
HAL Id: insu-04198250
https://insu.hal.science/insu-04198250

Submitted on 7 Sep 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Cosmogenic 10Be in pyroxene: laboratory progress,
production rate systematics, and application of the
10Be-3He nuclide pair in the Antarctic Dry Valleys

Allie Balter-Kennedy, Joerg M. Schaefer, Roseanne Schwartz, Jennifer L.
Lamp, Laura Penrose, Jennifer Middleton, Jean Hanley, Bouchaïb Tibari,

Pierre-Henri Blard, Gisela Winckler, et al.

To cite this version:
Allie Balter-Kennedy, Joerg M. Schaefer, Roseanne Schwartz, Jennifer L. Lamp, Laura Penrose, et
al.. Cosmogenic 10Be in pyroxene: laboratory progress, production rate systematics, and application
of the 10Be-3He nuclide pair in the Antarctic Dry Valleys. Geochronology, 2023, 5, pp.301-321.
�10.5194/gchron-5-301-2023�. �insu-04198250�

https://insu.hal.science/insu-04198250
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Geochronology, 5, 301–321, 2023
https://doi.org/10.5194/gchron-5-301-2023
© Author(s) 2023. This work is distributed under
the Creative Commons Attribution 4.0 License.

Cosmogenic 10Be in pyroxene: laboratory progress,
production rate systematics, and application of the
10Be–3He nuclide pair in the Antarctic Dry Valleys
Allie Balter-Kennedy1,2, Joerg M. Schaefer1,2, Roseanne Schwartz1, Jennifer L. Lamp1, Laura Penrose1,
Jennifer Middleton1, Jean Hanley1, Bouchaïb Tibari3, Pierre-Henri Blard3, Gisela Winckler1,2, Alan J. Hidy4, and
Greg Balco5

1Lamont–Doherty Earth Observatory, Columbia University, Palisades, NY 10964, USA
2Department of Earth and Environmental Sciences, Columbia University, New York, NY 10027, USA
3CRPG, CNRS, Université de Lorraine, 54 000 Nancy, France
4Department is Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory,
Livermore, CA 94550, USA
5Berkeley Geochronology Center, Berkeley, CA 94709, USA

Correspondence: Allie Balter-Kennedy (abalter@ldeo.columbia.edu)

Received: 1 December 2022 – Discussion started: 21 December 2022
Accepted: 11 May 2023 – Published: 17 July 2023

Abstract. Here, we present cosmogenic-10Be and
cosmogenic-3He data from Ferrar dolerite pyroxenes in
surficial rock samples and a bedrock core from the Mc-
Murdo Dry Valleys, Antarctica, with the goal of refining the
laboratory methods for extracting beryllium from pyroxene,
further estimating the 10Be production rate in pyroxene and
demonstrating the applicability of 10Be–3He in mafic rock.
The ability to routinely measure cosmogenic 10Be in pyrox-
ene will open new opportunities for quantifying exposure
durations and Earth surface processes in mafic rocks. We
describe scalable laboratory methods for isolating beryllium
from pyroxene, which include a simple hydrofluoric acid
leaching procedure for removing meteoric 10Be and the
addition of a pH 8 precipitation step to reduce the cation
load prior to ion exchange chromatography. 10Be measure-
ments in pyroxene from the surface samples have apparent
3He exposure ages of 1–6 Myr. We estimate a spallation
production rate for 10Be in pyroxene, referenced to 3He,
of 3.6± 0.2 atoms g−1 yr−1. 10Be and 3He measurements
in the bedrock core yield initial estimates for parameters
associated with 10Be and 3He production by negative-muon
capture (f ∗10 = 0.00183 and f ∗3 fCfD = 0.00337).

Next, we demonstrate that the 10Be–3He pair in pyroxene
can be used to simultaneously resolve erosion rates and ex-

posure ages, finding that the measured cosmogenic-nuclide
concentrations in our surface samples are best explained by
2–8 Myr of exposure at erosion rates of 0–35 cm Myr−1. Fi-
nally, given the low 10Be in our laboratory blanks (average
of 5.7× 103 atoms), the reported measurement precision, and
our estimated production rate, it should be possible to mea-
sure 2 g samples with 10Be concentrations of 6× 104 and
1.5× 104 atoms g−1 with 5 % and 15 % uncertainty, respec-
tively. With this level of precision, Last Glacial Maximum
to Late Holocene surfaces can now be dated with 10Be in
pyroxene. Application of 10Be in pyroxene, alone or in com-
bination with 3He, will expand possibilities for investigating
glacial histories and landscape change in mafic rock.

1 Introduction

Cosmogenic nuclides are formed in minerals when rock is
exposed to secondary cosmic radiation, and their concentra-
tions at and near the Earth’s surface hold information about
exposure durations, burial time, and erosion rates (e.g., Cer-
ling, 1994; Kurz and Brook, 1994; Lal, 1991; Nishiizumi
et al., 1991; Schaefer et al., 2022). Most simply, the con-
centration of cosmogenic nuclides in rock serves as an ex-
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posure clock because they accumulate at known rates. It is
also possible to deconvolve complex exposure histories, in-
volving exposure, burial, and rock erosion, by combining
measurements of multiple cosmogenic nuclides with differ-
ent half-lives (e.g., Balco and Rovey, 2010; Granger, 2006;
Lal, 1991; Nishiizumi et al., 1991; Schaefer et al., 2016a).
In quartz-bearing (felsic) rocks, 21Ne (stable), 10Be (t1/2 =
1.4 Myr), 26Al (t1/2 = 0.7 Myr), and 14C (t1/2 = 5.7 kyr) are
routinely measured, and different combinations of these nu-
clides can be used to quantify geomorphic processes on 103–
106-year timescales (e.g., Balco and Shuster, 2009; Hippe,
2017; Young et al., 2021). 10Be in quartz is the most com-
monly used nuclide–mineral pair because this mineral phase
is abundant at the Earth’s surface, the production pathways
for 10Be in quartz are well understood, and advances in
beryllium extraction procedures and mass spectrometry have
yielded measurement precision as low as ∼ 2 %.

Fewer cosmogenic nuclides are routinely measured in
lithologies where quartz is absent. The stable nuclide 3He
is the most widely used in mafic rocks because it is easily
measured in several mineral phases, including pyroxene and
olivine (Blard et al., 2021; Kurz, 1986). The radionuclide
36Cl (t1/2 = 0.3 Myr) is also routinely measured in feldspar
or whole rock, so the 36Cl–3He pair could in principle be
used to detect burial up to ∼ 1.5 Ma. Prior work demon-
strates that measuring 10Be in pyroxene and olivine is pos-
sible (Blard et al., 2008; Eaves et al., 2018; Ivy-Ochs et al.,
1998; Nishiizumi et al., 1990), which would extend the use-
ful range for multi-nuclide studies in mafic rocks to > 5 Ma,
ideal for Miocene to Pleistocene timescales.

Several studies report 10Be concentrations in pyroxene
(Blard et al., 2008; Eaves et al., 2018; Ivy-Ochs et al., 1998)
but highlight challenges to measuring 10Be in this mineral
phase. First, the mineral composition of pyroxene (XYSi2O6,
where X and Y are both divalent cations (primarily Ca, Fe, or
Mg), or X is a monovalent cation (Na, Li), and Y is a trivalent
cation (Al, Fe); Nespolo, 2020)) is highly variable. In con-
trast to quartz (SiO2), the high cation quantities in pyroxenes
present a significant challenge for isolating beryllium using
ion exchange chromatography, limiting the feasible sample
size. Second, early work on pyroxenes demonstrated diffi-
culty in removing meteoric 10Be, atmospherically produced
10Be scavenged by precipitation. In quartz, meteoric 10Be is
typically removed by repeated leaching in hydrofluoric acid
(HF; Brown et al., 1991; Kohl and Nishiizumi, 1992). Ivy-
Ochs et al. (1998) demonstrated that 10Be concentrations in
pyroxenes with exposure ages of ∼ 106 years did not stabi-
lize after several rounds of HF leaching, suggesting that me-
teoric 10Be was present in clays and other weathering prod-
ucts built up within the pyroxene lattice. In samples with
104-year exposure ages, Blard et al. (2008) successfully de-
contaminated pyroxene of meteoric 10Be by implementing
a powdering step to increase the surface area of pyroxene
grains prior to leaching the samples in hydroxylammonium
chloride, which removes iron oxides and releases meteoric

10Be from the pyroxene grains. This result was replicated by
Eaves et al. (2018), but this procedure has yet to be tested on
pyroxenes with exposure durations longer than 104 years, in
which weathering products have had more time to accumu-
late within the pyroxene lattice.

