and black dots are nuclide 
concentrations predicted by best-fitting model parameters. The solid black 
lines show the simple exposure region; darker dashed lines are isolines 
of burial in increments of 1 Myr, and lighter dotted lines are isolines of 
exposure time in increments of 0.1 Myr. a, b and c show the fit of model 1, 
the simplest possible model that fits the data, which includes a single 
period of surface exposure, a single period of burial, 350 g cm−2 of cover 
thickness above the bedrock surface during exposure, and zero surface 
erosion. In c, nuclide concentrations are normalized to production rates at 
sample depths below this additional cover thickness. This model provides 
a good fit to the measurements. The exposure history implied by the 
best-fitting parameters for model 1 (280-kyr exposure, 1.1 Myr burial) 
provides a maximum limiting constraint on the length of time the present 
ice sheet has been continuously present at the core site. d, e and f show 
the fit of model 1B, which includes a long period of continuous exposure 
with steady surface erosion, a single period of burial, and zero additional 
cover thickness above the bedrock surface. In f, nuclide concentrations 
are normalized to production rates at sample depths below the bedrock 
surface. This model cannot be adequately fitted to the observations.
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Extended Data Figure 3 | Two-stage exposure-burial models with four 
free parameters. a–d show parameter values for two-stage exposure-
burial models with four free parameters (model 1C: free parameters are 
exposure time texp, burial time, surface erosion rate during exposure, and 
additional cover thickness above the bedrock surface during exposure 

periods) that yield acceptable fits to the observations. All panels show 
the same set of results; only the axes differ. Note that model 1 with best-
fitting parameters (280-kyr exposure, 1.1 Myr burial, zero surface erosion, 
350 g cm−2 cover thickness) is an endmember of this distribution.
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Extended Data Figure 4 | Many-stage exposure histories fitted to 10Be 
and 26Al measurements. In a, c, e and f, the red and blue boxes represent 
10Be (red) and 26Al (blue) measurements. The vertical dimension of 
each box represents a distinct segment of core, and vertical lines connect 
multiple core segments that were amalgamated for each 10Be or 26Al 
analysis. In most cases amalgamated segments were adjacent to each 
other, but in some cases (for example, the uppermost two core segments), 
they were separated by gaps. The width of the boxes shows measurement 
uncertainty (1σ; see Extended Data Tables 2 and 3) on nuclide 
concentrations. The thick black lines are nuclide concentrations predicted 
for each core segment by the best-fitting parameters of each model. 
b, d, f and h show the exposure history implied by the best-fitting 
parameters of each model compared to the LR04 oxygen isotope stack 
from ref. 30. Red bars represent periods of surface exposure and blue  
bars periods of cover by the ice sheet. a and b show model 2, which is  
a dynamic steady state model with 100-kyr cycles. This model has one  
free parameter, which is the fraction of each cycle during which the site is  
ice-free, and assumes zero surface erosion and 350 g cm−2 cover thickness 
above the bedrock surface. The best-fitting length of ice-free periods 

for this model is 8,000 years. All other panels show models with ice-free 
conditions during some or all middle and late Pleistocene interglaciations, 
and have two free parameters: the duration of ice-free conditions 
during interglaciations, and the length of an initial ice-free period in 
the middle or early Pleistocene. c and d show a model in which the core 
site is ice-free during all interglacials within the period of 100-kyr-long 
glacial–interglacial cycles after 1.1 Myr ago, during an (arbitrarily long) 
series of short interglacials during 41-kyr-long glacial–interglacial cycles 
before 1.1 Myr ago, and during an initial longer period of exposure in the 
middle Pleistocene. The best-fitting duration of ice-free conditions during 
interglacials for this model is 4,200 years. e and f show ice-free conditions 
during MIS 9, MIS 11 and MIS 13, an (arbitrarily long) period of short ice-
free interglaciations during 41-kyr-long cycles before 1.1 Myr ago, and an 
initial period of continuous exposure in the middle Pleistocene. The best-
fitting duration of ice-free conditions during interglacials for this model 
is 7,400 years. g and h show ice-free conditions during MIS 9, MIS 11 and 
MIS 13, with (arbitrarily located) occasional ice-free periods in the early 
and middle Pleistocene. The best-fitting duration of ice-free conditions 
during interglacials for this model is 18,200 years.
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Extended Data Table 1 | 10Be and 26Al concentrations of the GISP2 bedrock core

