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Methods relying on cosmogenic nuclides have 
transformed geosciences since the 1950s (refs1–15). 
Cosmogenic nuclides are produced when surface rocks 
are exposed to the open sky and bombarded by cosmic 
rays. Primary cosmic radiation, mostly protons born in 
supernovae in space, hit the Earth’s upper atmosphere 
and go through a cascade of particle reactions. These 
reactions create secondary cosmic rays, mostly neu-
trons and muons, that finally reach the Earth’s surface 
(Fig. 1A,B). Those cosmic neutrons and muons interact 
with target atoms in near-​surface minerals, includ-
ing oxygen, silicon, potassium, calcium and iron, and 
produce terrestrial cosmogenic nuclides (Table 1). The 
rates of production of these nuclides are now relatively 
well known16,17, as are the half-​lives of the radioactive 
cosmogenic nuclides, and so measuring their concen-
tration in samples and accounting for production rates 
and half-​lives of the nuclides allows us to estimate the 
age of the sample.

Cosmogenic nuclide methods provide direct, quanti-
tative information about the three general Earth surface 
processes influencing the cosmogenic nuclide inventory 
of surface rocks and sediments. The first is by providing 
information about exposure to the open sky, and thus 
cosmic rays, when the cosmogenic accumulation clock is 
ticking and all cosmogenic nuclides are produced in situ 
as a function of time according to their respective pro-
duction rates. The second is the burial of a previously 
exposed surface, shielding the surface from cosmogenic 

production, when the cosmogenic decay clock starts 
ticking, and cosmogenic nuclide ratios change with  
the burial time as a function of one single parameter, the 
difference in the half-​lives of the cosmogenic nuclides. 
Finally, denudation of surfaces exposed to cosmic rays 
via physical erosion and chemical weathering causes 
exhumation of previously shielded material from depth 
to the surface, followed by fluvial or alluvial transport to 
a depocentre where sediment is buried — locking in a 
cosmogenic nuclide record of its arduous path.

The most straightforward and most widely used 
application of cosmogenic nuclides in geosciences is 
referred to as surface exposure dating (Fig. 1), which makes 
use of the production of cosmogenic nuclides and their 
accumulation in a rock surface as a function of time 
since the surface was initially exposed. The measured 
cosmogenic nuclide concentration (atoms per gram  
of target mineral) in the sample divided by the produc-
tion rate (atoms per gram per year) yields the exposure 
age (years).

Cosmogenic nuclide burial dating18 uses the differ-
ent rates of radioactive decay of multiple cosmogenic 
nuclides co-​produced in a rock to determine the length 
of time that a previously exposed surface has been bur-
ied, and thus shielded from cosmogenic nuclide pro-
duction. The most frequently used nuclide system is the 
26Al/10Be pair co-​produced in quartz. The production 
rate of 26Al is about seven times that of 10Be in quartz19–21 
(6.7–7.3 is the currently discussed range of this produc-
tion ratio). If this surface is buried — by a landslide or a 
readvancing ice sheet, for example — and cosmogenic 

Rates of production
The rates at which specific 
nuclides are produced from  
a specific element or in a 
mineral. Production rates  
for all terrestrial cosmogenic 
nuclides vary spatially  
and appear to have varied 
temporally; they are often 
reported as normalized to  
sea level and high latitude.

Cosmogenic accumulation 
clock
Cosmic ray neutrons and 
muons produce terrestrial 
cosmogenic nuclides in 
near-​surface rocks as a 
function of time.

Cosmogenic decay clock
Terrestrial cosmogenic  
nuclides in buried rocks decay 
according to their half-​lives  
or remain constant if the 
cosmogenic nuclides  
are stable.
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production stops, the 26Al/10Be ratio changes according 
to the difference in decay rates between the shorter-​lived  
26Al (half-​life of ~705 kyr (ref.22)) and the longer-​lived 10Be  
(half-​life of 1.4 Myr (refs23,24)).

A third general field of cosmogenic nuclides in geo-
science is the quantitative evaluation of the rate of den-
udation by physical erosion and chemical weathering5,25. 
The residence time of rock and soil through the upper 
metres of the Earth’s surface is recorded by the concen-
trations of cosmogenic nuclides measured in minerals or 
on minerals (Fig. 1), with slowly eroding surfaces having  
sufficient time to build up large quantities of cosmo-
genic nuclides, and surfaces quickly exhumed from 
depth replaced by new fresh material with low or neg-
ligible concentrations. Denudation measured via mete-
oric 10Be has been a topic of renewed attention in the 
past decade26,27, but we do not focus on this application 
here. Unlike meteoric 10Be that is subject to grain-​scale, 
surface-​adsorption processes governed by soil bioge-
ochemistry and aqueous reactive transport, cosmo-
genic nuclides produced in situ in minerals of surface 
rocks serve as quasi-​conservative tracers. Their unique, 
depth-​dependent production and loss via strict laws of 
radioactive decay and denudation provide quantitative 
means of monitoring processes in which there is a ver-
tical component to the movement of material relative to 
the surface, such as erosion of mountain peaks, produc-
tion of soil or erosion integrated over a wider area, such 
as an amalgamation of sand grains from a river mouth. 
The latter has been particularly prominent over the past 
decade both in actively eroding landscapes and in sedi-
ment archives, which, when dated, can provide records 
of how landscapes have evolved over time28,29.

Cosmogenic nuclides produced in the atmosphere 
such as meteoric 10Be (ref.30), 81Kr (ref.31) and 39Ar (ref.32) 
have been widely useful. Meteoric 10Be records provide 
critical information about the atmospheric 10Be produc-
tion influenced by solar, geomagnetic and meteorologic 
variations30, as well as geomorphic and marine changes. 
The advent of an entirely new measurement technique 
for cosmogenic nuclides, the atom trap trace analy-
sis (ATTA) technique33, now allows dating of ancient 
groundwaters and ice with 81Kr (refs34,35), and to apply 
39Ar to tackle important questions about the global 
ocean circulation33,36.

Beyond summarizing the major cosmogenic nuclide 
applications and the underlying techniques, this Primer 

discusses two forefront areas of cosmogenic nuclide 
geosciences: multi-​cosmogenic nuclide techniques to 
directly measure/map the instability of the Greenland 
Ice Sheet during past warm periods and to date the 
oldest ice in Greenland, which are still in the pioneer-
ing phase and already impact climate science and geo-
sciences; and cosmogenic nuclide constraints on the 
erosion of landscapes and how topography changes as a 
function of climate, tectonics and life. Further, we pres-
ent what we perceive as the cutting edge of the estab-
lished cosmogenic nuclide techniques in geosciences, 
discussing the current limitations in reproducibility 
and inter-​comparability between projects and reporting 
improvement potential. Finally, we present an outlook 
for the next 10 years and make predictions for where 
the biggest impacts and transformations might occur. 
In closing, we present recommendations for ushering 
the cosmogenic nuclide geosciences community into a 
new era defined by increased attention to justice, equity, 
diversity and inclusion, to make the field welcoming and 
safe for everyone wishing to participate.

Experimentation
Cosmogenic nuclide applications in geoscience rely on 
the measurements of minute amounts of cosmogenic 
nuclides in a wide variety of natural samples, including 
surface rocks, terrestrial sediments, river sediments, 
ocean sediments, snow, rain, ice, ocean water and 
meteorites. Recently, cosmogenic nuclide measure-
ments were reported from trees37. A thorough review of  
the wide variety of samples and the complex process 
of sample selection and sampling techniques for cos-
mogenic nuclide analyses far exceeds the scope of this 
Primer; sampling concepts and challenges can be found 
elsewhere11,38.

Cutting-​edge measurements of cosmogenic nuclides 
from different samples require the synergetic interplay 
between complex geochemical and analytical methods. 
For example, to measure cosmogenic nuclides from 
surface rocks, high-​purity mineral separates have to 
be produced from the whole rock, ranging from tens 
of milligrams to 50–100 g in mass. Only certain min-
eral phases are suitable for specific cosmogenic nuclide 
analyses — such as quartz for 10Be, 26Al, 14C and 21Ne, 
pyroxene and olivine for 3He and 21Ne, and feldspar  
and pyroxene for 36Cl; these mineral phases are ubiq-
uitous in Earth surface rocks, allowing for widespread 
application of cosmogenic nuclide techniques. Analysis 
of the respective cosmogenic isotopes is performed by 
complex and high-​end machines such as accelerator 
mass spectrometers2 and noble gas mass spectrome-
ters39, and, as of very recently, by ATTA. Figures 2 and 3 
present an overview of the geochemistry and analytics 
involved in modern cosmogenic nuclide measurements. 
In this section, we discuss specific experimental aspects 
and novelties, focusing on the most widely used cosmo-
genic nuclides, including the cosmogenic workhorses 
10Be and 26Al, the recently refined and versatile 36Cl, the 
fast-​decaying 14C co-​produced with 10Be, 26Al and 21Ne 
in quartz and the stable cosmogenic noble gases 3He and 
21Ne. Beyond, we include here the cutting-​edge experi-
mental techniques that now enable measurement of the 
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Denudation
The process of erosion, 
leaching and stripping due to 
the removal of material from 
higher to lower areas. The sum 
of weathering and erosion.