For cosmic-ray-produced nuclides to be useful in geo-
logic applications, the production rate of these nuclides at the
Earth’s surface and with depth in rock must be known. 10Be
and 3He, like most cosmogenic nuclides, are produced by
spallation, fast-muon interactions, and negative-muon cap-
ture, production pathways that display different dependen-
cies (Dunai, 2010). Spallation reactions, induced by high-
energy (30 MeV–1 GeV) neutrons, comprise the majority of
production at the Earth’s surface but decrease rapidly with
depth due to strong interaction with matter, with a latitude-
dependent attenuation length in rock of 140–160 g cm−2

(Gosse and Phillips, 2001). Production by muons, which in-
teract weakly with matter, comprise up to ∼ 2 % of produc-
tion at the surface but surpass spallation production below the
upper several meters of rock. For this weak interaction pro-
duction pathway, 10Be and 3He are primarily produced by
negative-muon capture in the upper rock column, while fast-
muon reactions attenuate more slowly with depth from the
surface (Balco, 2017; Heisinger et al., 2002a, b; Lal, 1987;
Larsen et al., 2021; Nesterenok and Yakubovich, 2016).

The spallation production rate of 3He in pyroxene is well
known (Borchers et al., 2016; Goehring et al., 2010). Eaves
et al. (2018) used cross-calibration between 10Be and 3He
(combining new data with those of Blard et al., 2008, and
Nishiizumi, 1990) to estimate a spallation 10Be produc-
tion rate in pyroxene of 3.6± 0.8 atoms g−1 yr−1 (Eaves et
al., 2018, also calibrated a production rate for 10Be in py-
roxene of 3.2± 0.8 atoms g−1 yr−1 using independent age
data). Theoretical studies predict that cosmogenic 3He is
produced by muon interactions (Lal, 1987; Nesterenok and
Yakubovich, 2016), and recent 3He measurements in a 300 m
drill core from the Columbia River Basalt provide unambigu-
ous empirical evidence for muon production of 3He at a to-
tal production rate of 0.23–0.45 atoms g−1 yr−1 at the Earth’s
surface at sea level high-latitude (Larsen et al., 2021). Al-
though parameters associated with muon production of 10Be
in quartz are well known (Balco, 2017), muon production of
10Be in pyroxene is not yet quantified.

Here, we describe progress in laboratory techniques for
extracting beryllium from pyroxene, building upon the pre-
vious work of Blard et al. (2008) and Eaves et al. (2018).
We then use our new 10Be and 3He measurements in pyrox-
enes from surface samples and a 1.7 m drill core from the
McMurdo Dry Valleys, Antarctica, to further calibrate the
production rate of 10Be by spallation and present initial con-
straints on 10Be and 3He production by negative-muon cap-
ture. Finally, we use the sample set from the McMurdo Dry
Valleys to demonstrate use of the 10Be–3He pair for simulta-
neously estimating exposure ages and erosion rates in mafic
rock.
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2 Geologic setting

The McMurdo Dry Valleys region of Antarctica is a
4800 km2 area in the northern Transantarctic Mountains,
bounded by the McMurdo Sound to the west and the East
Antarctic Ice Sheet (EAIS) to the east. Local basement rock
and overlying sedimentary rocks are intruded by Jurassic
Ferrar dolerite sills (∼ 180 Ma; Burgess et al., 2015; McK-
elvey and Webb, 1962). The landscape is dissected by the
large, east–west trending Taylor, Wright, and Victoria Valley
systems that formerly held outlet glaciers draining the EAIS
to the Ross Sea and are flanked by mountains, including the
Asgard and Olympus ranges (Fig. 1). Geomorphic evidence
suggests that this landscape had formed by the mid-Miocene
and has since been preserved in a cold, hyperarid climate
(e.g., Sugden et al., 1995). This hypothesis is supported by
extremely high cosmogenic-nuclide concentrations through-
out the region that are consistent with some of the lowest sub-
aerial erosion rates on Earth (0–30 cm Myr−1; Bruno et al.,
1997; Ivy-Ochs et al., 1995; Margerison et al., 2005; Schäfer
et al., 1999; Summerfield et al., 1999).

Large meltwater features, including channels, potholes,
plunge pools, corrugated bedrock, and megaripples, found
throughout the region are thought to have been carved
by mid-Miocene outburst floods originating beneath an
expanded, wet-based EAIS (Denton and Sugden, 2005).
40Ar / 39Ar ages of in situ volcanic ashes embedded in as-
sociated sediments provide limiting ages of these features,
suggesting that the major topographic features of the Dry
Valleys formed by ∼ 15 Ma and that the last glacial overrid-
ing event likely occurred by 14 Ma and possibly by 14.8 Ma
(Denton et al., 1993). One prominent meltwater feature is the
Labyrinth, a channel-and-pothole system carved into Ferrar
dolerite bedrock located at the foot of Wright Upper Glacier,
an outlet glacier of the EAIS. 39Ar / 40Ar ages of ashes from
erosional surfaces within the Labyrinth date the last inci-
sion of this feature to ∼ 14.5 Ma (Lewis et al., 2006). In
contrast, cosmogenic-nuclide concentrations in similar sand-
stone channel systems in Sessrumnir Valley, Asgard Range,
near, although not directly adjacent to, the Labyrinth sug-
gest that the Dry Valleys landscape has been more dy-
namic since the mid-Miocene. There, paired 10Be–21Ne data
reveal lower-than-expected cosmogenic-nuclide concentra-
tions, which can be explained if these features had formed
by wind erosion since ∼ 14 Ma at erosion rates of ∼ 60–
150 cm Myr−1 or were incised by subglacial flooding dur-
ing a later episode of ice cover, such as during the Pliocene
(Middleton et al., 2012). Overall, channel and pothole fea-
tures throughout the Dry Valleys, including the Labyrinth,
may have experienced ∼ 14–15 Myr of exposure, although
the mechanism and timing of formation for many of these
features remain up for debate.

In this study, we focus on Ferrar dolerite samples collected
throughout the Dry Valleys region, originally measured for
cosmogenic noble gasses by Bruno et al. (1997) and Schae-

Figure 1. Map showing sample locations and places discussed in
the text generated using Quantarctica Version 3 (Matsuoka et al.,
2021). The base map employs the LIMA Landsat high-resolution
virtual mosaic (Bindschadler et al., 2008).

fer et al. (1999), that can be grouped into two geomorphic
environments: (1) boulders that are erosional remnants of the
Sirius Group, located atop Mt. Fleming and Mt. Feather at el-
evations> 2000 m in the Stable Upland Zone, which features
the coldest and driest conditions in the Dry Valleys (Lamp
et al., 2017, and references therein), and (2) bedrock col-
lected between ∼ 850–1400 m from deeply weathered plat-
forms at Mt. Insel, the Dais, and the Labyrinth in the inner
Dry Valleys, somewhat closer to the Ross Sea, where condi-
tions are slightly warmer and wetter (see Schäfer et al., 1999,
and Bruno et al., 1997, for further details; Fig. 1). In addition
to surface samples, we include results from a bedrock core
collected from an erosional surface of the Labyrinth.

3 Methods

3.1 Field methods

We present results from surficial rock samples and a bedrock
core. The surficial rock samples are six Ferrar dolerites col-
lected from the upper few centimeters of rock in the Dry Val-
leys in the early to mid-1990s and described by Schäfer et
al. (1999) and Bruno et al. (1997) (two boulders and four
bedrock surfaces; Table 1). We redetermined surface sample
locations and elevations with reference to the US Geologi-

https://doi.org/10.5194/gchron-5-301-2023 Geochronology, 5, 301–321, 2023
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Table 1. Location information for surface samples.

Sample ID Location Sample type Latitudec Longitudec Elevation Thickness Shielding
(decimal degrees) (decimal degrees) (m) (cm)

318a Mt. Fleming Boulder −77.56 160.17 2140 1.5 1
439 Dais Bedrock −77.56 161.31 870 1.5 1
446S Mt. Insel Bedrock −77.40 161.43 1410d 1.5 1
464 Mt. Insel Bedrock −77.40 161.42 1395d 1.5 1
NXP 93*52b Mt. Feather Boulder −77.93 160.42 2555 1.5 1
444 Labyrinth Bedrock −77.55 160.74 1145 1.5 1
Labyrinth core Labyrinth Core top −77.54976 160.9578 990.2 1 1

a Sample is listed as Flem94-18 in Bruno et al. (1997) and is the only sample listed here included in that publication. b Sample NXP 93*52 is derived from the same
sample as the reference material CRONUS-P (Schaefer et al., 2016b). c Latitudes and longitudes for surface samples are approximated from the United States
Geological Survey (1988) Taylor Glacier map, as latitudes and longitudes were not reported in the original publications associated with these samples (Bruno et al.,
1997; Schäfer et al., 1999). See Supplement for location approximation methods. d Sample elevations used here are 120 m lower than reported in Schäfer et al. (1999)
due to inaccuracies with pressure-based altimeter/early handheld GPS. See Supplement.