10Be (n =  5) and 26Al (n =  2) depth profile data from the GISP-2 core. The mid-inventory depth is the depth dividing each core piece into two halves of equal 10Be and 26Al inventory. See also core  
stratigraphy in Fig. 1. We measured 5 core samples for 10Be. We combined the Al fractions (and splits for 27Al analysis) of GISP2/3 and GISP4 as well as of GISP5/6 and GISP7 to get two precise 
26Al/27Al measurements. The given 1σ errors reflect analytical uncertainties. To compare 10Be and 26Al measurements directly in the same sample and to calculate the 26Al/10Be ratio, we also show  
the 10Be for GISP2/3/4 and GISP5/6/7, which are simply the sums of the measured 10Be atoms in the respective 10Be samples (GISP2/3 +  GISP4 and GISP5/6 +  GISP7). The ‘Quartz’ column gives 
the sample size.
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Extended Data Table 2 | GISP2 bedrock 10Be data

Sample and measurement details for the 10Be samples, given with 1σ analytical uncertainty. Underlined values are the measurements used for further discussion. ‘BLK’ denotes process blanks, that is, 
9Be carrier that underwent a chemical procedure identical to that of the respective samples. We processed 3–5 such process blanks for each sample to ensure robust monitoring of any contamination; 
the background correction was done by subtracting the mean of the 10Be atoms for all BLKs from the total 10Be atoms in the corresponding sample. ‘CB’ denotes carrier blanks, that is, 9Be carrier that 
did not undergo the sample and process blank chemistry, but was precipitated, dried, loaded in cathodes and sent directly to the Center for Accelerator Mass Spectrometry at the Lawrence Livermore 
National Laboratory for 9Be/10Be analysis. The difference between ‘CB’ and ‘BLK’ 10Be atoms allows us to estimate the 10Be contamination during the sample processing in the laboratory, which is 
small for the samples discussed here. During the 23 years of storage at the National Ice Core Laboratory in Boulder (1,600 m), the potential production of 10Be and 26Al in the core is of the order of 
several hundred atoms and is thus negligible compared to the measured values.
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Extended Data Table 3 | GISP2 bedrock 26Al data

Sample and measurement details for the 26Al samples. ‘BLK’ denotes process blanks, that is, 27Al carrier that underwent a chemical procedure identical to that of the respective samples. Natural 27Al 
was determined from two independent splits taken from the fully digested quartz sample by ICP-OES analysis, calibrated with in-house, gravimetrically prepared 27Al standards cross-checked with 
commercial standards.
1The mean of the corresponding BLK values was subtracted from the sample to give the corrected value.
2To better account for memory effects during the AMS measurements, we performed a time-progressive background correction: 26Al/27Al measurements at PRIME laboratory are done in one-minute 
cycles and we directly subtracted BLK counts (counts per minute) closest to the measurement cycle of the corresponding sample.
Both background corrections yield very similar results, and we use the data based on the time-progressive background correction. See Methods for additional details. GISP2/3/4 and corresponding 
BLKs were analysed with AMS standards at PRIME mixed with niobium, while the other samples were measured versus AMS standards mixed with silver. The 26Al measurement of the lowest sample, 
GISP8/9, given in small italics, was an initial sensitivity test: we added 27Al carrier to the Al fraction after the cation column separation, so that any aluminium loss during the geochemical processing 
would go undetected; also, the ‘count-rate-based blank correction’ for this measurement was substantial and the measured 26Al/27Al ratio fell into the 10−15 range, which is near the detection limit of 
the AMS analysis and thus challenging; taken together, the 26Al measurement of GISP8/9 is less reliable and not directly comparable to those of GISP5/6/7 and GISP2/3/4, and we base our discussion 
on these two upper samples.
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