Surface exposure dating
Sampling a surface after an 
exposure time t and measuring 
the cosmogenic nuclides  
on the surface, divided by the 
production rate of this nuclide 
at this location and during this 
exposure time.

Burial dating
Buried samples measured  
after a burial time, where the 
terrestrial cosmogenic nuclide 
ratios reflect the period of 
burial and constrain the 
duration.
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Fig. 1 | Cosmogenic nuclide production systematics. A | Primary cosmic ray particles (mostly protons) enter top of the 
atmosphere and produce a cascade of heavy (nucleonic) and lighter (mesonic) particles and electromagnetic showers. 
This nuclear cascade results in production of cosmogenic nuclides in the atmosphere (termed meteoric) and in rocks 
making up the surface of the Earth (termed in situ). P, N, high-​energy (>10 MeV) secondary protons and neutrons cascading 
to the Earth’s surface; n, p, α, secondary particles not cascading to the Earth’s surface; π+/π–, μ+/μ–, ν, e+, e–, γ, pions, muons, 
neutrinos, positrons, electrons and gamma rays. B | In situ cosmogenic nuclide production latitude scaling factors at sea 
level based on the Lifton–Sato–Dunai (LSD)139 and Lal/Stone scaling models267 (part Ba) and altitude scaling factors for two 
cut-​off rigidities based on the LSD scaling model139 (part Bb). Production of in situ cosmogenic nuclides is dependent upon 
location on Earth because of shielding effects of atmospheric mass and deflection effects of Earth’s geomagnetic field. 
Production rate will also change through time owing to changes in magnetic field. Production rates of in situ 10Be in quartz 
as a function of depth (part Bc). Production rate by high-​energy neutrons is substantially higher at the surface than that by 
muons but attenuates quickly with depth, meaning that at greater depths muons dominate production of nuclides. Muon 
production rates from refs268,269. C | Global distribution of 10Be and 26Al data from glacial landform (part Ca) and modern 
fluvial sediment (part Cb) samples. Despite good global coverage, maps highlight that most studies have focused on 
mountain terranes of the northern hemisphere with large parts of continents such as Africa and Asia lacking data. Data 
compiled from ExpAge and OCTOPUS databases. Parts A, Ba and Bb adapted with permission from ref.270, Mineralogical 
Society of America. Part Bc adapted with permission from ref.271, Cambridge University Press.
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radioactive noble gas 81Kr with unprecedented sensitivity 
and considerable impact on geosciences.

Ethics in sampling
The whole rock samples necessary for cosmogenic 
analysis must be sampled from the landscape, a practice 
that has recently come under scrutiny as widely used 
sampling techniques can compromise the aesthetic, his-
torical, cultural or spiritual value of sampled sites40,41. 
Geoethics represents the set of principles at the inter-
section of geoscience, philosophy, economics and soci-
ology, which can guide geoscientists to collect samples 
in ways that minimize these deleterious impacts41. Yet 
challenges remain in ethical production of geoscience 
knowledge. For example, a recent synthesis found that 
87% of climate change studies drawn from a global sam-
ple spanning 1996–2016 utilized an extractive model “in 
which researchers use Indigenous knowledge systems 
with minimal participation or decision-​making author-
ity from communities who hold them”42. To address 
this, Indigenous research frameworks can be employed  
by Indigenous and non-​Indigenous researchers to ensure 
that practices at every step of the research process, 
including sampling, support transparent communica-
tion and, thus, fully adhere to the ethical standards of all 
communities involved43. Other examples of where such 
frameworks can promote ethical accountability are in 
publication43 and data sharing44. The CARE principles 
for Indigenous Data Governance, for example, provide 
guidance for maintaining Collective Benefit, Authority to  
Control, Responsibility, and Ethics (CARE) as access 
to data increases and expectations around data sharing 
converge towards increasing openness and accessibility44.

Geochemistry of cosmogenic nuclides
Important areas of geochemical advance include the 
improved analytical sensitivity and precision of the most 
frequently used cosmogenic nuclides 10Be, 26Al and 36Cl, 
including significant lowering of laboratory blanks by 
high-​purity isotope-​spike techniques and the reduc-
tion of contamination during the geochemical process
ing of the samples, as well as geochemical processing of 
samples for the relatively new measurements of in situ 
14C and the atmospheric cosmogenic nuclide 81Kr. We 
present the geochemistry principles for 10Be, 26Al, 36Cl 
and in situ 14C first, as those isotopes are analysed by 
accelerator mass spectrometry (AMS), then discuss the 
geochemistry of 3He and 21Ne that are analysed by noble 
gas mass spectrometry and, finally, give basic degass
ing procedures from natural samples for 81Kr that is  
measured by ATTA.

10Be and 26Al. In 1992, separation and decontamination 
procedures for large amounts (tens of grams) of quartz 
were reported45, providing a geochemical breakthrough 
for 10Be and 26Al analyses in this mineral (Fig. 2a). This 
study single-​handedly manifested the quartz–10Be–26Al 
system at the forefront of both surface exposure dating 
and burial dating. The basic idea of leaching rocks exten-
sively with diluted hydrofluoric acid presented in this 
milestone paper remains relevant today. Updates have 
focused on enriching quartz prior to hydrofluoric acid 
leaching46, streamlining the column chemistry47 and 
drastically lowering the blank levels47,48. Improvement 
of the overall analytical performance of AMS49,50 has 
reduced the required sample size and simplified the 
chemistry.

Quartz remains by far the most widely used min-
eral for 10Be and 26Al analyses, and is also suitable for 
14C and 21Ne measurements. However, other mineral 
phases have shown promise, in particular for 10Be anal-
yses, including feldspar (such as sanidine)51 and, most 
recently, pyroxene52,53. As 36Cl and the cosmogenic noble 
gases 3He (from pyroxene) and 21Ne (from pyroxene and 
sanidine) can also be analysed from these minerals, new 
multi-​nuclide burial dating application pathways have 
been opened by this progress.

36Cl. Whereas early ground-​breaking 36Cl measurements 
used whole rock samples7, the advantages of using clean 
mineral separates for precise and reproducible 36Cl 
analysis have become apparent54. Feldspar is a common 
mineral that is suitable for 36Cl applications54–57. A tech-
nique known as froth flotation is used to separate tens of 
grams of feldspar from whole rocks and to perform the 
separation of feldspar and quartz, which has been chal-
lenging due to similar physical properties of these two 
minerals58,59. In the first step of froth flotation, chemi-
cals are used to make pre-​leached quartz hydrophilic and  
feldspar hydrophobic. Subsequently, carbonization  
and addition of oil (pine oil, for example) are used to 
float the feldspar grains to the foamy top of the solu-
tion surface, whereas the hydrophilic quartz sinks. 
Separation can be executed by simple decantation. Many 
rocks contain feldspar and quartz, so froth flotation is 
important to allow for 21Ne/10Be/26Al/36Cl analyses from 

Table 1 | Cosmogenic nuclides produced in the 
Earth’s atmosphere and their half-​lives

Nuclides Half-​life (years) Main targets
3H 12.3 O, Mg, Si, Fe (N, O)
3He, 4He Stable O, Mg, Si, Fe (N, O)
10Be 1.4 × 106 O, Mg, Si, Fe (N, O)
14C 5.7 × 103 O, Mg, Si, Fe (N)
20Ne, 21Ne, 22Ne Stable Mg, Si, Fe
22Na 2.6 Mg, Si, Fe (Ar)
26Al 7.1 × 105 Si, Al, Fe (Ar)
32Si 159 (Ar)
36Cl 3.0 × 105 Ca, Fe, K, Cl (Ar)
39Ar 269 Ca, Fe, K (Ar)
41Ca 1.0 × 105 Ca, Fe (Kr)
53Mn 3.7 × 106 Fe (Kr)
59Ni 7.6 × 104 Ni, Fe (Kr)
60Fe 1.5 × 106 Ni (Kr)
81Kr 2.3 × 105 Rb, Sr, Zr (Kr)
129I 1.6 × 107 Te, Ba, La, Ce (Xe)

Cosmogenic nuclides are arranged by mass number. Elements 
that contribute the majority of production are shown. 
Parentheses indicate targets of nuclides produced in the 
Earth’s atmosphere.
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a single sample and facilitating a range of multi-​nuclide  
applications, including burial dating.