cal Survey Taylor Glacier topographic map (1988) because
of some inaccuracies with the location information in those
original publications (see Table S1 in the Supplement). The
Labyrinth bedrock core was collected by a group led by John
Stone of the University of Washington in austral summer
2009 as part of the CRONUS-Earth project (Table 1, Fig. 1,
Sect. 2). The rock type is fine- to medium-grained Ferrar do-
lerite, with roughly equal parts of pyroxene and plagioclase.
The coring site was chosen because erosion rates appeared to
be low (10–20 cm Myr−1), and previous work suggests that
the site has been exposed for the last ∼ 14 Myr (Lewis et al.,
2006; Sect. 2). Importantly, below 18 cm depth, there was a
discrepancy between the drillers’ measurements of the core
barrel and the recovered core length by 1–4 cm. No mate-
rial was lost between 18–167 cm, but we account for this
discrepancy by adjusting the absolute sample depths below
18 cm in a model fitting exercise described in Sect. 5.1.1.
The core was split into sections at the University of Washing-
ton and measured for rock density. Four rock density mea-
surements from 0.5–1.5 m depth in the core gave consis-
tent values from 2.93± 0.02 to 2.96± 0.02 g cm−3, averag-
ing 2.94± 0.03 g cm−3. Sections of the core were then sent
to several institutions, including Lamont–Doherty Earth Ob-
servatory (LDEO), Berkeley Geochronology Center (BGC),
and Le Centre de Recherches Pétrographiques et Géochim-
iques (CRPG), for cosmogenic-nuclide analysis.

3.2 Cosmogenic-nuclide measurements

3.2.1 Mineral separation and decontamination

Pyroxene separated from the surface samples was prepared
at LDEO, and samples from the Labyrinth core were pre-
pared at LDEO, BGC, and CRPG. At LDEO, samples were
crushed and sieved to a grain size at which we observed
mostly mono-mineralic grains (for the fine- to medium-
grained samples here, we used the 32–125 µm fraction) and
then leached at room temperature in 10 % H3PO4 overnight

to remove iron oxides. Then light minerals (mostly plagio-
clase) were removed using sodium polytungstate with a den-
sity of 3.0 g cm−3. Next, samples were passed through a
magnetic separator, and a hand magnet was used to remove
magnetic minerals. To decontaminate the pyroxene grains of
meteoric 10Be, samples were leached in a 1 %HF / 1 %HNO3
solution and placed on a table shaker at room temperature
for 5–6 h twice, then a third time overnight, rinsing sam-
ples thoroughly between each round of leaching (Bromley
et al., 2014; Kohl and Nishiizumi, 1992). Overall, we tar-
geted ∼ 30 % sample mass loss after leaching. To confirm
sufficient removal of meteoric 10Be, five leaching rounds
were performed on sample 444, and the 10Be concentration
was measured on a split taken after each round. After two
rounds of leaching, with ∼ 25 % sample loss, 10Be concen-
trations in sample 444 remain consistent within measurement
error, suggesting that this leaching method was sufficient
for removing meteoric 10Be (Fig. 2). Pyroxenes separated at
LDEO are referred to as “LDEO-prepared.”

Pyroxene preparation procedures at BGC and CRPG,
where pyroxenes were measured only for 3He, were simi-
lar to those at LDEO but did not include an HF leaching
step. BGC received from the University of Washington a
heavy mineral concentrate prepared by crushing, sieving to
extract grains in the 125–250 µm size range, and heavy liq-
uid separation at 2.9 g cm−3. This concentrate was then re-
peatedly passed through a magnetic separator at various set-
tings to separate pure pyroxene from pyroxene–plagioclase
aggregates (less magnetic) and oxide minerals (more mag-
netic). Remaining contaminant grains were then removed by
handpicking under a microscope. At CRPG, samples were
crushed and sieved to 150–800 µm, plagioclase was removed
by heavy liquid separation at a density of 3.3 g cm−3, and
then samples underwent magnetic separation and handpick-
ing to improve the selection of pure pyroxenes. Based on
inductively coupled plasma optical emission spectroscopy

Geochronology, 5, 301–321, 2023 https://doi.org/10.5194/gchron-5-301-2023
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Figure 2. 10Be concentrations measured after each of the five pro-
gressive leaches on pyroxenes from sample 444. Total sample mate-
rial loss ranges from 9 % in Leach 1 to 60 % in Leach 5. The dashed
black line shows the average 10Be concentration of HF2–HF5, and
the shaded box shows the standard deviation of those 10Be concen-
trations. The HF2–HF5 concentrations overlap within uncertainty,
suggesting that 20 %–25 % sample loss is enough to sufficiently re-
move meteoric 10Be from old Ferrar dolerite samples.

(ICP-OES) data (Tables S1 and S2), analyzed pyroxene sep-
arates were primarily clinopyroxene (augite).

3.2.2 Cosmogenic-3He analyses

3He concentrations in the Labyrinth bedrock core samples
were measured at LDEO, BGC, and CRPG. For quality con-
trol, internal comparability, and interlaboratory calibration,
we also measured helium isotopes in the CRONUS-P py-
roxene reference material, which is derived from the NXP
93*52 surface sample (Blard et al., 2015; Schaefer et al.,
2016b; Table 2). For all samples, we normalize the mea-
sured 3He concentrations to the accepted CRONUS-P value
((5.02± 0.05)× 109 atoms g−1; Tables 1 and 2; Blard, 2021;
Blard et al., 2015). At all laboratories, relative measurement
uncertainties for the Labyrinth core samples increased with
depth owing to the decreasing 3He concentrations, ranging
from 2 % in the uppermost sample to 4 % in the lowermost
sample.

At LDEO, we measured helium isotopes in eight LDEO-
prepared Labyrinth core samples. We extracted helium in two
subsequent heating steps, 5 min at ∼ 900 ◦C and 15 min at
1350 ◦C in a resistance-heated double-vacuum furnace. Fol-
lowing purification with a charcoal-filled, liquid-nitrogen-
cooled U trap and SEAS getter, the gas was cryo-trapped
at 14 ◦C. The helium fraction was released at 45 ◦C, and
3He and 4He were measured by peak jumping in a MAP
215-50 (e.g., Winckler et al., 2005). Spectrometer sensitivity
was determined using a Yellowstone helium standard (Mur-
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dering Mudpots) with a 3He / 4He ratio of 16.45Ra (where
Ra = (3He / 4He)air = 1.384×10−6). Blank corrections were
< 0.3 % (3He) and < 0.6 % (4He) for the Labyrinth sam-
ples. Standards were reproducible within < 2 %, and stan-
dard sizes ranged from ∼ 4.0× 10−18–1.5× 10−16 mol and
1.7× 10−13–6.5× 10−12 mol for 3He and 4He, respectively.
At LDEO, the mean as well as standard deviation of the 3He
concentrations measured in the CRONUS-P reference ma-
terial at the same time as the Labyrinth core samples was
(5.16± 0.19)× 109 atoms g−1 (n= 5, coefficient of variance
(CV)= 4 %; Table S3).

At CRPG, 34 measurements were made on 15 CRPG-
prepared Labyrinth core samples, and 5 measurements were
made on 5 BGC-prepared Labyrinth core samples. Sample
extraction was realized by complete fusion at 1500 ◦C in our
custom-made extraction furnace (Blard, 2021; Zimmermann
et al., 2018). Typical blanks were (2.1± 1.4)× 10−20 mol of
3He and (1.9± 0.1)× 10−15 mol of 4He. Extracted gas was
then purified, cryofocused at 8 K, and released at 75 K in a
gigavolt (GV) split flight tube mass spectrometer to measure
3He and 4He abundances. The mass spectrometer sensitiv-
ity was established with the helium standard HESJ made by
Matsuda et al. (2002). The helium pressure of the HESJ stan-
dard bottle has been calibrated against another reference gas,
which has itself been cross-checked against independently
calibrated air and pure helium standards of two different
mass spectrometers at CRPG (Nancy) (Gayer et al., 2004;
Blard et al., 2006). At CRPG, the CRONUS-P 3He con-
centrations, measured between March and April 2019, were
(5.04± 0.12)× 109 atoms g−1 (n= 8, CV= 2 %; Table S3).

