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Late Miocene onset of hyper-aridity in 
East Antarctica indicated by meteoric 
beryllium-10 in permafrost

Marjolaine Verret    1,2  , Cassandra Trinh-Le3, Warren Dickinson1, 
Kevin Norton    3, Denis Lacelle    4, Marcus Christl    5, Richard Levy    1,6 & 
Tim Naish1

Continental-scale ice sheets have covered Antarctica since an interval of 
global cooling near the Eocene–Oligocene boundary around 33.9 million 
years ago (Ma). However, the sequence of events that led to the emergence 
of the persistent ice sheet in modern East Antarctica remains disputed. The 
transition to permanent polar aridity in high elevations of East Antarctica is 
critical to our understanding of the threshold response of glacial systems in 
Antarctica to changes in surface temperature at lower elevations. Here we 
constrain the onset of the polar aridity—which was probably necessary for 
regional ice-sheet stability—by assessing meteoric beryllium-10 profiles in 
mid-Miocene and late Quaternary soils at three sites situated 1,200–1,800 
metres above sea level in the McMurdo Dry Valleys. Interpreting these profiles 
as indicators of water infiltration, we find that meteoric beryllium-10 entered 
mid-Miocene soils as late as the late Miocene. Reconstructions based on 
palaeo-active-layer thickness and known thresholds of meteoric beryllium-10 
mobility suggest late Miocene summer temperatures of 7–10 °C with annual 
precipitation >10 mm. Therefore, the high elevations have probably been 
under a hyper-arid polar climate since the late Miocene (~6 Ma) and not the 
middle Miocene (13.8–12.5 Ma) as indicated by some previous reconstructions. 
Together, our findings indicate that high elevations of the McMurdo Dry 
Valleys probably experienced warm and wet climatic intervals from ~14.0 to 
6.0 Ma, which reconciles observations of coastal warmth and reduced ice in 
the Ross Embayment. This finding also suggests that the McMurdo Dry Valleys 
may be more susceptible to climate change than anticipated.

Antarctica has been a cold continent with permanent ice sheets since 
~33.9 million years ago (Ma) (ref. 1). It has been suggested that follow-
ing the Miocene Climatic Optimum (~17.0–14.8 Ma), a period when  
ice sheets decreased in volume and a tundra environment occupied some 

of the ice-free regions2,3, the climate changed to cold and hyper-arid 
conditions during the middle Miocene climate transition (MMCT) 
at 14.8–13.8 Ma (refs. 2,4). This transition to a cold and dry climate  
also represents the maximum age obtained from surface-exposure 

Received: 16 September 2021

Accepted: 26 April 2023

Published online: 29 May 2023

 Check for updates

1Antarctic Research Centre, Victoria University of Wellington, Wellington, New Zealand. 2Department of Arctic Geology, The University Centre in Svalbard, 
Svalbard and Jan Mayen, Norway. 3School of Geography, Environment and Earth Sciences, Victoria University of Wellington, Wellington, New Zealand. 
4Department of Geography, Environment and Geomatics, University of Ottawa, Ottawa, Ontario, Canada. 5Department of Physics, Laboratory of Ion Beam 
Physics, ETH Zürich, Zurich, Switzerland. 6GNS Science, Lower Hutt, New Zealand.  e-mail: marjolainv@unis.no

http://www.nature.com/naturegeoscience
https://doi.org/10.1038/s41561-023-01193-4
http://orcid.org/0000-0002-3857-526X
http://orcid.org/0000-0002-7995-6464
http://orcid.org/0000-0002-6691-8717
http://orcid.org/0000-0002-3131-6652
http://orcid.org/0000-0002-8783-0167
http://crossmark.crossref.org/dialog/?doi=10.1038/s41561-023-01193-4&domain=pdf
mailto:marjolainv@unis.no


Nature Geoscience | Volume 16 | June 2023 | 492–498 493

Article https://doi.org/10.1038/s41561-023-01193-4

from boreholes at the two mid-Miocene sites, we constrain the timing 
and magnitude of water infiltration in these soils since the mid-Miocene 
and show that near-surface soils in the high elevations of the MDV have 
not remained frozen over the past 15 Myr.