More recently, an efficient separation method for 
larger amounts of clean pyroxene (grams to tens of 
grams) has been reported60, which adds another min-
eral for multi-​nuclide applications, as pyroxene is also 

well suited for 3He and 21Ne (refs4,61,62). Similar advances 
have been made for 36Cl measurements from magnetite, 
which have been used to constrain the 36Cl production 
rate from iron, as well as to derive catchment-​average 
denudation rates from detrital magnetite63,64. The chal-
lenge remains here to precisely and accurately constrain 
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the 36Cl production rate, which is overall more complex 
and, thus, less precisely known than that of 10Be and 26Al 
from quartz, for example.

In situ 14C. A breakthrough for in situ 14C geochemis-
try65 laid the foundation for the application of in situ 
14C for timing and quantifying Earth surface processes. 
Building on early pioneering work66,67, a reproduc-
ible extraction procedure of in situ 14C from quartz is 
described, which separates the in situ 14C component 
from organic and atmospheric 14C by stepwise heating 
of quartz under high-​vacuum conditions. The released 
in situ 14C is completely oxidized to 14CO2, as circulat-
ing oxygen affords transforming the carbon into 14CO2. 
The CO2 is then separated from other gases, spiked with 
a known amount of 12CO2, and the 14C/12C or 14C/13C 
ratio is analysed by AMS. This vacuum extraction pro-
cedure was widely adopted and many laboratories still 
operate modified eponymous Lifton in situ 14C lines 
(for example, refs68–71). More recently, several labora-
tories have also developed extraction procedures based 
on simpler metal-​based designs72–76 (Fig. 2c) that have  
achieved lower blank levels and shorter extraction 
times. Although the extraction of in situ 14C from quartz 
remains challenging and time consuming to date, the sci-
entific appeal and potential of combined in situ 14C, 10Be 
and 26Al analyses from quartz is substantial enough to 
motivate further advances in in situ 14C techniques. The 
short half-​life of in situ 14C (5,700 ± 30 years; Table 1) 
is especially suitable for studying the dynamics of gla-
ciers77–79, fluvial systems80 and rapid changes in surface 
processes81 during the Holocene, the ongoing interglacial 
period that began 11,500 years ago.

3He and 21Ne. Pyroxene and olivine have been the min-
erals of choice for both cosmogenic 3He and 21Ne analy
ses, followed by quartz, which does not quantitatively 
retain 3He but retains 21Ne. Traditionally, physical min-
eral separation methods have been used to separate the 
smaller amounts (tens of milligrams to 1 g of mineral) 
needed for the noble gas isotope analyses. However, the 
acid leaching method45 discussed above for 10Be and 26Al 

geochemistry (Fig. 2a) can be used to measure 21Ne from 
quartz as well, and is thus useful for multi-​nuclide meas-
urements from quartz. Recently, a similar hydrofluoric 
acid leaching method was presented for separating larger 
amounts (several grams or more) of fine-​grained pyrox-
ene60. This progress to separate large and clean amounts 
of pyroxene opens the prospect of using 36Cl/3He dating 
methods from this mineral, as 36Cl is produced from 
calcium (and pyroxenes typically contain calcium levels 
up to 10%).

81Kr. 81Kr is a cosmogenic radionuclide that is produced 
in the atmosphere. Spallation reactions and neutron 
activation of stable krypton in the upper atmosphere31 
produce 81Kr (half-​life of 230,000 years). Because 81Kr has 
a long residence time in the atmosphere, it is uniformly 
distributed throughout the atmosphere with an isotopic 
abundance of 9 × 10−13 (ref.82). The 81Kr that is dissolved 
into water or trapped in ice, which is only about 2% of 
the total 81Kr inventory, represents a chemically inert 
tracer of these samples with a simple transport mecha
nism in the environment. The 81Kr decay decreases  
the 81Kr/Kr ratio of 9 × 10−13 with time, which is used in 
dating of old ice and groundwater.

A system for degassing trapped air from ice samples34 
is illustrated in Fig. 3b. The ice is placed in an airtight 
tank. The atmospheric air in the system is first pumped 
out. The tank is then heated to melt the ice and release 
the trapped air, which flows through a water filter and is 
compressed into a sample cylinder. Krypton and argon 
are separated from the released sample gas by titanium 
gettering and gas chromatography techniques83. Within 
90–120 min of processing time, about 0.5–4 L standard 
temperature and pressure (STP) air samples can be puri-
fied, with purities and recoveries of >90% for krypton 
(and >99% for argon).

AMS analyses of cosmogenic nuclides
AMS uses an analytical instrument, combining parti-
cle accelerator techniques into a mass spectrometer84 
(Fig. 3a). AMS was originally designed for the measure-
ment of 14C/C ratios85–87, and has been extended to other 
isotope ratio measurements of interest for geosciences, 
including the cosmogenic radioisotopes discussed here 
(Table 1). AMS is designed to separate out interferences 
and count single atoms of one very rare isotope (such as 
the cosmogenic nuclides 10Be, 26Al, 36Cl and 14C) in the 
presence of the stable isotopes with up to 1015 or even 
1016 times higher abundances. This outstanding sensi-
tivity transformed cosmogenic nuclide methods, and 
has been a key driver of progress over the past 40 years.

Consistent with the last section, we briefly review 
recent progress and the current sensitivity and analyti-
cal limits of cosmogenic nuclide in AMS analyses based 
on the analyte.

10Be. Since the original breakthrough in the 1970s 
(refs88,89), the sensitivity of 10Be measurements with AMS 
has further improved, making 10Be a widely applied cos-
mogenic nuclide in geosciences. Dramatically improved 
counting statistics90–93 together with low 10Be proce-
dural blanks of <10,000 10Be atoms now allow sample 

Fig. 3 | Instrumental set-up for AMS and ATTA. a | Layout of ANSTO’s SIRIUS 6 MV accel-
erator system50,273 and the 0.2 MV MICADAS accelerator274. Despite differences in size  
and level of complexity, both accelerator mass spectrometry (AMS) systems consist of the  
following main parts: an ion source that generates negative ions, a low-​energy magnetic 
analyser that separates pre-​accelerated ions, an accelerator that breaks up molecules and 
changes the charge of ions from negative to positive, a high-​energy magnetic analyser that 
separates ions of interest and a detector where measurement occurs. b | Atom trap trace 
analysis (ATTA) apparatus: a neutral atom of a particular isotope (for example, 85Kr, 39Ar, 81Kr) 
is selectively captured by a magneto-​optical trap and detected by observing its fluor
escence275. ATTA is unique among all trace analysis methods in that its detection is free  
of interference from any other isotopes, elements or molecules. The high degree of redun-
dancy built into the trapping and detection process, in the form of repeated resonant 
excitations, guarantees that identification of the targeted isotope is never in error. ATTA 
sample extraction: a degassing instrument is used to extract gas dissolved in water or 
trapped in ice, and a purification step is usually required to extract the low levels of Kr and 
Ar from the bulk gas sample. Sample purification is achieved using cryogenic adsorption, 
chemical reaction and gas chromatography techniques83. EMCCD, electron-​multiplying 
charge-​coupled device. Part a ANSTO SIRIUS accelerator adapted with permission from 
ref.273, Elsevier. Part a MICADOS accelerator adapted with permission from ref.274, Elsevier. 
Part b, image courtesy of University of Science and Technology of China.
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measurements of as few as 10,000 10Be atoms, widening 
the application spectrum and improving uncertainties. 
For example, 10Be techniques now allow for surface 
exposure dating of surfaces as young as a few decades, 
which overlap with historic records, reports and even 
photography94.

26Al. Similar AMS advances have been made for low-​
level/high-​sensitivity 26Al measurements. Successful 
implementation of a gas-​filled magnet95 to the AMS 
line has improved the counting statistic by an order of 
magnitude96, and now the precision of 26Al/27Al meas-
urements can approach that of 10Be/9Be measurements93. 
However, the notorious problem of laboratory-​specific 
measurements of the stable and abundant 27Al in geo-
logical samples (such as quartz separates from surface 
rocks) remains a source of substantial uncertainties, 
motivating systematic and community-​wide cross-​
calibration programmes for the comparably simple 27Al 
concentration measurements.

36Cl. 36Cl analytics, and thus applications, have consid-
erably progressed with the pioneering study measuring 
36Cl in seawater97, where the authors present measure-
ments and the underlying spiking and low blank tech-
niques of 36Cl/Cl ratios as low as 5 × 10−16 and blank levels 
as low as a few thousand 36Cl atoms. The presented geo-
chemical and analytical techniques afford low-​level 36Cl 
measurements in rocks and sediments, which is particu-
larly relevant for burial dating techniques — for exam-
ple, for surfaces underneath ice sheets that have been 
previously exposed during prior warm periods for a few 
thousand years and, subsequently, buried by the ice sheet 
for tens or, even, hundreds of thousands of years. The 
high-​sensitivity cosmogenic nuclide methods described 
here are central to these ice sheet stability applications 
using sub-​ice bedrock.