At BGC, 32 measurements were made on 14 BGC-
prepared Labyrinth core samples, and 5 measurements were
made on 3 CRPG-prepared Labyrinth core samples for
the purpose of interlaboratory comparison. Cosmogenic-3He
measurements at BGC employ a laser “microfurnace” extrac-
tion system coupled to a MAP-215 mass spectrometer and
are described in detail in Balter-Kennedy et al. (2020). Full
process blanks measured by heating empty tantalum packets
in the same way as the samples were 148 600± 4200 atoms
of 3He (error-weighted mean of 12 measurements with a re-
duced chi-squared value of 1.1) and were not distinguish-
able from the Faraday cup measurement background for 4He.
This is an unusually high process blank for 3He measure-
ments and resulted from the reuse of vacuum components
that had previously been part of an extraction system used
for argon–argon dating. After additional investigation, these
components were found to be contaminated with tritium de-
rived from neutron-irradiated samples. The 3He background
is therefore the result of 3He production by tritium decay and
diffusive release from the metal components. Although this
resulted in a comparatively large 3He background, 3He re-
lease during sample processing occurred at a constant rate,
and the total contribution was strictly proportional to the du-
ration of sample gas residence in certain sections of the ex-
traction line, so variability in the blank could be minimized

by automated control of extraction line timing. Therefore,
even though the magnitude of the process blank is large com-
pared to typical extraction systems, the uncertainty in the
blank correction at BGC is comparable to other labs, and
the overall effect on measurement precision is minimal. Af-
ter completion of this series of measurements, the offending
vacuum line components were replaced. At BGC, 3He con-
centrations measured in CRONUS-P at the same time as the
Labyrinth core samples were (4.78± 0.08)× 109 atoms g−1

(n= 5, CV= 2 %; Table S3).
For the surface samples, we used existing 3He measure-

ments made at LDEO, described in Schaefer et al. (2006;
Table 2). Although not used in our calculations, earlier
3He measurements were made and published from these
samples at ETH Zurich and Potsdam (Niedermann et al.,
2007; Schäfer et al., 1999). 3He measurement uncertain-
ties for the surface samples range from 2 %–3 %. The
3He concentration in sample NXP 93*52, measured along-
side the other surface samples and the same sample from
which the CRONUS-P reference material was derived, is
(5.21± 0.25)× 109 atoms g−1 (Schaefer et al., 2006).

3.2.3 Cosmogenic-10Be analyses

We extracted beryllium from clean pyroxene at LDEO
using a procedure modified from the methods for beryllium
extraction from quartz (e.g., Bromley et al., 2014; Kohl and
Nishiizumi, 1992; Schaefer et al., 2009; https://www.ldeo.
columbia.edu/res/pi/tcn/Lamont_Cosmogenic_Nuclide_
Lab/Chemistry_files/LDEO_Be_Chemistry_ver.4.pdf, last
access: 30 November 2022). The established procedure
for extracting beryllium from quartz includes (1) addition
of 9Be carrier, (2) sample dissolution, (3) ion exchange
chromatography using anion and then cation exchange
columns, (4) beryllium precipitation, (5) combustion, and
(6) preparation of accelerator mass spectrometer (AMS)
targets. Because of the high cation load present in pyroxenes,
Eaves et al. (2018) used small sample sizes (∼ 2 g) and large
resin volumes (20 mL) for cation exchange chromatography.
Nevertheless, they concluded that reduction in the cation
load prior to ion chromatography using a precipitation step
would improve the extraction of beryllium from pyroxene.
Here, we add a simple pH 8 precipitation step to reduce the
cation load in our samples prior to ion exchange chromatog-
raphy. At pH 8, Be, Al, and Fe precipitate from solution as
hydroxides, Be(OH)2, Al(OH)3, and Fe(OH)2, while Ca and
Mg should remain in solution (Ochs and Ivy-Ochs, 1997).
We summarize the LDEO methodology for pyroxene here.

For beryllium extraction from pure pyroxene separates we
first weighed and spiked 100–200 mg of pyroxene with ∼
180 µg of 9Be using an LDEO carrier (Schaefer et al., 2009).
The addition of a 9Be carrier contributed less than 5.7× 103

atoms of 10Be, which is the average value of our process
blanks. The small sample sizes were sufficient for these sam-
ples with high cosmogenic-nuclide inventories while mini-
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mizing the overall ion load. Samples were digested in con-
centrated HF and HNO3 and evaporated to dryness with two
to three additions of perchloric acid to drive off fluorides. The
resulting residue was taken up in 1 mL 6M HCl, transferred
to 15 mL centrifuge tubes, and diluted with 10 mL of Milli-
Q water. NH4OH was used to adjust the pH to 8, discarding
the supernatant containing Ca, Mg, and Na and collecting the
precipitate containing Be (and Al, Fe, and Ti).

We isolated beryllium using ion chromatography methods
described by Kohl and Nishiizumi (1992). Given that most
Ca and Mg were likely removed in the pH 8 precipitation
step, we opted to use 2 mL of Bio-Rad 50W-X8 200–400
mesh resin for cation exchange based on the amount of Al in
our samples (Table S1). Following cation exchange columns,
the beryllium fraction was evaporated to dryness and then
taken up in 4 mL of 1 % HNO3, transferred to 15 mL cen-
trifuge tubes. From this solution, we precipitated Be(OH)2
by adjusting the pH to 9 with NH4OH. After pouring off
the supernate, this precipitation step was repeated. We then
performed three rinses of the precipitate with Milli-Q water
adjusted to pH 8. The Be(OH)2 precipitates were noticeably
larger than the blank for several samples (Fig. S3), indicating
that we exceeded the capacity of the cation exchange resin
and Al or another cation eluted with beryllium. For these
samples, we performed a second round of cation exchange
chromatography, also with 2 mL of resin. Following the sec-
ond round of cation columns, the Be(OH)2 precipitates for all
samples were similar in size to the blank, indicating that the
second column step was successful in isolating beryllium.

The isolated beryllium was then combusted to form BeO,
which we combined with Nb powder at an approximate
BeO :Nb ratio of 2 : 3 by volume and loaded into stainless-
steel AMS cathodes. Packed targets were sent to the Cen-
ter for Accelerator Mass Spectrometry at Lawrence Liver-
more National Laboratory for 10Be / 9Be measurement rel-
ative to the 07KNSTD standard with a 10Be / 9Be ratio
of 2.85× 10−12 (Nishiizumi et al., 2007). Reported uncer-
tainties in 10Be measurements include 1σ uncertainty in
the AMS measurement, uncertainty in the blank correction,
and error in the carrier concentration (1.5 %) propagated in
quadrature.

10Be / 9Be ratios in all 15 samples range from 4× 10−15

to 6× 10−13, with relative AMS uncertainties of < 2 %–8 %
(Table S4). 10Be / 9Be ratios for all process blanks are on the
order of 10−16, equating to 3000–10 500 atoms of 10Be (Ta-
ble S5). Therefore, blank corrections for the surface samples
are < 0.5 % and between 1 %–7.3 % for the Labyrinth core
samples.

3.3 Apparent exposure age and erosion rate
calculations

We calculate apparent exposure ages and erosion rates
using Version 3 of the online calculator described by
Balco et al. (2008) and subsequently updated (http:

//hess.ess.washington.edu/math/v3/v3_age_in.html, last ac-
cess: 30 November 2022). All calculations employ the “St”
scaling method of Stone (2000) and Lal (1991). To calcu-
late the 3He production rate, we use the primary 3He pro-
duction rate dataset of Borchers et al. (2016) in Version 3
of the online calculator (120 atoms g−1 yr−1; Balco et al.,
2008). Apparent exposure ages are calculated assuming zero
erosion and equate to a minimum age for the sample. Ap-
parent erosion rates assume infinite exposure time and rep-
resent a maximum erosion rate for the sample. Ferrar do-
lerite pyroxenes are known to contain non-cosmogenic 3He,
which is most likely produced by neutron capture on Li via
the reaction 6Li(n,α)3He (Ackert and Kurz, 2004; Andrews
and Kay, 1982). In Ferrar dolerite, the total concentration
of non-cosmogenic 3He has been measured in samples that
are shielded from the cosmic-ray flux (Ackert, 2000; Kaplan
et al., 2017; Margerison et al., 2005). Together, these mea-
surements converge on (3.3± 1.1)× 106 atoms g−1 of non-
cosmogenic 3He throughout this lithology (see discussion
in Balco, 2020). Non-cosmogenic 3He therefore constitutes
< 1 % of the measured 3He in the surface samples, so we
do not consider non-cosmogenic 3He significant when cal-
culating apparent exposure ages or erosion rates. At depth in
the Labyrinth core, however, non-cosmogenic 3He comprises
as much as 10 % of the measured 3He. Therefore, we do in-
clude non-cosmogenic 3He when performing production rate
calculations in Sect. 5.1.1 and 5.1.2.

4 Results

The new 3He and 10Be data are shown in Tables 1 and 2 and
in Figs. 3 and 4. Key features of these datasets are summa-
rized below.