Meteoric beryllium-10 in the MDV permafrost
The stable upland zone of the MDV is a cold and hyper-arid desert 
environment where maximum air temperatures remain below 0 °C, 
and precipitation is limited to ~3.0–14.0 mm snow water equivalent 
(s.w.e.) that quickly sublimates or is removed by katabatic winds7,20. 
Cores of frozen sediments were collected from three sites in this zone: 
Friis Hills, Table Mountain and University Valley (Fig. 1 and Extended 
Data Fig. 1). The Friis Hills (77° 45ʹ S, 161° 30ʹ E; 1,200–1,500 m a.s.l.) are 
a 12-km-wide inselberg at the head of Taylor Valley21. Surficial deposits 
at Friis Hills consist of an ~80-m-thick sequence of glacial drifts inter-
bedded with lacustrine sediments, originating from the advance and 
retreat of a local alpine glacial system connected to the East Antarctic 
Ice Sheet21. The 40Ar/39Ar dating of tephra layers and palaeomagnetic 
reversal stratigraphy indicates the sequence spans the interval from 
~15.0 to 14.0 Ma (ref. 22). The sediment therefore captures the transition 
from the end of the Miocene Climatic Optimum (~17.0–14.8 Ma) and  
the progressive cooling of the MMCT (14.8–13.8 Ma; Fig. 2)2. Table  
Mountain (77° 57ʹ S, 161° 57ʹ E; 1,800–1,945 m a.s.l) is located on the 
southern side of the Ferrar Glacier, bounded southwest by Tedrown 
Glacier and east by Emmanuel Glacier23 (Fig. 1). Surficial deposits consist 
of Sirius Group sediments overlying Beacon Supergroup sediments. 
Although the age of the Sirius Group has been debated, stratigraphic 
relationships8, 40Ar/39Ar dating of tephra layers24 and cosmogenic 
exposure ages25 indicate that the deposit at Table Mountain prob-
ably predates 15.0 Ma. University Valley (77° 52ʹ S, 160° 45ʹ E; 1,600–
1,800 m a.s.l.) is a hanging glacial valley situated ~450 m above the 
floor of Beacon Valley with late Quaternary-age surficial sediments that 
originate from the weathering of the Beacon Supergroup sandstone14 
(Fig. 1). Surface sediments in University Valley comprising undiffer-
entiated till and alpine drift are Quaternary in age on the basis of opti-
cally stimulated luminescence dating26. At all three sites, 20–70 cm of 
dry permafrost overlies ice-cemented permafrost that often contains 
ground ice above pore saturation13–15. Due to cold summers, an active 
layer <5 cm develops at these sites27.

dating at high elevations (>2,000 m above sea level (a.s.l.)) and was 
associated with limited weathering caused by the absence of surficial 
liquid water5. While the coastal zone in the Ross Embayment has expe-
rienced warm periods that coincide with sea-ice melt and retreat of the 
West Antarctic Ice Sheet during past interglacials6, the high elevations 
of the McMurdo Dry Valleys (MDV), known as the stable uplands7, are 
thought to have remained under a cold and hyper-arid climate since 
~12.5–13.8 Ma (refs. 8–11). Assuming a persistent hyper-arid climate, 
some studies have suggested that the uppermost tens of metres of 
permafrost soils in the MDV should be largely free of ground ice due 
to its sublimation under hyper-arid climate12. However, other studies 
documented the widespread presence of ice-cemented permafrost soils 
that were inferred to have formed through infiltration and freezing of 
evaporated snowmelt, a finding that challenges the persistent aridity 
since the mid-Miocene13–15.

Meteoric beryllium-10 (10Bemet) is a tracer of water infiltration, 
and its migration in soils can be used to assess the onset of persistent 
aridity in the MDV and East Antarctica11,16,17. Meteoric 10Be is formed  
in the upper atmosphere by cosmic ray-induced spallation of  
oxygen, producing 10BeO and 10Be(OH)2, which adhere to atmospheric 
aerosols and are transferred to Earth’s surface by wet (rain or snow)  
or dry (dust) deposition18. Through continued deposition, 10Bemet 
accumulates at the surface and, at most natural pH levels (pH > 4), 
adsorbs onto fine soil particles that are translocated below the surface 
by infiltration and clay illuviation19. This, along with the predictability 
of atmospheric flux, makes 10Bemet a suitable environmental tracer 
of water movement and its residence time through soil profiles over 
million-year timescales11,17. Initial 10Bemet profiles at Table Mountain, in 
the MDV, showed substantial 10Bemet concentrations ([10Bemet]) down 
to at least 4.5 m, which suggests infiltration of liquid water in the soils 
well after 12.5 Ma (ref. 17). However, a single measurement of 10Bemet 
below the blank range at 60 cm of depth in mid-Miocene-age sedi-
ments in the nearby Friis Hills suggests persistent polar aridity since 
12.5–13.8 Ma (ref. 11).