In situ 14C. Although several AMS facilities are able to 
perform measurements of 14C/13C and 13C/12C of single 
conventional radiocarbon targets with precisions as low 
as 0.2%49,98, measurements are more problematic when 
samples contain a few micrograms of carbon — such as 
the case of samples analysed for in situ 14C. The meas-
urement of these samples has been aided by the devel-
opment of laser-​heated graphitization microfurnaces 
allowing the complete graphitization of samples contain-
ing as little as 2 μg of carbon99, as well as the development 
of more versatile gas ion sources100,101. The latter is espe-
cially important for in situ-​produced 14C as the minute 
amount of carbon extracted as CO2 from quartz samples 
does not need to be spiked and can be analysed directly. 
The elimination of the need to graphitize reduces sam-
ple processing times and AMS measurement times, and 
supresses contamination introduced during graphitiza-
tion. Samples can now be delivered as pure CO2 in glass 
ampoules and yield reproducibly good 12C− currents with 
better counting statistics101.

53Mn. A few recent studies reported measurements of 
53Mn from terrestrial rocks102, and present a first-​order 
production rate of 53Mn from iron103. The advantage 

of 53Mn is its long half-​life of 3.7 Myr, which in theory 
allows for 3He/53Mn burial dating on timescales of many 
million years. This would be very valuable to tackling 
long-​term Antarctic ice sheet fluctuation problems, for 
example. However, 53Mn remains difficult to analyse, so 
the application remains very rare.

Noble gas mass spectrometry
Noble gas mass spectrometry measures isotopic ratios 
of small quantities of noble gases and, similar to AMS, 
affords measurements of rare isotopes, such as 3He, in 
the presence of 1016 times more of the other helium 
isotope, 4He. Noble gases are released from the sam-
ples either by laser or furnace techniques, under 
ultra-​high-​vacuum conditions (pressure <10−9 mbar) 
into an extraction line directly connected to a mass spec-
trometer. Noble gas isotope ratio measurements are per-
formed by static-​mode analysis, whereby gas is trapped 
in the mass spectrometer volume for the entirety of the 
measurement. Pioneering work was published as early  
as the 1940s104, high-​sensitivity measurements reported in  
the 1950s105 and cosmogenic helium4,39 and cosmogenic 
neon3,106,107 studies were published decades later.

A new generation of multi-​collector mass spectrome-
ters — such as the HELIX MC Plus multi-​collector noble 
gas mass spectrometer — presents a significant step for-
ward108, and opens new pathways for cosmogenic 21Ne 
applications, in particular in combination with 10Be and 
26Al analyses from the same quartz samples20.

In addition, cosmogenic 38Ar measurements 
from terrestrial rocks109 were reported, followed by a 
first-​order 38Ar production rate determination from 
pyroxene110. Owing to the very high atmospheric argon 
background, cosmogenic 38Ar applications might be 
limited to long-​exposed surface rocks with high cosmo-
genic inventory, but the 38Ar production from calcium 
and potassium has the potential to open 38Ar surface 
exposure dating of feldspar.

ATTA measurement
Analytical instruments based on the ATTA method are 
operational in the United States, China, Germany and 
Australia33. In ATTA, a magneto-​optical trap111 is used 
to selectively capture and detect neutral atoms of the tar-
geted isotope (Fig. 3b). When the laser frequency is tuned 
to the resonance of this isotope, for example 81Kr, the atom 
is repeatedly excited at the rate of 107 s–1. As a result, the 
atom can be confined by the photon scattering force and 
detected by observing its fluorescence. This process of 
repeated resonant excitations guarantees that the identi-
fication of the targeted isotope is free of interference from 
any other isotopes, elements or molecules.

Results
Surface exposure dating
The concentration of cosmogenic nuclides in a specific 
surface sample divided by the cosmogenic nuclide pro-
duction rate yields the duration that the surface has been 
exposed to the open sky, and thus to cosmogenic nuclide 
bombardment. This is referred to as the surface expo-
sure age (Fig. 1). Various geomorphic assumptions need 
to be realized to make the surface exposure age reliable, 
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such as continuous, uninterrupted and unshielded 
exposure of the sample surface to cosmic rays9,11,112, and 
the assumption of no erosion or known erosion of the 
sample during exposure. The strategy of dating many 
samples from one geomorphic unit has proven effective 
in improving the robustness of surface exposure dating 
despite complex geomorphic processes48,62,113–126. But 
even if all geomorphic parameters are controlled, sur-
face exposure dating can only be as accurate and precise 
as its two basic parameters: the measured concentration 
of cosmogenic nuclides in a sample and the production 
rate of cosmogenic nuclides in this surface, which varies 
with altitude, latitude and time of exposure, and is to 
some degree nuclide-​specific.

The improvement in cosmogenic nuclide geochem-
istry and analytics discussed above have moved the nee-
dle, and better measurements (and models) yield surface 
exposure ages with smaller uncertainties. It is not our 
goal here to put to rest the decade-​long discussion about 
precision and accuracy of surface exposure dating — we 
attempt to provide a snapshot together with a projection 
forward.

Production rates and production models. The rate of 
cosmogenic nuclide production at selected points can be 
experimentally determined, and particle physics-​based 
production models are used to interpolate between those 
point measurements, so any location on earth has an 
assigned cosmogenic nuclide production rate within its 
uncertainties. The idea of a cosmogenic production rate 
calibration experiment is simple: a surface with unam-
biguous and simple geomorphic context whose for-
mation/onset of exposure has been independently and 
robustly dated is sampled and the cosmogenic nuclide 
inventory is analysed as precisely as possible. Dividing 
the measured cosmogenic nuclide concentration by the  
independent duration of exposure yields the cosmo-
genic nuclide production rate. This rate is typically 
given in produced atoms per gram of mineral and per 
year. Examples include deep-​seeded landslides that, for 
example, killed and buried trees or macro-​organics that 
can be precisely radiocarbon dated127,128. Well-​mapped 
and radiocarbon-​dated moraines are another good target 
for successful production rate experiments129–131.

Uncertainties of local production rate experiments, as 
well as those of production models, have been a topic of  
intense efforts and discussion. Although the precision 
of the cosmogenic nuclide measurements has improved, 
the handling of earlier and recent production rate cali-
bration experiments as well as production rate scaling 
models have remained controversial topics38,132.

By far the most comprehensive collection of cosmo-
genic nuclide production rate experiments, and in fact 
the first consistent and organized cosmogenic database, 
is presented by the ICE-​D production rate calibration 
data compilation16. ICE-​D reports 10Be, 26Al, 3He and 
21Ne production rate experiments comprehensively, 
and has recently started to include 36Cl production rate 
experiments.

The few calibration experiments for the in situ 14C  
production rate are not yet included in the ICE-D, 
but there have been reports of consistent values of 

11.4 ± 0.9 atoms g−1 year−1, 12.0 ± 0.9 atoms g−1 year−1 and 
11.2 ± 0.6 atoms g−1 year−1, scaled by convention to sea 
level/high latitude133–135. There is clear need for more 
such experiments from a wide variety of in situ 14C 
laboratories.

The ICE-​D database highlights the trajectory of 
production rate determinations, from pioneering early 
experiments to more recent higher precision ones. 
Overall, the best constrained production rate calibration 
experiments show an encouraging trend to higher pre-
cision and accuracy of the individual experiments and 
a converging trend of the production rate values, with 
variations between these recent production rate calibra-
tions in the 5% range17. Given how different the geomor-
phic settings and climate zones of these experiments are 
(from the polar regions to the tropics, and from sea level 
to altitudes above 4,000 m), the level of consistency and 
the observation of a converging trend are encouraging 
and the cosmogenic nuclide geosciences community is 
likely to see a further refinement of the production rate 
values and, thus, the surface exposure dating method in 
the coming years.

Cosmogenic nuclide production models simulate 
the transport of the secondary cosmic ray neutrons and 
muons through the atmosphere to the Earth’s surface  
and the different cosmogenic nuclide production reac-
tions, based on nuclear and particle physics theory 
(Fig. 1A,B). These models provide theoretical cosmo-
genic nuclide production rates through the atmosphere 
to the earth surface, and describe the spatial and 
time-​dependency of cosmogenic nuclide production 
reactions as functions of altitude, latitude and time. 
Pioneered by Lal et al.5,136, several powerful models have 
been presented over the past decade137–140. Such models 
are essential to interpolate between the production rate 
calibration points that are singular in space and time, and 
are implemented in the rapidly improving cosmogenic 
nuclide calculator modules that are widely used by the 
community and allow, for example, calculation of expo-
sure ages and erosion rates from cosmogenic nuclide 
measurements within an internally consistent and 
well-​documented framework (for example, refs141,142).