4.1 Cosmogenic-3He concentrations

Cosmogenic-3He concentrations normalized using
CRONUS-P in the surface samples range from 0.50–
5.87× 109 atoms g−1, equating to apparent surface exposure
ages of 1.2–6.3 Myr (Table 2). In the Labyrinth dolerite
core, CRONUS-P-normalized 3He concentrations range
from (4.75± 0.08)× 108 at the surface to (0.29± 0.01)×
108 at 164 cm depth (Table 3, Fig. 3). The 3He concentration
of the surface sample equates to an apparent exposure age
of 1.2 Myr or an apparent erosion rate of 43.8 cm Myr−1

(Table 2). Measured cosmogenic-3He concentrations in
the Labyrinth core differ slightly among the three labs
(Table 3), but normalizing to CRONUS-P brings the BGC-
prepared and LDEO-prepared concentrations into agreement
within ∼ 5 % (Fig. 3). The CRONUS-P-normalized 3He
concentrations for the CRPG-prepared samples, however,
are systematically lower than the LDEO-prepared and
BGC-prepared samples (up to ∼ 15 % lower). This is true
also for the CRPG-prepared samples that were measured
at BGC. Higher-than-expected Al concentrations measured
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Figure 3. 3He concentrations from the Labyrinth core normalized
to CRONUS-P. The CRPG-prepared samples were excluded from
the fitting procedure as described in Sect. 5.1.1. The solid black
line is an exponential curve showing expected spallation-produced
3He concentrations calculated using the surface 3He concentration
and an attenuation length of 140 g cm−2. Below∼ 40 cm depth, the
measured 3He concentrations are greater than the spallation curve,
presumably due to production by muons.

by ICP-OES in the CRPG-prepared pyroxene suggest
that plagioclase remained in the CRPG-prepared samples
(Tables S1 and S2). To confirm, we applied a mixing model
to determine the percentage of pyroxene, plagioclase, and
magnetite (a common accessory mineral in Ferrar dolerite)
in the CRPG samples and found that the CRPG-prepared
samples contain > 10 % plagioclase (see Supplement). The
contamination by plagioclase is the likely reason for the
lower 3He concentrations in the CRPG-prepared samples
because 3He is poorly retained in that mineral phase (Cer-
ling, 1990). Therefore, we exclude the 3He measurements of
the CRPG-prepared pyroxenes from further discussion. The
observation that plagioclase-contaminated pyroxene samples
yielded lower 3He concentrations further supports the use
of HF etching as an effective method for producing pure
pyroxene separates, as plagioclase is readily dissolved in
HF (Bromley et al., 2014). Notably, the 4He concentrations
were systematically higher in the non-etched BGC-prepared
(and CRPG-prepared) samples than in the LDEO-prepared
samples, which were HF-etched (Fig. S2).

Figure 4. Measured 10Be concentrations in pyroxenes from
the Labyrinth core. All samples were prepared at LDEO, and
10Be / 9Be ratios were measured at Lawrence Livermore National
Laboratory (LLNL). The black line is an exponential curve showing
the expected concentration of spallation-produced 10Be, calculated
using the measured 10Be concentration at 24 cm depth and an atten-
uation length of 140 g cm−2. Below ∼ 100 cm depth, the measured
10Be concentrations are greater than the spallation curve, indicating
production by muons.

4.2 Cosmogenic-10Be concentrations

10Be concentrations in the six surface samples range
from 1.02–5.06× 107 atoms g−1, with corresponding uncer-
tainties of ∼ 2 %. Nine 10Be concentrations between 24
and 164 cm depth in the Labyrinth bedrock core ranged
from 5.21× 106 atoms g−1 in the uppermost sample to
4.32× 105 atoms g−1 in the lowermost sample (Table 3,
Fig. 4). Our first 10Be measurement of the Labyrinth core
sample LABCO-06 clearly deviates from the rest of the depth
profile, although the reasons for this are unknown. A second
measurement of a re-processed split of LABCO-06, however,
agrees with the rest of the 10Be concentrations in the depth
profile. Therefore, in the production rate calibration exercise
described in Sect. 5.1.1, we use only the second measurement
of LABCO-06. Total relative uncertainty (measurement er-
ror, blank correction, and error in the carrier concentration
propagated in quadrature) increased from 3 %–9 % down-
core.
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Using a previously published production rate for 10Be
in pyroxene of 3.6 atoms g−1 yr−1 (Eaves et al., 2018), the
apparent 10Be exposure ages of the surface samples range
from 1.0–4.4 Myr, and the apparent 10Be exposure age of the
Labyrinth core surface is ∼ 830 kyr (surface 10Be concen-
tration calculated by fitting an exponential curve to the 10Be
data; therefore, surface 10Be age for the Labyrinth core is
approximate).

4.3 General observations

Here, we highlight several key features of our dataset that
inform the production rate estimations in Sect. 5.1. First, we
observe that the apparent 3He and 10Be ages are discordant in
surface samples 318, 444, 464, and 446S and the Labyrinth
core surface (Table 2), suggesting that these samples have
experienced complex exposure histories, potentially involv-
ing subaerial erosion or burial (e.g., by ice or sediment) or
both. The canonical interpretation is that the geomorphic set-
ting of these sample locations is consistent with a single pe-
riod of exposure (Sect. 2), so a likely reason for this discor-
dance is subaerial erosion. This observation requires that we
consider erosion when attempting to estimate spallation and
muon production rates in Sect. 5.1.

Figures 3 and 4 show that the measured 10Be and 3He in-
ventories in the Labyrinth core exceed those predicted by a
spallation curve below ∼ 100 cm depth and ∼ 40 cm depth,
respectively, indicating that muon-produced 10Be and 3He
make up a significant portion of the measured concentra-
tions below these depths. With this finding, we present the
first identification of in situ 10Be production by muons and
further confirm the importance of quantifying muon produc-
tion of 3He (Larsen et al., 2021). At the depth range of the
Labyrinth core, negative-muon capture is the primary muon
production pathway. Therefore, we can use these data to es-
timate the negative-muon cross-sections for 3He and 10Be in
pyroxene (Sect. 5.1.1).

5 Discussion

5.1 Production rate estimate

The goal of this section is to place limits on several key pa-
rameters associated with 10Be and 3He production in pyrox-
ene. Here, we use our Labyrinth core data to estimate param-
eters associated with spallation production of 10Be and 10Be
and 3He production by negative-muon capture. In addition to
the Labyrinth core, we use the surface sample data to further
refine the 10Be spallation production rate in pyroxene. Af-
ter estimating a production rate for each sample, we combine
our findings from the Labyrinth core and surface samples to
arrive at a likely value for the 10Be spallation production rate.

5.1.1 Spallation and muon production in the Labyrinth
core

We use the 10Be and 3He concentrations in pyroxenes from
the Labyrinth core to estimate parameters associated with
10Be and 3He production. To do so, we apply a forward
model, adapted from Balco et al. (2019) to include radioac-
tive decay, that simulates the accumulation of cosmogenic
3He and 10Be by spallation and muon production with depth.
We then estimate several parameters related to 10Be and 3He
production in pyroxene by fitting the model to our measured
10Be and 3He concentrations.

Measured 3He includes cosmogenic 3He produced by neu-
tron spallation, negative-muon capture, fast-muon interac-
tions, and non-cosmogenic 3He:

N3,m = N3, sp + N3, µ− + N3, µf + N3, non-cosmo . (1)

N3,m (atoms g−1) is the measured 3He concentration, N3, sp
(atoms g−1) is 3He produced by high-energy neutron spalla-
tion, N3, µ− (atoms g−1) is 3He produced by negative-muon
capture, and N3, µf (atoms g−1) is 3He produced by fast-
muon reactions. N3, non-cosmo (atoms g−1) is non-cosmogenic
3He, which we consider to be (3.3± 1.1)×106 atoms g−1

in Ferrar pyroxenes (see Sect. 3.3 and discussion in Balco,
2020).

In contrast, all the measured 10Be is cosmogenic, produced
by spallation and muon interactions:

N10,m = N10, sp + N10, µ− + N10, µf . (2)

Cosmogenic-nuclide production by high-energy neutron
spallation decreases exponentially with mass depth (Lal,
1991):

Pi, sp(z) = Pi, sp(0)e
−

z
3sp , (3)

where z is mass depth below the surface (g cm−2),
Pi, sp(0) is the surface production rate of a given nuclide
(atoms g−1 yr−1), and 3sp is the effective attenuation length
for spallation production in mass depth (g cm−2). Therefore,
the concentration of spallation-produced 3He as a function of
mass depth z is

N3, sp(z)= P3, sp,SLHL× SSt

t∫
0

e
−
z+ετ
3sp dτ

=
P3, sp,SLHL× SSt × e

−
z
3sp3sp

ε
(1− e−

εt
3sp ) , (4)

where P3, sp,SLHL is the reference production rate for 3He at
sea-level high latitude (SLHL), SSt is the scaling factor using
St scaling (Stone, 2000), t is the exposure duration (yr), ε is
the surface erosion rate (g cm−2 yr−1), and τ is a variable of
integration. The concentration of spallation-produced 10Be,
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a radionuclide, as a function of mass depth z is

N10, sp(z)= P10, sp,SLHL× SSt

t∫
0

e
−(λ10+

z+ετ
3sp )τdτ

=
P10, sp,SLHL× SSt× e

−
z
3sp

λ10 +
ε
3sp

(1− e−(λ10+
ε
3sp )t ) , (5)

where P10, sp,SLHL is the SLHL reference production rate
for 10Be, and λ10 is the decay constant for 10Be (5.00×
10−7 yr−1; Chmeleff et al., 2010; Fink and Smith, 2007; Ko-
rschinek et al., 2010).