New data presented in this study allow us to reconcile the apparent 
conflict over the onset of polar aridity in the high-elevation regions of 
the MDV. In this article, we report 64 new 10Bemet measurements from 
10 boreholes obtained in mid-Miocene and late Quaternary-age icy 
permafrost soils at 3 sites in the upper MDV (Fig. 1). By using [10Bemet] 
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Average surface [10Bemet] is 1.06 × 108 atoms g−1 at Friis Hills (sites 
2C, C2 and FA; Extended Data Tables 1 and 3), 4.75 × 108 atoms g−1 at 
Table Mountain (Extended Data Table 3) and 1.19 × 109 atoms g−1 at 
University Valley (Extended Data Table 2). The order of magnitude 
increase at University Valley is probably due to the morphology of 
the valley, which makes it a better catchment for 10Bemet-rich dust and 
aerosols than other sites in the MDV that are exposed to katabatic 
winds (such as Friis Hills and Table Mountain)16. At all sites, [10Bemet] 
decreases by one to two orders of magnitude immediately below the 
surface, but concentrations remain above analytical blank (Fig. 3a). The 
[10Bemet] profiles in the Miocene sites, Friis Hills and Table Mountain,  
displayed similar trends with depth. The 10Bemet profiles were sepa-
rated into three groups (near surface, intermediate and deep) with the 
boundary between near-surface and intermediate groups at 227 cm at 
Friis Hills and 349 cm at Table Mountain (Figs. 3b and 4a). The [10Bemet] 
depth profile within the near-surface group can be defined by equation 
y = 5.03 × 106 × e−0.0108x (r2 = 0.92) at Friis Hills and y = 2.50 × 107 × e−0.0116x 
(r2 = 0.93) at Table Mountain (Fig. 4). The [10Bemet] within the inter
mediate group reached a steady value of 4.26 × 105 ± 9.95 × 104  
atoms g−1 at Friis Hills and 4.45 × 105 ± 2.15 × 105 atoms g−1 at Table 
Mountain (Fig. 4a). The [10Bemet] in the deep group (below 35 m at Friis 

Hills) were statistically lower than in the intermediate group samples 
(P < 0.05), varying between 1.33 × 105 and 4.31 × 105 atoms g−1 (average 
2.10 × 105 atoms g−1; Fig. 3b).

Onset of polar aridity in the MDV
The abrupt decrease in [10Bemet] of one to two orders of magnitude 
directly below the surface at all sites suggests little to no disturbance 
of the soils at least throughout the late Quaternary. The high [10Bemet] 
directly below the surface at Friis Hills and Table Mountain, which are 
on the order of 107 atoms g−1, suggest transport of 10Bemet in the soils 
after the MMCT. For example, on the basis of the decay rate of 10Be, 
the immediate subsurface concentration of 107 atoms g−1 would have 
been on the order of 1010 atoms g−1 14.5 Ma. This [10Bemet] is higher than 
measured anywhere on Earth (and would require a production rate 
higher than the maximum current global production rate), which 
indicates that the subsurface 10Bemet has been there less than 14.5 Ma. 
We therefore solve for the closure age (the time when 10Bemet stopped 
infiltrating the ground and was sealed off in the sediment profile;  
Fig. 4b) using conservative assumptions and conservative erosion rates 
(Methods). The 10Bemet decay curves at Friis Hills and Table Mountain 
suggest two active periods of water infiltration: the sediments above 
227 cm at Friis Hills and above 349 cm at Table Mountain both closed 
off at ~6.0 ± 0.5 Ma; the intermediate sections closed off at the latest 
~12.0 Ma at Friis Hills and at the latest ~16.0 Ma at Table Mountain; and 
the samples below 40 m at Friis Hills were sealed off from surface infil-
tration at the latest ~14.0 Ma. Since the calculation for the closure age 
requires several assumptions (Methods), the calculated closure ages 
probably represent the lower age limit. Nevertheless, the conclusion 
remains the same: water infiltrated these high-elevation sites of the 
MDV after the MMCT.