Another recent advance based on these models is the 
realization that the production rates for different cos-
mogenic nuclides, in other words the production ratio 
of two different cosmogenic nuclides, vary consider-
ably with depth — both in the atmosphere and in the  
rock — a critical observation for burial dating137,138.

Surface exposure dating range. The oldest surface expo-
sure ages reported to date rely on the stable cosmogenic 
noble gases 3He and 21Ne, and now reach back into the 
Miocene (Fig. 4). For example, a recent study presents 
a stunningly consistent cosmogenic chronology con-
straining East Antarctic Ice Sheet fluctuations over the 
past 14.5 million years62. On the young end, over the past 
decade surface exposure dating with 10Be — and also 
3He — has been used to date surfaces exposed over the 
past millennium143. One prominent example is the late 
Holocene moraine chronologies that constrain glacier 
advances during the Little Ice Age period (~1300–1850 CE) 
with centennial resolution48,79,144–148. This recent advance 
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allows for a comparison of cosmogenic chronologies  
with historic and photographic records94,149.

Burial dating
The most widely used cosmogenic nuclide burial dating 
tool is 26Al/10Be with a production ratio during expo-
sure in the mineral quartz constrained to about 6.75–7 
(refs20,150). During burial, the 26Al/10Be ratio changes with 
an ‘apparent half-​life’ of about 1.5 Myr. This means that 
a previously exposed quartz mineral containing seven 
times more cosmogenic 26Al than 10Be, which gets bur-
ied deep enough that the cosmic ray production ceases 

for 1.5 Myr, shows a 26Al/10Be ratio of 3.5 after this 
burial period.

The 26Al/10Be burial dating range is from about 
~300 kyr to several millions of years (Fig. 4). Other cos-
mogenic nuclide systems, such as 36Cl/10Be, have been 
successfully applied and are poised to become increas-
ingly important151 (Fig. 4). Triple isotope burial dating 
studies using, for example, 10Be, 26Al and 21Ne from 
quartz20 as well as recent burial dating isochron tech-
niques20,112,152 have been shown to further push the limits  
of burial dating, providing answers to new questions 
about Earth’s surface.
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Fig. 4 | Representative results. a | Over time, concentration of cosmogenic nuclides increases with continued exposure  
to cosmic radiation (left). Denudation causes a sample’s cosmogenic nuclide inventory to decrease (right). Rate of erosion 
sets the maximum concentration a surface can attain. b | If a sample is exposed to cosmic radiation, then buried and 
shielded from further production of cosmogenic nuclides, radioactive elements will decay according to their specific 
half-​lives. Two (or more, not pictured) nuclides with differing half-​lives can be used together to date burial age (left). Burial 
techniques have benefitted from plotting isochrons (right). In this case, starting ratio of two nuclides is set at the surface 
and changes during even shallow burial. Noting that if starting concentrations for individual samples are often different, 
slopes of lines that plot through the data can be used to calculate age of the deposit. c | For nuclides that originate in the 
atmosphere, starting concentrations decay with characteristic half-​lives. Such techniques have been used to measure 
sedimentation rates and with the advent of atom trap trace analysis (ATTA), old ice and groundwater can also be dated.  
d | Age range of surface exposure dating, that depends on the radioactive half-​life/stability of the nuclide. e | Age range  
of burial dating depends on radioactive half-​life of nuclide pairs. Values of ratios are set via production and diverge from 
those values after burial. f | In ATTA (81Kr and 39Ar) and for meteoric nuclides (14C and 10Be), initial nuclide concentration  
is set in the atmosphere and when the gas is sealed from contamination with modern air, nuclides decay over time.  
Parts a, b and c adapted with permission from ref.276, Mineralogical Society of America.
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Denudation rates
Measuring denudation rates derived from meteoric, and 
later, in situ-​produced cosmogenic nuclide concentrations 
has revolutionized quantitative geomorphology over the 
past several decades. But now, the field has gone beyond 
simple documentation of rates for different settings153,154 
and timescales155, and has moved to testing assumptions 
regarding the controls on denudation and landscape 
evolution. Some of the results give us no surprises in 
hindsight, such as the increase of denudation rates in the 
proximity of fault scarps156 and the inverse relationship 
between soil depth and the production of soil157, but some 
truly challenge our preconceived assumptions such as the 
lack of correlation of basin-​wide denudation rates with 
modern precipitation rates25 and the negligible effect  
of glaciation on global denudation rates26.

The averaging timescale undergone by particles mov-
ing through the production zone25 and the geomorphic 
system can affect their sensitivity to measuring ero-
sion rate change due to perturbations such as climate 
or land use158. Several parts of the geomorphic system 
can buffer environmental signals159. Thick soils buffer 
changes in erosion more effectively than thin soils (Fig. 5). 
Floodplains can either cause cosmogenic nuclide signals 
to be faithfully transmitted28, gain cosmogenic nuclides 
during transport80 or lose cosmogenic nuclides through 
decay during transport29 (Fig. 5). Long integration times 
can make it impossible to observe the potential impact of 
climate on denudation through time. In this case, when 
we do not see changes in erosion over long periods of 
time, it is unclear what is causing that stability, whether 
it is actually unchanging erosion rates or a well-​buffered 
system that does not easily respond to perturbations160–163.

ATTA of 81Kr
An atom trap is used to capture and count 81Kr atoms 
from a purified krypton sample, generating an atom 
count rate that is proportional to the isotopic abundance 
of 81Kr. The resulting isotopic abundance of the sample, 
compared with that of the atmosphere, is used to calcu-
late the 81Kr age based on a simple nuclear decay formula. 
Recent studies illustrate how ATTA results can be used 
to answer key questions in geoscience. In hydrology, 81Kr 
studies of large aquifer systems around the world have 
transformed the understanding of their long-​term behav-
iour, revealing recharge histories and leading to improved 
hydrodynamic models164–169. Cross-​comparisons between 
measurements of 81Kr and other tracers (4He and 36Cl) 
have also been made170–172. In glaciology, 81Kr dating 
of old Antarctic ice, first demonstrated with the well- 
dated stratigraphy of Taylor Glacier173, has been used to 
establish a new TALDICE-​deep1 chronology174.

81Kr dating has since been applied to search for old 
ice in the Tibetan Plateau34 and to provide anchor points 
for a new age scale for the deep portion of TALDICE ice 
core in East Antarctica175.

Applications
We focus here on two complementary applications at the 
forefront of cosmogenic nuclide geosciences, with the goal  
of illustrating the power of cutting-​edge cosmogenic 
nuclide dating methods in addressing key questions 

of geomorphology, Quaternary geology, climate and  
society, now and in the coming decades.

Erosion factories over space and time
One way to unravel the influence of different driving 
forces of landscape change — including tectonic uplift 
and climate, as well as internal dynamics such as river 
drainage capture and subsidence, among others — is to 
develop quantitative constraints on the magnitude, rate 
and timescale of surface change. Quantifying how these 
processes shape landforms is crucial for modelling past 
and future landscapes. Even Earth system-​scale carbon 
cycle models rely on understanding the dynamic link-
ages between climate and tectonics stemming from the 
empirical relationship observed between rates of chemi-
cal weathering of minerals and physical erosion176, which 
scales with topographic relief (Fig. 5). This dynamic inter-
action of climate and tectonics can alter the chemistry of 
the atmosphere and ocean via Earth’s carbon cycle and 
alkalinity budget.

In mountainous environments, measured denud
ation rate values span almost four orders of magnitude 
from <1 mm kyr–1 to >103 mm kyr–1 (ref.154). This range is 
similar to that measured by other techniques177; however, 
cosmogenic nuclide rates average over timescales better 
mirroring those of geomorphic processes and the rates 
imposed by them. An apparent erosion rate or exhuma-
tion of soil grains from 10Be and the relatively new in situ 
14C clock depends not only on the erosion rate but also 
on the half-​life of the radionuclide. Because of its short 
half-​life, in situ 14C records recent variations in erosion, 
including timing and magnitude of the change in ero-
sion178,179. The concentration of the cosmogenic nuclide 
with the shorter half-​life adjusts faster to a changing ero-
sion signal, and thus changing erosion creates a syste
matic and measurable offset between in situ 14C (or 26Al) 
and 10Be (ref.178).

Control of denudation rates. Rivers sample miner-
als from source locations in the fluvial network (that 
is, bedrock substrates and hillslopes) according to the 
erosion rate of that particular subregion in the land-
scape. The minerals contain measurable cosmogenic 
nuclide concentrations that are quantitatively governed  
by the denudation rate. Bedrock knobs protruding above 
the soil-​mantled slopes, for example, have higher con-
centrations of cosmogenic nuclide precisely because 
they are not eroded as much as the sediment in the 
catchment’s hillslopes, and therefore are not sampled as 
often (Fig. 5).