We adopt production by negative-muon capture from
Heisinger et al. (2002b) as

N3, µ− = f
∗

3 fCfD

t∫
0

Rµ− (z + ετ )dτ (6)

N10, µ− = f
∗

10fCfD

t∫
0

Rµ− (z + ετ )e−λτdτ , (7)

where Rµ− is the muon stopping rate, fD is the probabil-
ity that the negative muon does not decay in the K shell be-
fore capture by the nucleus, fC is the chemical compound
factor, and f ∗i is the probability that the nuclide of interest
is produced after negative-muon capture by the target nu-
cleus. For muon-produced 10Be, the target nucleus is O, and
we aim to find the optimal value for f ∗10, which should be
the same as the value of this parameter calibrated in quartz
(0.00191; Balco, 2017). For O in a Ferrar dolerite pyrox-
ene with composition En34Fs25Wo42 (typical augite from a
medium-grained dolerite; Zavala et al., 2011), fC = 0.520
(von Egidy and Hartmann, 1982); fD is well known for O
(0.1828; Suzuki et al., 1987). In contrast, 3He is produced in
many negative-muon-capture reactions on a myriad of targets
(see Table 3 in Heisinger et al., 2002b). Therefore, we esti-
mate the entire f ∗3 fCfD term, which represents the overall
probability that a negative muon produces 3He. The f ∗3 fCfD
term should be similar to 0.0045, which is the sum of theo-
retical f ∗3 fCfD values for 3He and 3H producing reactions in
standard rock (Nesterenok and Yakubovich, 2016).

Production by fast-muon interactions is taken from
Heisinger et al. (2002a) as

N3, µf =

σ0,3Npyx

t∫
0

β(z + ετ )φ(z + ετ )E
α

(z + ετ )dτ (8)

N10, µf =

σ0,10NO, pyx

t∫
0

β(z + ετ )φ(z + ετ )E
α

(z + ετ )e−λτdτ . (9)

Here, σ0,i is the cross-section for nuclide production by fast
muons. Because the Labyrinth core does not extend to depths

dominated by fast-muon production, meaning that we can-
not estimate the fast-muon cross-sections with our dataset,
we apply fast-muon cross-sections from other studies in our
model. We take σ0,10 to be the same as quartz (0.280 µb;
Balco, 2017) and σ0,3 to be 6.01 µb, calculated by fitting
Eq. 8 to 3He measurements in pyroxene from a 300 m drill
core of the Columbia River Basalt in Washington, USA
(Larsen et al., 2021; see Supplement). Npyx is the number
of target atoms per gram in standard basalt, assuming all
elements are targets (2.74× 1022 atoms g−1, average atomic
mass 22), and NO, pyx is the number of atoms per gram of
O (1.57× 1022 atoms g−1, relevant for 10Be production) for
a Ferrar dolerite pyroxene with composition En34Fs25Wo42
(Zavala et al., 2011). The remaining terms in these equations
yield the integrated muon flux at a given mass depth over
time for a prescribed surface erosion rate (see Heisinger et
al., 2002a, for symbol definitions). We evaluate Eqs. (8) and
(9) using the “Model 1A” MATLAB code of Balco (2017),
with the parameter α set to 1 (see discussion in Borchers et
al., 2016, and Balco, 2017).

Together, Eqs. (1)–(9) comprise a forward model that we
use to predict 3He and 10Be concentrations in our core sam-
ples. We apply the known 3He production rate calculated us-
ing the primary production dataset of Borchers et al. (2016;
see Sect. 3.3), so our model has seven unknown parame-
ters: the exposure duration, t ; the surface erosion rate, ε;
the spallogenic 10Be production rate at sea-level high lati-
tude (SLHL), P10, sp,SLHL; the spallation attenuation length,
3sp; the probability that negative-muon capture creates 3He
and 10Be, f ∗3 fCfD and f ∗10 (since fC and fD are known for
10Be for the target O), respectively; and a variable to ac-
count for the core measurement offset below 18 cm depth
(see discussion in Sect. 3.1 regarding discrepancy between
the drillers’ measurements of the core barrel and the recov-
ered core length). We fit our model by minimizing the χ2

misfit statistic, M:

M =
∑
j

[
N10, p, j − N10,m, j

σ10,m,j

]2

+

∑
n

 N3, p, n − N3,m, n√
σ 2

3,m,n+ σ
2
3, non-cosmo

2

, (10)

where Ni, p is the predicted cosmogenic-nuclide concentra-
tion, Ni,m is the measured cosmogenic-nuclide concentra-
tion, σi,m is the associated measurement uncertainty, and
σ3, non-cosmo is the uncertainty in the non-cosmogenic-3He
concentration in Ferrar dolerite. We impose the constraint
that all parameters in this fitting exercise must be greater
than zero, except the variable accounting for the core mea-
surement offset below 18 cm, which can have any value.

The exposure history of a sample is important for deter-
mining parameters associated with cosmogenic-nuclide pro-
duction, as burial and erosion affect the accumulation of
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cosmogenic nuclides throughout the rock column. Previous
work suggests that the Labyrinth has been largely undis-
turbed since the mid-Miocene (Lewis et al., 2006; Sect. 2).
We thus assume that the Labyrinth core site has not experi-
enced burial since the mid-Miocene. Erosion, however, must
be considered. Erosion brings rock from lower in the rock
column towards the surface. In eroding rock, therefore, the
measured nuclide concentration at any given depth accumu-
lated at a range of depths with varying contributions from
each of the muon production pathways. Therefore, the muon
cross-sections and erosion rates cannot be determined simul-
taneously since infinite combinations of the two could yield
the measured nuclide concentrations.

Because we cannot estimate all unknown parameters at
the same time, we consider two end-members that capture
the possible ranges for the production rate parameters given
our measured 10Be and 3He concentrations. In the first end-
member scenario, we assume that the site has experienced
a finite period of exposure, determined by the apparent 3He
exposure age, and zero erosion. For the second end-member,
we assume that the site has been exposed for a much longer
time than the apparent exposure age (several 10Be half-lives)
at a steady erosion rate. Based on those end-members we can
place limits on the parameters associated with 10Be and 3He
in pyroxene.

The steady-erosion end-member affords a maximum value
for spallation production of 10Be. Solving Eq. (5) for
P10, sp,SLHL at the Earth’s surface yields

P10, sp,SLHL =
N10(λ10 +

ε
3sp )

SSt(1− e
−(λ10+

ε
3sp )t )

. (11)

As t→∞, P10, sp,SLHL = N10(λ10 +
ε
3sp )/SSt. Because ε

must be between zero and ε3 (the steady erosion rate from
the 3He data; Sect. 4.1), P10, sp,SLHL must be between (N10×

λ10)/SSt and N10(λ10 +
ε3
3sp )/SSt.

The opposite is true for parameters associated with
negative-muon capture, where the steady-erosion end-
member yields a minimum value for f ∗3 fCfD and f ∗10, and
the zero-erosion end-member yields a maximum. Erosion ex-
poses rock that contains cosmogenic nuclides produced at
depths where fast muons comprise the majority of produc-
tion, meaning that, compared to the zero-erosion assump-
tion, the steady-erosion assumption will yield cosmogenic-
nuclide concentrations with a higher proportion produced by
fast muons and a smaller proportion produced by negative-
muon capture. Because we prescribe values for the fast-muon
cross-sections, the negative-muon cross-section decreases in
our steady-erosion model to accommodate the fast-muon-
produced inventory that accumulated when the sample was
deeper in the rock column. Therefore, the steady-erosion
end-member yields minimum values for f ∗3 fCfD and f ∗10,
and the zero-erosion end-member will give maximum values
for f ∗3 fCfD and f ∗10. In sum, the zero-erosion end-member
will produce a lower limit on the spallation production rate

and an upper limit on parameters associated with nuclide
production by negative-muon capture, and the steady-erosion
end-member affords an upper limit on the spallation produc-
tion rate and a lower limit on the negative-muon-capture pa-
rameters. The optimal values for the production parameters
for each end-member are listed in Table 4.

Zero-erosion end-member

In the ε = 0 cm yr−1 end-member, there remain six unknown
parameters: t , P10,sp,SLHL,3sp, f ∗3 fCfD, and f ∗10 and a vari-
able to account for the core measurement offset below 18 cm.
The minimum value of the χ2 statistic, M , is 111 for 24 de-
grees of freedom (30 samples minus 6 fitting parameters),
resulting in a reduced χ2 value of 4.6. Because the residuals
do not appear systematic (Fig. 5), the likely reason for this
high χ2 value is errors unaccounted for in the misfit statistic,
such as the uncertainty associated with interlaboratory stan-
dardization.