In sediments, 10Bemet is transported by (1) mechanical transport of 
10Bemet absorbed to clays, which translocate by percolating water, or  
(2) solutional transport of 10Bemet if soil pH is <3 (ref. 28). Solutional trans-
port at our sites can be ruled out as soil pH generally ranges between 7.5 
and 9.5 in the MDV29, and while lower pH values of 5–6 are recorded in 
highly nitric soils29, they are still too alkaline to support solutional trans-
port. As such, 10Bemet is mechanically transported in these soils. Unfrozen 
water in permafrost sediments can migrate under thermal-stress gra-
dients and Van der Waals force30. However, this unfrozen water cannot 
translocate clays and hence mobilize 10Bemet (ref. 19). Therefore, the 
presence of 10Bemet at depth at the two Miocene-age study sites requires 
translocation under conditions where an active layer developed above 
the permafrost. The transport of 10Bemet in an active layer requires a 
climate that is warmer and wetter than today. At Friis Hills, the similar 
40Ar/39Ar ages of tephras in the sediments (~5–27 m; 14.0–15.0 Ma) and 
the 10Bemet closure ages in the deep groups (~30–40 m; <14.0 Ma) imply 
that the infiltration of water could have happened more or less simul-
taneously with the deposition of the sediments and near-synchronous 
aggradation of permafrost15. The same inference can be made from the 
Table Mountain site, where the maximum closure age of ~16.0 Ma coin-
cides with the mid-Miocene age of the sediment (~15.0 Ma). However, the 
near-surface regolith at Friis Hills and Table Mountain (~2–3.5 m) likely 
closed off during the late Miocene, which challenges the assumption 
that the high elevations of the MDV remained frozen under a cold and 
hyper-arid climate since the MMCT. A late Miocene closure age sug-
gests that the mid- to late Miocene was either (1) continuously favour-
able to water infiltration and translocation of clays in an active layer or  
(2) mostly under cold and dry conditions but punctuated with warmer 
wetter intervals. Surface-exposure dating from sites at a similar elevation 
to Table Mountain and Friis Hills (1,000–1,500 m a.s.l.) across Antarctica 
seems to support the second scenario with enhanced erosion at specific 
time intervals (for example, an ~250 kyr period favourable to erosion 
at ~5.0 Ma) (ref. 5). Nevertheless, in either scenario, the conditions that 
allow translocation of clays in soils stopped during the late Miocene, 
after which the climate remained under persistent polar aridity.
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Climate and soil conditions that allow the translocation of  
10Bemet in soils are poorly defined, especially for cold hyper-arid envi-
ronments, since they depend heavily on micro-scale mechanical 
processes. Conceptual models on colloid mobility in unsaturated sedi-
ments suggest that a critical water content is needed for initiation of  
mobilization31. A study from the warm hyper-arid Atacama Desert 
in Chile, where mean annual precipitation is <2 mm, similar to  
the upper MDV, found that 10Bemet was not translocated in soils  
under modern conditions, but translocation was possible during  
wetter El Niño events, when precipitation was 4.6 times greater32.  
By analogy, the lack of evidence for 10Bemet translocation in the near- 
surface soils in the stable upland sites suggests that precipitation  
has been <10 mm s.w.e. since the late Miocene, a value similar to  
contemporary precipitation. However, water may infiltrate the soils 
without 10Bemet translocation. For example, in places where the ground 
surface warms above 0 °C for a few hours, such as in University Valley, 
snowmelt was observed to infiltrate the dry permafrost and reach the 
shallow ice table14, although the 10Bemet profile shows minimal sub-
surface mixing. Further evidence of snowmelt infiltrating and freez-
ing at some depth in soils comes from the δ18O and D-excess profiles  
of the near-surface ground ice at University Valley, Friis Hills and  

Table Mountain13–15. The δ18O profiles of ground ice at the three sites 
are very similar, which suggests that the near-surface icy permafrost is 
dynamic and responds synchronously to the late Quaternary climatic 
changes13–15. Therefore, infiltrating snowmelt occurs during contempo-
rary times and contributes to developing the ground ice; however, the 
amount of precipitation, or snowmelt, has been insufficient (probably 
<10 mm s.w.e.) to translocate 10Bemet in the dry permafrost soils since 
the late Miocene.

Palaeoclimate reconstruction during the late 
Miocene
The presence of 10Bemet and the profile inflection at 227 cm at Friis Hills 
and 349 cm at Table Mountain suggests that the sites had an active 
layer with enough precipitation for the translocation of clays in the 
soils until the late Miocene. Considering that the translocation of clays 
does not occur in permafrost, we assume that the profile inflection 
depths represent the thickness of the active layer at the calculated 
closure age of ~6.0 ± 0.5 Ma. The thicker active layer at Table Mountain 
could be attributed to the coarser material and lower organic-matter 
content, which would in turn have greater thermal conductivity (up to 
4.1 ± 0.4 W m−1 °C−1 in quartz-rich samples33). After correcting for the 
vertical erosion since 6.0 Ma, calculated from erosion rates at each site 
(~57 cm at Friis Hills and ~7 cm at Table Mountain), and removing the 
volume added by the growth of excess ice in the permafrost (~10 cm 
at both sites)34, the maximum active-layer thickness was 274 cm at 
Friis Hills and 345 cm at Table Mountain at ~6.0 ± 0.5 Ma. Currently, 
Antarctic active-layer thicknesses range from ~1 m along the coastal 
regions to ~5 cm in the upper elevations35, and a strong relation exists 
between active-layer thickness and the mean annual air temperature 
(MAAT; y = 13,077 × e0.3052x; r2 = 0.80), and mean summer air temperature 
(MSAT; y = 98.925 × e0.1952x; r2 = 0.72).

The PERICLIMv1.0 model36, which includes thawed-ground  
thermal conductivity, soil moisture and ground-surface thawing 
n-factor as parameters, was used to estimate air temperatures on  
the basis of the active-layer thickness through inverse solution of the 
Stefan equation (Extended Data Fig. 4 and Extended Data Table 4)36.  
The PERICLIM model was first able to reproduce the modern active- 
layer thickness in the MDV solely by varying the annual air tempera-
ture amplitude, with values of ground thermal parameters typical of  
nearly dry soils and kept constant between the sites (Extended Data 
Fig. 4). To estimate air temperatures during the late Miocene, the 
ground thermal parameters were adjusted for typical near-saturated 
active layer with fine-sand soils, and considering that there is no 
evidence of vegetation at these sites since the mid-Miocene37, the 
value of the thawing n-factor was set to represent a surface with no  
organic layer or vegetation cover. On the basis of the palaeo-active-layer 
thickness estimated from [10Bemet] (274 cm at Friis Hills and 345 cm 
at Table Mountain), the PERICLIM model predicts a MAAT ranging 
between −11 and −8 °C and an MSAT in the 7–10 °C range, which are 
much warmer than the modern MAAT and MSAT of −22 °C and −13 °C, 
respectively38. These reconstructed air temperatures and active-layer 
thickness at ~6.0 ± 0.5 Ma for the stable upland zone of the MDV are 
comparable to modern environments in highland mid-Arctic, such as 
west Greenland39, although palaeo-active layers at Friis Hills and Table 
Mountain are probably thicker due to absence of organic matter and 
vegetation cover.