Basin-​wide denudation rate compilations have been 
used in the past decade to understand global controls on 
denudation that can be counter-​intuitive, with the most 
obvious triggers of sediment transport and chemical  
weathering not tied in an obvious way to the denudation 
rate180–182. For example, some of the hottest183 and rain-
iest184 places on Earth erode relatively slowly — as do 
hot and rainy places185,186 — whereas the basin slope has 
consistently emerged as a primary control in tectonically 
active areas (Fig. 5).

Variations in palaeo-​denudation rates, on the other  
hand, have been ascribed to changes in precipitation187–190 
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or temperature191,192, or climate generally193–195. Other 
causes of variations in denudation rates can be linked 
to the subsidence of the basins196,197. Measured palaeo- 
denudation rates in the Tianshan of Central Asia — a 
region particularly important because of a famous 

argument for the impact of climate on denudation 
rates — show the absence of a major increase in denud
ation rates with the onset of continental glaciations 
2.6 million years ago in the region198,199. Over glacial– 
interglacial cycles, rates can also show a pulsed, 
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Fig. 5 | Applications of cosmogenic nuclides to studying source-to-sink 
processes and the history of the Greenland Ice Sheet. A,B | Erosion in 
mountains is affected by various tectonic, climatic and autogenic factors. 
Sediment pulse makes its way out of the erosion zone (part Aa), through the 
sediment routing system (part Ab) and into the depocentre sink (part Ac) 
along trajectories shown by red dashed lines. Some trajectories involve 
short transit times with brief periods of storage (small circles) whereas 
others involve longer transit times with protracted periods of storage (large 
circles)159. Signal of the slug of sediment from episodic forcing in the source 
and the resulting observed erosion rates signal is buffered and changes over 
time as it moves through the routing and sedimentary system (parts Ba to 
Bc). At source, changes in erosion rate will result in changes in nuclide con
centration, moderated by response time of the cosmogenic nuclide clock277. 
Using compilations of global cosmogenic nuclide-​based rates from 
erosional systems, basin-​wide denudation rates scale exponentially with 
mean basin slope154,181 and protruding outcrops of bedrock erode slower 
than do the basins suggesting widespread relief generation180. Following 

detachment from bedrock, the cosmogenic nuclide inventory in a parcel of 
sediment may increase, decrease or stay constant, depending on character-
istics of the sediment routing system (part Bb), rate of deposition in the  
sink (part Bc) and nuclide half-​life. C | Three snapshots of Greenland Ice 
Sheet depicting retreat during a hypothetical super-​interglacial278,279  
(part Ca), advance during the Last Glacial Maximum280 (part Cb) and today  
(part Cc). Colours within ice sheet indicate ice of different ages: super- 
interglacial (pink), glacial (dark blue) and postglacial or Holocene (light 
blue). Black line in part Ca shows trajectory of ice with trapped atmospheric 
81Kr. In parts Cb,Cc, same ice parcel indicated with purple star. White 
rectangles show where rock cores collected from the landscape can be 
analysed with cosmogenic nuclides to constrain the footprint of the ice 
sheet in the past (for example, ref.213). D | Schematic volution of 81Kr/Kr ratio 
for ice parcel shown by purple star, and cosmogenic nuclide concentration 
and burial ratio for the rock core recovered from beneath the ice (parts 
Da–Dc). c.n. and CN, cosmogenic nuclide; ENSO, El Niño-​Southern 
Oscillation. Part A adapted from ref.159, Springer Nature Limited.
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ephemeral response to climate, with a short-​lived spike 
in erosion during maximum glacial expansion200. More 
studies in the coming years will likely add to denud
ation and palaeo-​denudation rate data and the nuanced 
interpretations of controls over time, although we can 
already say that the erosion engine is primarily fuelled 
by tectonic energy creating a conveyor of crustal mate-
rial that can sustain denudation at high rates for long 
periods of time.

Ice sheet stability
Rising sea levels threaten coastal communities and eco-
systems, and by mid-​century, melting polar ice sheets 
will be the dominant driver of sea level rise (IPCC SR15 
report201). The melting Greenland Ice Sheet holds 7 m of 
sea level equivalent, and is becoming the focus of particu-
lar scientific concern202,203 with new estimates predicting 
that the Greenland Ice Sheet melt rate this century will 
exceed any melt over the past 10,000 years (ref.204).

Cosmogenic nuclide geosciences have contributed 
to a much improved understanding of margin changes  
of the Greenland Ice Sheet over the ongoing warm period, 
the Holocene (the past 11,700 years)79,117,120,124,126,205–208.  
Marine and ice core records have been interpreted as 
indications for a relatively persistent, stable Greenland 
Ice Sheet209–211. Relatedly, folded ice in the lowest part of 
the North Greenland Eemian Ice Drilling (NEEM) ice 
core is reported to be from the last interglacial period 
(Eemian or MIS-5) and the isotope signals indicate rela
tively moderate response of the Greenland Ice Sheet to 
the MIS-5 super-​interglacial that was likely significantly 
warmer than today212.

Two recent cosmogenic nuclide-​based pilot studies, 
however, present the first direct evidence about past 
periods of a greatly reduced Greenland Ice Sheet in  
the recent geologic past: a 10Be/26Al depth profile from the 
1.5 m-​long GISP2 bedrock core, retrieved in 1996 under 
the more than 3,000 m-​long GISP2 ice core, showed that 
Greenland was nearly ice-​free at least once, and probably 
several times, over the past 1.1 Myr213. The cosmogenic 
nuclide pilot data from frozen sediment under the Camp 
Century ice core, drilled to 1,368 m in 1966, detail a 
similar result for the Camp Century sediments214. These 
two studies not only highlight the vulnerability of the  
Greenland Ice Sheet to warming but also show that  
the basal zone preserves information about past expo-
sure and subsequent reburial by the Greenland Ice Sheet. 
In other words, these two-​point studies from sub-​ice 
material show that cosmogenic nuclide techniques can 
be used to cosmogenically map the bedrock under the 
Greenland Ice Sheet, and thus the response of various 
sectors of the Greenland Ice Sheet to past warm periods.

Motivated by these cosmogenic nuclide findings, 
we here focus on a novel approach applying cosmo-
genic nuclide techniques to the Greenland Ice Sheet 
basal zone to tackle the Greenland Ice Sheet (in)stabil-
ity problem. Combining cosmogenic nuclide analyses 
from sub-​Greenland Ice Sheet bedrock (and sediment), 
mapping the bedrock for past exposure and reburial with 
a systematic cosmogenic 81Kr dating effort of the basal 
ice, the oldest ice in Greenland, is now possible; the first 
steps in this direction have been taken215. New modelling 

concepts are presented as tools to synergize the cosmo-
genic nuclide data from the Greenland Ice Sheet basal 
zone, towards an improved understanding of Greenland 
Ice Sheet deglaciation and re-​glaciation processes.

Figure 5C,D illustrates the general approach and 
potential of such a cosmogenic nuclide basal zone study 
for the Greenland Ice Sheet as an example, but it is 
important to note that similar approaches can be, and 
are now being, pursued for other ice sheets, including 
the Antarctic ice sheets. Key questions about the dura-
tion of exposure of bedrock — currently resting under-
neath hundreds or thousands of metres of ice — during 
past warm periods, which relates to the length of time 
the Greenland Ice Sheet was diminished and retreated 
inland, can now be addressed by this approach.

A strategic drilling transect through the Greenland 
Ice Sheet into crystalline bedrock and analysing 10Be, 26Al 
and 21Ne from quartz and 36Cl from feldspar is at the core 
of such an ice sheet stability experiment. As a first step, 
such a survey along the Greenland Ice Sheet would iden-
tify bedrock segments that were most recently exposed 
in response to warming, and thus most vulnerable to 
ongoing climate change. These sections are likely the 
most vulnerable in the future. Ice sheet modelling tech-
niques depicted in Fig. 5 also allow for estimates of sea 
level contributions of the cosmogenically reconstructed 
footprints of the Greenland Ice Sheet.

To determine the age of the basal ice in Greenland, 
as well as the age and location of the oldest ice, basal 
ice dating by 81Kr ATTA measurements of strategically 
drilled basal ice might open new opportunities. The 
much improved analytical sensitivity of 81Kr ATTA 
measurements, its uniquely appropriate dating range 
(Fig. 5) and the robustness of the ATTA analyses against 
impurities in the ice make this technique ideally suited 
to tackle the challenge to date old ice in the basal zone 
of ice sheets. The current limitation remains the need 
for relatively large ice samples (2–4 kg ice per sample), 
but as the ATTA method continues to advance, the sam-
ple size requirement can be brought to its fundamental 
limit below 1 kg, with the precision limited by 81Kr atom 
counting statistics.