The results of this fitting exercise are shown in Fig. 5.
The best-fitting parameter value for the zero-erosion case
is t = 1.18 Myr, which agrees with the apparent 3He age
at the surface (1.24 Ma; Sect. 4.1). Optimal values for
spallation-related parameters in this model are P10,sp,SLHL =

2.82 atoms g−1 yr−1 and 3sp= 142 g cm−2. As discussed
above, P10,sp,SLHL should be a minimum in this end-member,
and the optimal value of 2.82 is indeed at the low end of the
P10,sp,SLHL confidence interval found in Eaves et al. (2018;
reference production rate of 3.6± 0.8 atoms g−1 yr−1 at sea-
level high latitude). The fitted value for 3sp is close to other
estimates of the spallation attenuation length in Antarctica
(∼ 140 g cm−2; Borchers et al., 2016; Balco et al., 2019;
Brown et al., 1992), although the attenuation length is ex-
pected to vary slightly for different nuclides and lithologies
(Argento et al., 2015). The best-fitting value for the measure-
ment offset below 18 cm is 2.12 cm.

The optimal values for parameters related to negative-
muon capture in this scenario are f ∗10 = 0.00534 and
f ∗3 fCfD = 0.05783. Again, the zero-erosion end-member
should yield maximum constraints for these parameters. The
optimal value for f ∗10 is the same magnitude as f ∗10 for quartz
(0.00191; Balco, 2017), while the value for f ∗3 fCfD is an or-
der of magnitude higher than the expected value of 0.0045
for standard rock (Nesterenok and Yakubovich, 2016).

Steady-erosion end-member

For the steady-erosion end-member, we impose an exposure
duration of 14.5 Myr based on 39Ar / 40Ar ages of in situ ash
deposits that suggest the Labyrinth formed by ∼ 14–15 Ma
(Lewis et al., 2006; Sect. 2). With that assumption, the re-
maining free parameters are ε, P10,sp,SLHL, 3sp, f ∗3 fCfD,
and f ∗10 and the depth measurement offset below 18 cm. The
same fit is achieved as the zero-erosion case, with a min-
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Table 4. Optimal production parameter values for 10Be and 3He in pyroxene in the Labyrinth core.

Exposure age Erosion rate 3sp P10,sp,SLHL f ∗10 f ∗3 fC fD
(Myr) (cm Myr−1) (g cm−2) (atoms g−1 yr−1) (dimensionless) (dimensionless)

Zero-erosion 1.18 – 142.4 2.82 0.00534 0.05783
end-member

Steady-erosion – 41.1 143.9 3.36 0.00183 0.00337
end-member

Figure 5. Model results for Labyrinth core under the zero-erosion assumption. Optimal values for parameters are shown in the text inset in
the top left panel.

imum value M = 111 for 24 degrees of freedom (reduced
χ2
= 4.6).

Figure 6 gives the results of the steady-erosion exercise.
The optimal erosion rate over 14.5 Myr is 41.1 cm Myr−1,
which agrees with the steady-state erosion rate calcu-
lated using the measured 3He concentration at the surface
(Sect. 4.1). Under the steady-erosion assumption, the best-
fitting P10,sp,SLHL is 3.36 atoms g−1 yr−1, and the optimal
3sp is 144 g cm−2. Here, the estimate for P10,sp,SLHL is an
upper limit. Notably, the optimal P10,sp,SLHL is close to the
estimate of Eaves et al. (2018). The best-fitting value for the
depth measurement offset below 18 is 2.05 cm.

The optimal values for parameters related to negative-
muon capture for the steady-erosion assumption are f ∗10 =

0.00183 and f ∗3 fCfD = 0.00337. Here, the value for f ∗10 is
nearly identical to f ∗10 for quartz (0.00191; Balco, 2017).
In this scenario, however, the optimal f ∗3 fCfD is also the
same magnitude as the expected value from standard rock
(Nesterenok and Yakubovich, 2016). The fitted values for
P10, sp,SLHL,f

∗

10, and f ∗3 fCfD for the steady-erosion end-
member are closer to the expected values than for the zero-
erosion end-member, and there is no geomorphic evidence
against steady erosion taking place at the Labyrinth core site.
Therefore, going forward, we assume steady erosion for the
Labyrinth core and use the muon cross-sections derived un-
der this assumption for calculating muon production rates.
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Figure 6. Model results for Labyrinth core for the steady-erosion case. Optimal parameter values are shown in the text inset in the top left
panel.

5.1.2 Spallation production in the surface samples

Here, we derive upper and lower limits on the spallation pro-
duction rate of 10Be in pyroxene using the 10Be and 3He
concentrations of the six surface samples by again impos-
ing the zero-erosion (lower limit) and steady-erosion (upper
limit) end-members described in Sect. 5.1.1. All calculations
of the muon production rates are made using the “Model
1A” MATLAB code of Balco (2017), with the parameter
α set to 1 (Balco, 2017; Borchers et al., 2016), the fast-
muon-reaction cross-sections described in Sect. 5.1.1, and
the negative-muon-capture cross-sections resulting from the
steady-erosion end-member for the Labyrinth core.

For the zero-erosion case, we solve the equation

P10,sp,SLHL,min = λ10×
(N10,m − N10, µ)

Sthick × SSt × (1− e−λ10t )
(12)

for each sample. Here, t is the 3He apparent exposure age,

t =
(N3,m− N3, non-cosmo)

(P3, sp,SLHL × Sthick × SSt) + P3, µ
, (13)

where Sthick is the sample thickness correction (dimension-
less), and P3, µ is the total production rate by muons. For the

sake of simplicity, we assume that the muon production rate
at the center of the sample (sample thickness / 2) is equiva-
lent to P3, µ in the sample (Balco et al., 2008). We then cal-
culate N10, µ by evaluating Eqs. (7) and (9) using the “Model
1A” MATLAB code for exposure duration t .

For the steady-erosion case, we assume that each surface
has reached saturation with respect to spallation production
and decay. To find the maximum P10,sp,SLHL we solve the
equation

P10,sp,SLHL,max = (N10,m − N10, µ)×
(λ10 +

ε
3sp )

Sthick × SSt
(14)

for each sample. Here, the steady erosion rate ε is estimated
for each sample by inverting our measured 3He concentra-
tions using a forward model comprising Eqs. (1), (4), (6),
and (8) and an exposure duration of 14.5 Myr. We again cal-
culate the muon production rate at the sample midpoint and
set 3sp= 140 so that the only free parameter in the model
is the erosion rate. We fit the model by minimizing the misfit
statistic,

M =

 N3, p − N3,m√
σ 2

3,m+ σ
2
3, non-cosmo

2

. (15)
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The optimal erosion rate is then used in Eq. (14) to solve for
the upper limit on the 10Be spallation production rate.

Together, the zero-erosion and steady-erosion cases yield
an allowable range for P10,sp,SLHL given the measured
cosmogenic-nuclide concentrations in each surface sample.
We take the uncertainty in each value to be the 3He measure-
ment error, 10Be measurement error, and the error in the 3He
production rate (11 %) propagated in quadrature.

Figure 7 shows the resulting limits for P10,sp,SLHL.
The minimum values from the zero-erosion end-member
range from 3.2–3.7 atoms g−1 yr−1, and the maximum val-
ues from the steady-erosion end-member range from 3.9–
4.8 atoms g−1 yr−1. The overall production rate range en-
compassed by the surface samples (3.2–4.8 atoms g−1 yr−1)
overlaps with the limits from the Labyrinth core (2.8–
3.4 atoms g−1 yr−1).

5.1.3 Spallation production rate for 10Be in pyroxene

Now we combine the complementary information derived
from the six surface samples and the Labyrinth core to de-
fine a summary distribution for P10,sp,SLHL in pyroxene. The
true value for P10,sp,SLHL should fall somewhere between the
highest of the lower limits and the lowest of the upper lim-
its of the whole dataset. Therefore, we assume that there is
a uniform probability for all production rate values that fall
between these limits. To derive a summary distribution using
this assumption, we perform a Monte Carlo simulation with
1E+05 iterations. Our summary distribution is described as

n∑
i=1

fi(x)∑
fi(x)

,where

fi (x)=


1, max

{
P10, sp,min,1. . .P10, sp,min,j

}
< x

<min
{
P10, sp,max,1. . .P10, sp,max,j

}
0, x <max

{
P10, sp,min,1. . .P10, sp,min,j

}
orx >min

{
P10, sp,max,1. . .P10, sp,max,j

}
.

Here, x is any potential value for the 10Be production rate.
P10,sp,min and P10,sp,max are lower and upper limits, respec-
tively, on the 10Be production rate for sample j . For each
Monte Carlo iteration n, P10,sp,min and P10,sp,max are ran-
domly drawn from a normal distribution, with the mean and
standard deviation of these values found in Sect. 5.1.1 and
5.1.2.