Considering the lapse rate, the palaeo-air temperature recon-
struction in the high elevations at ~6.0 ± 0.5 Ma is in line with other 
regional proxies from the coastal regions and provides evidence that 
the late Miocene warm and wet interval(s) extended to the high eleva-
tions of the MDV, with the onset of permanent polar aridity starting 
only during the late Miocene. For example, MSAT during the Neogene 
in lower Taylor Valley (80 m a.s.l.; Fig. 1) were ∼5 °C with a transition 
to cooler conditions occurring between 4.1 and 2.6 Ma (ref. 40). A 
similar MSAT was reconstructed on the basis of lipid biomarkers at  
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Oliver Bluffs (850 km south of the MDV), which also allowed the 
existence of a low-diversity tundra plant community41. At the 
continental-scale, long-term temperature records throughout the 
Neogene suggest summer temperatures ranged between 4 and 12 °C 
(ref. 3). Evidence supporting a warm and wet late Miocene period and 
melting of glacial ice is found in various coastal regions, such as the 
Ross Embayment6, Prydz Bay42 and the Totten Glacier region43.

Continental-scale response to polar aridity
The timing of permanent polar aridity across the MDV is critical to 
our understanding of the overall response of cryosphere systems in 
Antarctica, including the East Antarctic Ice Sheet. Although proxy data 
show surface temperatures remained substantially warmer through the 
late Miocene than today44–46, the hypothesis that the upper elevations 
remained under a hyper-arid polar climate since the MMCT has per-
sisted. This study analysed 10Bemet from more than 64 samples collected 
at three locations in the upper MDV and 10 different boreholes, using 
2 chemical protocols and 2 different AMS laboratories (Methods). The 
results suggest that 10Bemet infiltrated the ground for a period between 
the mid-Miocene and the late Miocene, which supports the presence 
of liquid water post-MMCT with the onset of polar aridity starting well 
after previous reconstructions. This finding provides strong evidence 
that the climatic conditions have not remained stable since the MMCT 
and corroborates regional evidence that suggests the Antarctic Ice 
Sheet became larger, drier and less dynamic during the late Miocene47. 
The onset of permanent polar aridity in the high elevation of the MDV 
(at least 1,500 m a.s.l.) during the late Miocene coincides with a 2 to 3 °C 
decrease in ocean surface temperatures in the Southern Ocean between 
7.0 and 5.4 Ma (ref. 44) (Fig. 1). This late Miocene cooling is also syn-
chronous with late Miocene aridity and terrestrial ecosystem changes 
with increasing meridional temperature gradients48. Most important, 
this finding implies that the MDV are not a landscape frozen in time, 
and they may be more susceptible to climate change than anticipated.
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Methods
Field seasons and sample preparation
Table Mountain samples were collected from cores drilled during  
the 1996–1997 (TM97-7B) and 2000–2001 (TM01-1) field seasons  
led by researchers of the Victoria University of Wellington and with 
logistical support from Antarctica New Zealand (Extended Data  
Fig. 1a). University Valley cores (UV-P1, P2 and P8) were drilled in  
polygonal ground in January 2013 by researchers from the NASA 
(National Aeronautics and Space Administration) Ames Research 
Center and the University of Ottawa (Extended Data Fig. 1d). In Decem-
ber 2014, three preliminary cores were collected for a 10Bemet survey at 
Friis Hills. Additional samples were selected from cores of the 2016 Friis 
Hills Drilling Project (FHDP2C and FHDP3A) led by researchers of the 
Victoria University of Wellington (Extended Data Fig. 1c). The samples 
selected were the following: 8 samples from TM01-1 (0–6 m depth), 
2 samples from core TM97-7B (7–9 m depth), 13 samples from the 
University Valley cores (P1, P2 and P8; <50 cm depth), 12 samples from 
the Friis Hills preliminary cores (C1, C2 and FA; <60 cm), 19 samples 
from FHDP2C (0–5 m depth) and 10 samples from FHDP3A (37–44 m 
depth) for a total of 64 samples. All sediment samples were manually 
dry sieved to 45–90 μm and precisely weighted between 0.75 and 
1.00 g into 50 ml centrifuge tubes before undergoing the sequential 
extraction procedure.