Cutting-​edge cosmogenic nuclide analyses from 
sub-​ice sheet bedrock together with cosmogenic 81Kr 
dating of basal ice, synthesized within an ice sheet 
modelling framework, are poised to directly map the 
response of the Greenland Ice Sheet to past warm peri-
ods. Such insights would transform our understanding 
of the Greenland Ice Sheet sensitivity to changing cli-
mate and enhance our capability to monitor, understand 
and robustly predict its contribution to sea level rise in 
the near future, including the contribution over the next 
decades. In turn, this novel application of advanced 
cosmogenic nuclide techniques to the basal zone of ice 
sheets is going to contribute in significant ways to tackle 
some of the most urgent problems at the interface of  
geoscience and society.

Additional cosmogenic nuclide results
We close this section with a subjective list of addi-
tional applications that are particularly promising  
and/or trail-​blazing. In the field of active tectonics, one 

Basal zone
The lowermost tens of metres 
of ice, the upper metres of 
sub-​ice bedrock and the 
potential sediment layer  
in between.
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application used single grain measurements on alluvial 
fan surfaces that together form age populations with 
characteristic distributions to reveal whether sediment 
is from episodic (landslide/earthquake) or diffusive 
(soil transport)216 processes and bear on the interpre-
tations of fault-​activation chronologies. Others have 
pioneered a new method to date precariously balanced 
rocks in tectonically active regions that would have top-
pled during vigorous ground shaking in order to recon-
struct strong-​earthquake recurrence histories217,218. In 
the area of coastal hazards, landslide dating219 and a 
new method to measure rates of coastal cliff retreat 
from cosmogenic nuclide concentrations in bedrock 
shore platforms220 can now be transported to other 
areas to provide a long-​term baseline rate for eroding 
coastlines under threat from current and future sea 
level rise. Large, mega-​tsunami-​transported boulders 
deposited hundreds of metres above the Santiago Island 
coastline in the Cape Verde archipelago were dated by 
cosmogenic nuclide analysis to roughly 73,000 years 
ago, constraining the timing of the collapse of Fogo, an 
oceanic volcano221. One particularly clever cosmogenic 
nuclide application brings about a new field of cosmo-
genic nuclide palaeothermometry222,223. These authors 
pioneer the use of temperature-​dependent diffusion 
behaviour of some noble gases, such as cosmogenic 3He 
diffusion in quartz, to help us answer questions related 
to long-​term climate change and extraterrestrial condi-
tions224. Finally, the application of cosmogenic nuclide 
burial dating to fossil-​bearing cave deposits has made 
important contributions to our understanding of early 
human evolution225. Isochron burial dates from cave 
infills at Sterkfontein, South Africa, make a convincing 
case that the skeletons at Sterkfontein are coeval with 
early Australopithecus afarensis in eastern Africa, rais-
ing new questions about early hominid diversity and  
phylogenetic relationships96.

Reproducibility and data deposition
Precision and accuracy
It is now possible to measure cosmogenic nuclide abun-
dances at total measurement uncertainties of a few 
per cent. Recent global compilations of in situ cosmo-
genic 10Be and 26Al confirm the steady improvement in 
measurement quality (Fig. 6), but at the same time paint 
a more complex picture. For example, whereas 10Be 
measurement uncertainties have, on average, improved 
steadily over the past three decades, substantial scatter 
is still observed in 10Be uncertainties reported in the past 
5 years. The latter reflects, beyond the inter-​laboratory 
uncertainties, the systematic uncertainties related to 
sampling in complex geologic and geomorphologic 
settings in the field, an uncertainty within cosmogenic 
nuclide applications that remains difficult to quantify.

Measurement precision is, however, only part of 
the story and the improvement in analytical precision 
does not directly translate into improved accuracy. The 
CRONUS-​Earth and CRONUS-​EU projects38,226, con-
cluded more than 5 years ago, produced a comprehen-
sive suite of reference materials that, in turn, supported 
several laboratory inter-​comparison exercises aimed at 
improving our understanding of the true precision and 

accuracy of nuclide analyses (Fig. 6). Results to date from 
these laboratory inter-​comparison exercises show that 
whereas the analytical uncertainty of 10Be measurements 
explains most of the variation in the data sets227,228, coef-
ficients of variation exceed the average analytical uncer-
tainty for most materials and nuclides (see ref.38). The 
latter effect is strongest for the rather novel in situ 14C 
and the still complex 21Ne measurements, for which sub-
stantial inter-​laboratory and intra-​laboratory variability 
is observed75,229. Reasons for these large inter-​laboratory 
discrepancies remain unclear and may have been linked 
to differences in analytical extraction protocols (for 
example, 14C and 21Ne), varying accuracy and precision 
of measurements of the stable isotopes, such as 27Al 
measurements for the 26Al technique, and the limited 
quality of reference materials (such as CRONUS-​N230).

Repositories and reporting standards
Protocols for data reduction and analyses necessary 
to interpret cosmogenic nuclide data are continuously 
improved and updated, which in turn requires frequent 
recalculation of denudation rates, surface exposure and 
burial ages. Data reporting also depends critically on the 
standards underlying the measurements — most promi-
nently, which AMS standard was used for the respective 
cosmogenic nuclide measurements16. Minimum report-
ing standards have been proposed in the past231,232; how-
ever, these are yet to be universally adopted. Metadata 
related to sample site location and characteristics (for 
example, latitude and longitude, elevation, topographic 
shielding, basin area) and to AMS standardization are 
necessary for the periodic recalculation of exposure ages 
and erosion rates as calculation procedures are refined. 
Although metadata such as procedural blank levels, raw 
AMS ratios, carrier amounts and concentrations are not 
needed in the recalculation of ages and rates, they are 
important to evaluate the quality of the actual measure-
ments and, therefore, the quality and reliability of the 
calculated ages and erosion rates. Despite the lack of for-
malized and universally accepted reporting standards, 
the quality of data reporting has improved through time 
(Fig. 7). For example, more than 90% of 10Be detrital den-
udation rate studies published between 2016 and 2020 
(n = 110) report sufficient sample location metadata 
and usable AMS metadata. The recent improvements 
in cosmogenic nuclide reporting standards mirror 
similar developments in the wider scientific commu-
nity towards better reporting of data233. Positive change 
has been spurred by the availability of easily accessible 
web-​based exposure age and erosion rate calculators 
— such as the widely used platform labelled online cal-
culators formerly known as the CRONUS-​Earth online 
calculators141 — that present users with rigid input and 
output data and metadata templates.

The past decade has witnessed numerous cosmo-
genic nuclide-​based regional and global-​scale synoptic 
studies8,180,181,234 that have, ultimately, led to the creation 
of numerous curated global cosmogenic nuclide data-
bases, including a global compilation of glacial 10Be 
and 26Al data, known as ExpAge; an open cosmogenic 
nuclide, luminescence and radiocarbon database known 
as OCTOPUS154; and ICE-​D16, a cosmogenic nuclide 
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exposure age database, including data compilations and 
inter-​comparison tools for 10Be, 26Al, 3He and 21Ne data 
from Antarctica, the Arctic and lower-​latitude mountain 
glaciers9.

Limitations and optimizations
Mineral separation and subsequent chemical isolation 
in the case of 10Be and 26Al remains an expensive and 
time-​consuming process, and therefore is one of the main 
factors limiting sample size in any study. Sample prepara-
tion and chemistry procedures have changed little since 
their initial publication (for example, refs45,47,235); how-
ever, there have been recent efforts to optimize230,236,237 
and even automate238 beryllium and aluminium column 
chromatography. These efforts, however, fall short of 
the potential optimizations afforded by commercial 

automation solutions now employed for other isotopic 
systems239–242. Sample extraction also continues to be a 
major limitation for in situ 14C applications243, and sev-
eral laboratories attempt to automatize to increase sam-
ple throughput and minimize opportunities for human 
error70,71. However, it is likely that major optimizations 
will result from the second generation of the simpler and 
more robust metal-​based designs72,75 that have already 
achieved lower blank levels81, shorter extraction times 
and substantially improved reproducibility of standard 
materials75.

Substantial improvements have been achieved in 
relation to the measurement of the various cosmogenic 
nuclides, including new and improved gas ion sources 
(in situ 14C (refs100,101)), the use of a gas-​filled magnet 
(26Al and 36Cl (refs244,245)), the use of ion–laser interaction 
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(36Cl (ref.245)) and new-​generation instruments coming 
online (21Ne (ref.108)). Major limitations remain in rela-
tion to inter-​laboratory discrepancies, as highlighted in 
Fig. 5 and discussed above.