From 10Bemet extraction to target packing
The method used in this paper follows the extraction method described 
in ref. 55 (adapted from refs. 56–58). Sequential extraction was per-
formed on batches of 11 samples plus a chemical blank. Amorphous 
oxide-bound beryllium (Beam-ox) was first extracted by adding 10 ml of 
0.5 M HCl and gently shaking at room temperature for 24 h. The crys-
talline oxide-bound beryllium (Bex-ox) was extracted second by adding 
10 ml of 1 M hydroxylamine-hydrochloride solution (in 1 M HCl) and 
placing the samples in an ultrasonic bath at 80 °C for 4 h, shaking occa-
sionally. Hydroxylamine-hydrochloride removal was done by a series of 
10 ml concentrated HNO3 and 10 ml 30% H2O2 washes. The solution with 
both Beam-ox and Bex-ox leachates was dried and then dissolved in 10 ml 
3 M HNO3. A 0.5 ml subsample was retrieved for aliquots of major and 
minor element analysis and for 9Be measurement. A 9Be carrier solu-
tion of ~0.9 g (305 ppm in 3 M HNO3) was added to the solution, which 
was passed through Fe columns (2 ml Biorad 1-X8 100–200 mesh anion 
resin in 15 ml Eichrom columns) and Be columns (5 ml Biorad AG50-X8 
200–400 mesh cation resin in 15 ml Eichrom columns).

To precipitate Be(OH)2, 0.550 ml of concentrated (25%) NH4OH 
was added to the samples taken up in 5 ml 1 M HNO3 (to reach a  
pH of ~9). The samples were centrifuged and decanted, and the  
precipitates were redissolved in 5 ml 1 M HNO3. This step was repeated  
a second time, and a final 3 ml Milli-Q H2O wash was performed to 
remove ammonia from the Be(OH)2 precipitates. The Be(OH)2 precipi-
tates were then dissolved in 0.3 ml of 5 M HNO3, transferred to quartz 
crucibles and dried down at 120 °C. The samples were subsequently 
calcined for 1–2 min over open flame to form BeO. Niobium (~3 mg) 
was incorporated to form a homogeneous powder. The powder was 
then transferred into accelerator mass spectrometer (AMS) aluminium 
targets.

AMS measurement and sample calibration
Samples from preliminary cores FA, C1 and C2 and University Valley 
were measured on the 500 kV AMS (TANDY, ETH Zürich, 2017–2018) 
while FHDP2C, FHDP3A, TM01 and TM97 samples were measured on 
the 300 kV AMS (MILEA, ETH Zürich, 2019). The measured 10Be/9Be 
ratios were normalized using the 2007S and S2010N standards with 
nominal values of 10Be/9Be = 28.1 × 10−12 and 10Be/9Be = 3.3 × 10−12, 
respectively59. The 1σ errors of S2007N and S2010N are 2.7% and 2.2%, 
respectively. The concentration of 10Bemet (atoms g−1) per sample was 
determined with the following equation:

C 10Bemet =
(
N0×m9Becarrier

M( 9Be)
) × (

10Bemet
9Be

)
measured

− 10Bemet blank

msample
(1)

where (10Bemet/
9Be)measured is the measured and standard normalized 

ratio of 10Bemet to 9Be measured directly from the sample, N0 is  
Avogadro’s number (6.022 × 1023 mol−1), m9Becarrier is the mass of 9Be in 
the added carrier solution (g), M(9Be) is the molar mass of 9Be (g mol−1) 
and 10Bemet blank is the number of 9Be atoms added by the carrier solu-
tion multiplied by the 10Be/9Be ratio measured in chemical blank sam-
ples. The samples were corrected with the chemical blank associated 
with each batch (Extended Data Tables 1–3). To ensure that 10Bemet 
measurements were independent of grain-size distribution55, the stable 
isotope 9Be was measured on the aliquot retrieved during the extrac-
tion process on an Agilent Microwave Plasma Atomic Emission Spec-
trometry (MP-AES) instrument model 4210 (University of Canterbury, 
School of Physical and Chemical Sciences). Concentrations in parts 
per million were measured with a standard error of ±15%. Concentra-
tions of 9Be measured independently on the MP-AES varied between 
9.6 × 1016 and 3.0 × 1017 atoms g−1. When normalized to 9Be, 10Bemet values 
were found to be highly correlated to non-normalized 10Bemet values, 
implying that the reported 10Bemet concentrations are not grain-size 
dependant (Extended Data Fig. 2).

Correction of Table Mountain samples
The study of 10Bemet at Table Mountain by ref. 17 along with other early 
10Bemet investigations in the MDV16,60,61 used a more aggressive leach-
ing method to extract 10Bemet from the sediment (6 M HCl for 1 h at 
100 °C)62,63. This method was criticized because of the possibility of 
liberating in situ 10Be via partial decomposition of clay minerals11. After 
correcting for in situ 10Be contamination in Table Mountain samples, 
ref. 11 suggested using the mild leaching method (0.5 M HCl for 24 h 
at room temperature + 1 M hydroxylamine hydrochloride for 4 h in an 
80 °C ultrasonic bath) of ref. 55. This leaching protocol has been shown 
to fully remove 10Bemet and to release minimal in situ 10Be55.