Optimization of cosmogenic nuclide measurements 
improved sample throughput capacities, and large cos-
mogenic nuclide data sets afford tackling new scientific 
problems. For example, a deeper understanding of pro-
cesses that control sediment production and transport 
at the catchment scale has been afforded by cosmogenic 
nuclide analyses from single-​clast samples216,246–249. 
Large cosmogenic nuclide surface exposure age data 
sets allow for unambiguous identification of outliers120, 
and data sets with large sample counts and numbers of 
measured cosmogenic nuclides have led to the devel-
opment of more sophisticated numerical approaches to 
analyse them216,250. A further optimization has been the 
proliferation of exposure age and erosion rate calcula-
tors141,142,179,251. Although these have led to substantial 
improvements in data reporting and reproducibility 
(Fig. 7), the lack of clear standards for comparing cos-
mogenic nuclide-​derived exposure ages and erosion 
rates with those obtained using other geochronome-
ters remains a major limitation. Lastly, applications of 
meteoric 10Be (ref.252) and of 36Cl in magnetite64 have 
extended the applicability of basin-​wide denuda-
tion rate studies to non-​quartz-​bearing lithologies.  

This is a major improvement that will permit constrain-
ing the erosion and weathering rates of areas underlain 
by mafic and ultramafic rocks that exert an important 
control on regulating atmospheric CO2 levels.

Outlook
The presented advances in cosmogenic nuclide tech-
niques make it possible to ask new questions about the 
Earth and how it works, but building the capacity to 
answer them requires rising to an even bigger challenge: 
imbuing the cosmogenic nuclide discipline, and the geo-
sciences as a whole, with a dedication to justice, equity, 
diversity and inclusion that matches our commitment 
to research.

New nuclides and new applications
The precision of AMS analyses of 10Be, 26Al and 36Cl will 
further improve, which in turn will reduce the current 
uncertainties of the production rate ratios that are criti-
cal for many burial dating applications (Fig. 4). Similar is 
true for neon isotope measurements on the new genera-
tion of noble gas mass spectrometers. ATTA techniques 
are improving, opening new horizons for applications 
of, for example, 81Kr. Laser trapping and cooling of neu-
tral atoms has been realized on an increasing number 
of elements, including the alkali metals (Group I), alka-
line earth metals (Group II) and noble gases. Whereas 
AMS can be used to analyse many different elements, 
an ATTA instrument is usually designed and built for 
only one specific element. For this reason, ATTA is best 
used to complement AMS, such as, for example, in the 
analysis of an isotope that is particularly challenging 
for AMS. Additional examples include 39Ar (half-​life of 
269 days) and 41Ca (half-​life of 100 kyr), both nuclides 
with high potential that cannot be routinely analy
sed with AMS with sufficient sensitivity for geoscience 
applications.

Improvements in ATTA are allowing increased sen-
sitivity for more cosmogenic nuclides of interest; 39Ar 
is on the cusp of addressing major questions related 
to ocean circulation, one of the key elements of the 
Earth’s system that is influenced by accelerating climate 
change253. The timescale of ocean circulation matches 
well with the half-​life of 39Ar. Therefore, a systematic 39Ar 
dating programme of water mass transport throughout 
the ocean, in combination with 14C data, is promising 
for high-​resolution mapping of ocean currents, ocean 
mixing and deep-​water formation rates, which are crit-
ical to evaluate the climate change-induced changes in 
ocean circulation, understanding sea level rise254 and the 
capacity of the ocean to take up carbon dioxide33,36,255,256.

Direct dating of old polar ice can provide critical 
insight into the stability of Earth’s remaining ice sheets. 
Instead of producing metastable krypton atoms in a 
plasma, which inevitably leads to sample loss and con-
tamination, a recent experiment has demonstrated opti-
cal excitation of 81Kr to metastable level via a resonant 
vacuum ultraviolet lamp, followed by laser trapping 
and detection. The all-​optical approach overcomes the 
limitations on precision and sample size of 81Kr dat-
ing257. Dating of old polar ice with a 1 kg sample appears 
feasible.
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Building a better community
Geoscientists share an appreciation for Earth, but despite 
this inherent connection to our planet, not everyone has 
equal access to its study. The earliest understandings of 
how our planet works emerged alongside violent histo-
ries of colonization, extraction and displacement258, and 
the consequences of this legacy are apparent in the disci-
pline today259. Overall, the field of cosmogenic nuclides 
has been dominated by European and American 
researchers; and even within these privileged groups, 
racism, misogyny and other violent forms of discrimi-
nation limit who can participate in the field. Ultimately, 
the outlook for cosmogenic nuclide geosciences depends 

on our ability, within our own communities and glob-
ally, to broaden participation such that everyone has 
access to understanding and contribution to the study 
of the Earth.

Many geoscientists have studied, discussed and advo-
cated strategies for broadening participation in the disci-
pline260–262. Here, we have identified seven principles that 
the cosmogenic nuclide community specifically can use 
to chart a course for a more just future: intersectionality, 
recognition, leadership, respect, engagement, advance-
ment and safety. Each principle is broadly applicable, but 
we draw on the published literature to illustrate discrete 
examples (Box 1).

Most disciplines fall short when it comes to equity, 
diversity and inclusion263. The deleterious impacts of 
these shortcomings are heightened in geoscience, includ-
ing cosmogenic nuclide geoscience, because the status 
quo leads to real harm. For example, gender harassment 
is a well-​documented manifestation of harm that both 
emerges from and exacerbates homogeneity. Gender 
harassment can take place in the classroom or labora-
tory, but can be particularly acute in the field settings 
where geoscientists, including cosmogenic nuclide geo-
scientists, work. Field settings are both a nucleus of harm 
in the geosciences and an area where targeted interven-
tions can have cascading positive impacts on creating a 
more just community. As mentioned previously, using 
Indigenous research frameworks facilitates inclusive and 
transparent communication between different groups 
with a connection to the landscape, be it scientific, cul-
tural, spiritual or a combination of these43. Such tech-
niques take time, reflection, relationship-​building and 
accountability to implement43, but are crucial for mov-
ing the discipline away from our extractive roots258 and  
towards a more just future42. Moreover, geoheritage 
and field-​based ethno-​geological research enhance our 
understanding of geological systems while promoting 
culturally informed teaching and research practices that 
serve under-​represented cultural communities264. Taken 
together, these examples illuminate the critical need for 
a shared ethic, not only around fieldwork but in terms of 
intentionally creating structures that support cosmogenic 
nuclide geoscientists who are most likely to experience 
harm in their pursuit of new knowledge about the Earth.

Box 1 | Justice, equity, diversity and inclusion

In contrast to the substantial advances in analytical and methodological techniques, 
the cosmogenic community has struggled to bring a range of perspectives into our 
field, hindering intellectual progress on critical earth system questions264. Here we 
outline seven principles, drawn from the literature, that the cosmogenic nuclide 
community can use to improve the field.

•	Respect — honour indigenous land and work with local communities to ensure there 
is mutual understanding, respect and trust42,43,284.

•	Recognition — only 28.5% of research excellence prizes awarded at the Swiss 
Geoscience Meeting were given to women over the period 2003 to 2019, a problem 
that is widespread within the discipline266.

•	Engagement — the majority of geoscience research articles on African topics have no 
African authors. Parachute research can further exacerbate inequities and illuminates 
a clear need for more intentional collaboration and inclusion of communities that are 
local to an area being studied285.

•	Leadership — geoscientists in China make up 25% of the authors, reviewers and 
editors for journals of the American Geophysical Union (AGU), the world’s largest 
professional geoscience organization, and hold 2% of the leadership positions within 
the organization. By contrast, geoscientists in the United States make up 28% of 
authors, reviewers and editors yet hold 75% of leadership positions286.

•	Advancement — in Australasia, gender is still on the agenda in geosciences: at the 
professor level, women make up between 4 and 26% of each subdiscipline, and 6 of  
11 sub-​disciplines have fewer than 10% full professors who are women265.

•	Safety — remote fieldwork is particularly dangerous for geoscientists with 
marginalized identities287.

•	Intersectionality — in addition to fieldwork, the culture of geoscience in general can 
be particularly dangerous for geoscientists with multiple marginalized identities, 
making it critical to consider diversity not along a singular axis of oppression but with 
a full understanding of social and historical processes that influence who has access 
to geoscience288,289.
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Although the field clearly has a long way to go, 
there has never been a more diverse cohort of aspiring 
geoscientists entering the field (AGI Currents 2020). 
Around the world, a robust pipeline exists for bring-
ing more historically excluded groups into the disci-
pline and building a community where everyone can 
participate fully, a clear necessity if we are going to rise 
to the challenge of addressing the most pressing geo-
science problems that cosmogenic nuclide applications 

can solve265,266. However, at current rates of change,  
it will be many decades until gender parity is achieved 
in cosmogenic nuclide geosciences around the world 
(Fig. 8). In order to build a better community, we must 
embrace our commitment to justice, equity, diver-
sity and inclusion with equal vigour to our study of  
the Earth.
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