To test the possible contamination from the aggressive leach-
ing method, five Table Mountain (TM01) samples were duplicated 
using the mild leaching method. The 10Bemet concentrations obtained 
using the mild leaching method were 1.64 times higher than the values 
obtained using the aggressive method17 (Extended Data Fig. 3). There-
fore, the concerns raised by ref. 11 about aggressive leaching and pos-
sible contamination from in situ 10Be, which would have increased the 
measured 10Bemet concentrations, were not applicable. The discrepancy 
found from the method of testing could be due to a combination of 
two main causes: (1) the leaching process and/or (2) the AMS meas-
urement and sample calibration. The Table Mountain samples were 
originally analysed at the AMS facility at GNS Science and calibrated 
with the National Institute of Standards and Technology standard 
SRM 4325 (refs. 17,59,64). The different mass spectrometers used for 
each study along with natural variance could explain 10% difference 
at most65. Therefore, the larger (64%) difference requires another 
explanation. The aggressive HCl leach did not include a step to leach 
the Bex-ox, of which ref. 55 calculated that 20 to 45% of the total 10Bemet 
was located in this fraction. It is still unclear why higher concentrations 
were measured using the mild leach, but we hypothesize that the Bex-ox 
was not fully extracted by the aggressive HCl leach. HCl dissolves the 
most labile soil beryllium phases (poorly crystalline beryllium oxides). 
More-complex beryllium oxides need to be leached by reductive dis-
solution at acidic pH, which also prevents re-precipitation. This could 
therefore explain how the original Table Mountain samples had lower 
concentrations of 10Bemet. However, the risks of contamination using the 
aggressive method may not fully be ruled out, and to limit uncertainty, 
using the method of ref. 55 for all subsequent 10Bemet leaching is recom-
mended. Although the discrepancy in method needs further research, 
considering the offsets were consistent through all samples because 
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the leaches came from the same parent material and were within the 
same grain-size range, the offset was applied as a correction factor to 
all Table Mountain samples (Extended Data Fig. 3).

Closure ages using palaeosurface concentrations of 10Bemet

Here we use the two Miocene-age [10Bemet] profiles to solve for one com-
mon variable: closure age (the time when 10Bemet stopped infiltrating the 
ground and was sealed off in the sediment profile; Fig. 4b). The 10Bemet 
flux that reaches a surface consists of two components: the meteoric 
flux (wet and dry deposition) and the aeolian flux, with the latter being 
a dominant mechanism in the MDV11,16,17. The regional proximity and the 
similar climatic and wind conditions of Friis Hills and Table Mountain 
allow two important assumptions to calculate closure ages of the soil 
profiles: (1) the flux of 10Bemet is comparable at both sites and (2) 10Bemet 
stopped migrating in the soil profiles at the same time (the closure 
ages are synchronous). Although the sites are separated by more than 
500 m elevation, modern MAATs differ by <3 °C (–22.5 °C at Friis Hills66 
and −25 °C at Table Mountain33), making the sites sensitive to the same 
large-scale climatic shifts. These assumptions allow us to compare 
erosion rates at the two different sites. Dickinson et al. established 
that time since closure ages (yr) could be calculated using [10Bemet] of 
the palaeosurface17:

t =
−In Npalaeo

Nmodern

λ
. (2)

where Npalaeo is the palaeosurface concentration of 10Bemet (atoms g−1) 
and Nmodern is the modern surface concentration of 10Bemet (atoms g−1). 
The value of Npalaeo can be projected by fitting an exponential equation:

Npalaeo = aebE (3)

where a and b are regression constants and E is a length measurement 
(multiplied by time) of the erosion rate ε described by the following 
equation:

ϵ = Q
Nmodern

(4)

where Q is the local flux of 10Bemet (atoms cm−2 y−1), ρ is the soil den-
sity (g cm−3) and Nmodern is the 10Bemet concentration at the surface 
(atoms g−1). By assuming that the closure age (t) was the same at each 
site (TM and FH), then:

NpalaeoFH

NmodernFH
=

NpalaeoTM

NmodernTM
(5)

In addition, by assuming that Q is the same for both sites and that 
erosion is lock stepped, and by reorganizing all variables17:

ETM=
FHNmodernFH

TMNmodernTM
EFH (6)

and

EFH =
ln aFHNmodernTM

aTMNmodernFH

bFH − bTM
FHNmodernFH

TMNmodernTM

(7)

EFH and ETM can then be used to calculate erosion-corrected lower  
closure age using equations (2) and (3).

Assuming synchronous closure ages in the near surface, 10Bemet 
concentrations yielded erosion rates of 0.011 m Myr−1 for TM01-97 
(ETM) and 0.095 m Myr−1 for FHDP2C (EFH; Table 1). These results are 
within regolith erosion rates in the MDV (0.01 and 3.0 m Myr−1)16,17,67. 

This suggests that the erosion correction required for modelling 
closure ages is realistic. The closure age for the upper group at Friis 
Hills and Table Mountain calculated from the erosion-corrected Npalaeo 
was 6.0 ± 0.5 Myr. The uncertainty was derived from the 10Bemet error 
(Extended Data Table 1) and the error of the fit parameters a and b 
(equation (3)) and propagated through our calculations for the closure 
age. Since the lower groups followed a linear regression where b = 0 
and the near-surface profiles overprinted the intermediate profiles, 
fitting an exponential equation to solve for Npalaeo was not possible for 
the lower groups. The most realistic way to estimate Npalaeo for the lower 
groups was to use the b value from the upper groups and the same 
lock-stepped erosion rates. Closure age was then approximated using 
equation (2), which assumes that Nmodern has not changed since closure. 
However, the closure age would increase if more 10Bemet was retained 
at the surface, had the climate been wetter in the past68. On the basis 
of the δ13C signal of C3 plants (−25.5 ± 0.7‰ Vienna PeeDee Belemnite 
(VPDB)), mean annual precipitation of 150–450 mm yr−1 was estimated 
for Friis Hills during the mid-Miocene69. Using a modern analogue for 
surface 10Bemet concentration with similar δ13C values, such as North-
ern Sweden (δ13C = −26.0‰ VPDB, 10Bemet = 2.0 × 108 atoms g−1)70–74, 
10Bemet surface concentrations could have been approximately four 
times higher. The decay required to obtain current 10Bemet concentra-
tions can be modelled using the maximum Nmodern. This age represents 
an estimate of maximum closure age for the lower group (assuming 
lock-stepped erosion). A maximum closure age of ∼12.0 Ma for FHDP2C 
and ∼16.0 Ma for TM01-97 for the lower section of the cores was cal-
culated. However, these ages need to be treated with caution as they 
represent only a broad estimate of time required for 10Bemet concen-
trations in the 108 atoms g−1 range to decay to 105 atoms g−1. Similarly, 
using the average 10Bemet concentration for the deep samples as Npalaeo, 
the closure age at 40 m depth at Friis Hills was ∼14.0 Ma, the same as 
the age of the sediment.

Data availability
The dataset is available in Extended Data Tables 1–3.

Code availability
The latest version of the PERICLIMv1.0 model is available as an R pack-
age from https://github.com/tomasuxa/PERICLIMv1.0 (last accessed 
30 January 2022).
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Extended Data Fig. 1 | Photos of the location sites. Photos of the location sites: 
a. Table Mountain core sites (TM01-1 and TM97) on desert pavement lying above 
Sirius Group sediments with Ferrar Glacier in the backdrop (photo credit: Warren 
Dickinson), b. ice table excavated at 30 cm depth at Friis Hills (photo credit: 

Richard Levy), c. drilling rig retrieving cores during the 2016-2017 Friis Hills 
Drilling Project (photo credit: Richard Levy) and, d. University Valley site with 
polygonal ground (photo credit: Denis Lacelle).
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Extended Data Fig. 2 | 10Bemet and 10Bemet/9Be biplot. Note: here, 9Be is measured independently on a MP-AES.

Article https://doi.org/10.1038/s41561-023-01193-4

Extended Data Fig. 2 | 1 Bemet and 1° Bemee/"Be biplot. Note: here, 9Be is measured independently on a MP-AES.
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Extended Data Fig. 3 | Duplicate samples at Table Mountain showing 10Bemet concentrations measured by aggressive and mild leaching methods. Duplicate 
samples at Table Mountain showing 10Bemet concentrations measured by aggressive17 and mild leaching methods. Dataset in red offset using the duplicate function.
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Extended Data Fig. 4 | Comparison between mean annual air temperature 
and active layer measurements at different sites in the MDV and values 
predicted by the PERICLIMv1.0. model. Comparison between mean annual air 
temperature and active layer measurements at different sites in the MDV35 and 

values predicted by the PERICLIMv1.0. model36. Data is compared to selected 
median values of Circumpolar Active Layer Monitoring (CALM) sites for the 
1990–2011 period (n = 22 with data gaps)75. Error bars represent the range of 
active layer measured during the studied period.

http://www.nature.com/naturegeoscience


Nature Geoscience

Article https://doi.org/10.1038/s41561-023-01193-4

Extended Data Table 1 | Measured and calculated values of 10Bemet in preliminary sites at Friis Hills

These samples were leached using the mild method and measured on the 500 kV AMS (TANDY, ETH Zürich, 2018).
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Extended Data Table 2 | Measured and calculated values of 10Bemet at University Valley

These samples were leached using the mild method and measured on the 500 kV AMS (TANDY, ETH Zürich, 2017).
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Extended Data Table 3 | Measured and calculated values of 10Bemet at Friis Hills and Table Mountain

These samples were measured on the 300 kV AMS (MILEA, ETH Zürich, 2019). Samples marked with a * were rerun for the method of testing described in the Methods section and shown in 
Extended Data Fig. 3. (Note: A-D indicates which blank is associated to which sample).
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Extended Data Table 4 | Values of parameters used in PERICLIMv1.0 model
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