Figure 7 shows the resulting summary distribution. The
distribution is approximately Gaussian, with a mean of 3.6
and a standard deviation of 0.2. Therefore, the likely value
for the 10Be spallation production rate in pyroxene from
our dataset is 3.6± 0.2 atoms g−1 yr−1. This agrees with the
value of 3.6± 0.8 atoms g−1 yr−1, cross-calibrated with 3He
for samples from the mid-latitudes (Eaves et al., 2018), but
offers an improvement in the relative uncertainty in this value
from ∼ 20 % to ∼ 5 %.

Figure 7. Spallation production rate for 10Be in Ferrar dolerite py-
roxene. (a) Minimum and maximum values for P10,sp. Gray lines
show uncertainty in each value. (b) Summary distribution of P10,sp.
The black line shows results from the Monte Carlo simulation de-
scribed in Sect. 5.1.3. The red line shows the Gaussian distribution
constructed using the mean and standard deviation from the Monte
Carlo results. The text shows the most likely value for P10,sp given
the summary distribution.

5.2 Applications for 10Be in pyroxene

Based on the presented spallation production rate of
3.6± 0.2 atoms g−1 yr−1, we now explore the potential of
10Be in pyroxene for quantifying ice-sheet and landscape
change. On 106-year timescales, the relative precision of
10Be in pyroxene (∼ 2 %) allows for simultaneously resolv-
ing exposure ages and erosion rates using the 10Be–3He
pair. Figure 8 shows a 10Be–3He two-nuclide diagram (e.g.,
Nishiizumi et al., 1991), constructed using our estimate for
the spallation 10Be production rate in pyroxene. Our sam-
ple concentrations are located in distinct positions through-
out the two-nuclide diagram, generally between the constant-
exposure and steady-erosion lines, meaning that our sam-
ples have experienced a range of erosion rate–exposure dura-
tion combinations. With 3He alone, we found apparent (min-
imum) exposure ages of ∼ 1–6 Myr for the surface sam-
ples. Including 10Be shows that those data are better ex-
plained with ∼ 2–8 Myr of exposure at erosion rates of ∼
0–35 cm Myr−1, highlighting the power of this novel two-
nuclide approach in pyroxene.

Canonically, the Dry Valleys landscape formed ∼
14.5 Myr ago and has been preserved by extremely low ero-
sion rates since that time (e.g., Denton and Sugden, 2005;
Lewis et al., 2006; Sect. 2). Yet, the oldest surface in our
dataset is ∼ 8 Myr when considering erosion, with samples
444 and 439 having exposure ages closer to ∼ 2 Myr (except
for the Labyrinth core, which we assume has been exposed
for 14.5 Myr under steady erosion for the production rate cal-
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Figure 8. 10Be–3He two-nuclide diagram. Asterisks indicate that
nuclide concentrations have been normalized using site-specific
production rates for each sample for ease of comparison across sam-
pling locations. The x axis therefore represents apparent 3He years.
Production by muons is not included, as a steady-erosion line that
includes muons changes with elevation. Ellipses show 68 % confi-
dence intervals based on measurement uncertainties. The 10Be con-
centration for the Labyrinth core surface (LABCO) sample is taken
from the modeled surface concentration under the steady-erosion
assumption for the Labyrinth core (Fig. 6) with a conservative 3 %
uncertainty. Note that the LABCO concentrations would fall near
a steady-erosion line drawn with muons included for elevation of
the Labyrinth core, as the 10Be concentration was derived from the
modeled steady-state-erosion end-member with 14.5 Myr of expo-
sure. The top line (blue) bounding the steady-erosion island is the
simple exposure line, and the bottom bounding line (black) is the
steady-erosion line. Blue lines are lines of constant erosion, and
black lines are lines of constant age. The diagram shows that mea-
sured 10Be and 3He concentrations in the surface samples are con-
sistent with ∼ 2–8 Myr of exposure and ∼ 0–35 cm Myr−1 of ero-
sion.

ibration; Sect. 5.1.1). Although our dataset is limited, the
fact that several samples have cosmogenic-nuclide concen-
trations inconsistent with 14.5 Myr of exposure may suggest
that the Dry Valleys landscape is more dynamic than once hy-
pothesized, involving either subaerial erosion, burial by ice,
or both (Middleton et al., 2012). Applying the 10Be–3He pair
in the Dry Valleys and across Antarctica, where much of the
exposed rock is mafic Ferrar dolerite, will yield more accu-
rate exposure histories for understanding ice-sheet and land-
scape change.

In addition to multi-nuclide applications, an obvious use
of 10Be in pyroxene is surface exposure dating. At the sam-
ple sizes used in this study (0.1–0.2 g pyroxene), 10Be in
pyroxene is an ideal exposure chronometer in landscapes
like the Dry Valleys, where, owing to long exposure dura-

tions at low erosion rates, 10Be concentrations are high (∼
106–107 atoms g−1). Applying 10Be in pyroxene for younger
landscapes, however, would require increasing the sample
size. Eaves et al. (2018) successfully extracted beryllium
from 1–2 g of pyroxene using larger resin volumes for cation
exchange chromatography than we used here, so an in-
crease to 2 g (or more) of pyroxene is likely possible by
combining our pH 8 precipitation step with slightly larger
cation resin volumes. Using the relative uncertainties as-
sociated with our reported 10Be concentrations (Table S4,
Sect. 3.2.3) and assuming 2 g to be a plausible larger sam-
ple size, we can estimate the relative uncertainties related
to different exposure durations. To achieve relative uncer-
tainties of ∼ 5 %, we would need to measure ∼ 1.2× 105

atoms of 10Be (Fig. 9). At a sample size of 2 g, this equates
to 6× 104 atoms g−1, or ∼ 17 kyr at high-latitude sea level
and ∼ 4 kyr at 2000 m elevation at high latitude. A threshold
of 15 % uncertainty would require measurement of 3× 104

atoms of 10Be, or, at 2 g of pyroxene, a 10Be concentration of
1.5× 104 atoms g−1. This is equal to ∼ 4 kyr at high-latitude
sea level or ∼ 1 kyr at 2000 m elevation at high latitude. A
prime target area for applying 10Be in pyroxene to evalu-
ate glacier change in the Late Holocene is the high-altitude
Tropical Andes, where moraine boulders are derived from
pyroxene-bearing lava flows (e.g., Bromley et al., 2011). Us-
ing 2 g of pyroxene from moraines at 4000 m elevation in
the tropics would yield 5 % uncertainty for exposure ages of
2 kyr and 15 % uncertainty for exposure ages of 500 years.
Importantly, the number of 10Be atoms associated with both
of these uncertainty thresholds is greater than the average
number of 10Be atoms in our blanks (5.7× 103 10Be atoms;
Table S5; other users will need to evaluate the limits of these
methods for exposure dating given the average blank values
from their own laboratories). Therefore, a relatively modest
increase in the sample size used here would therefore make
10Be exposure dating in pyroxene useful in landscapes with
Last Glacial Maximum to Late Holocene exposure ages.

6 Conclusions

We measured 10Be in Ferrar dolerite pyroxenes from the
McMurdo Dry Valleys, Antarctica, with apparent 3He ex-
posure ages of 1–6 Myr. To facilitate the beryllium isola-
tion from pyroxene, we added a pH 8 precipitation to remove
Ca, Mg, and Na, reducing the cation load prior to ion ex-
change chromatography. We also found that with ∼ 20 %
sample dissolution through HF leaching, 10Be concentra-
tions stabilized, suggesting complete removal of meteoric
10Be, even in our samples with 106-year exposure durations.
Our 10Be / 9Be ratios ranged from 5× 10−13 to 4× 10−15

for samples with 10Be concentrations from 4× 10−15 to
6× 10−13 atoms g−1, with relative uncertainties of 2 %–9 %.
The average blank contained 5.7× 103 atoms of 10Be, and
blank corrections ranged from < 1 % in the surface sam-
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Figure 9. Measured 10Be atoms in pyroxene samples vs. relative
uncertainty. The red line is a log-linear fit to the data. From this fit
line, it is possible to estimate the relative uncertainty expected when
measuring a total number of 10Be atoms.

ples to 7 % at 1.6 m depth in the Labyrinth bedrock core.
We derived a 10Be spallation production rate in pyroxene of
3.6± 0.2 atoms g−1 yr−1 using 10Be and 3He concentrations
in the six surface samples and the Labyrinth drill core. Our
analysis of the Labyrinth core also yields the first direct con-
straints of the cross-sections for 10Be and 3He production
by negative-muon capture (f ∗10 = 0.00183 and f ∗3 fCfD =

0.00337).
Given the measurement precision, the low-10Be labora-

tory blanks, and the production rate reported here, 10Be in
pyroxene can now be applied for surface exposure dating,
burial dating, and erosion quantification. For example, we
estimate that surfaces exposed for 2 kyr at 4000 m in the
Tropical Andes could be dated with 5 % uncertainty using
our beryllium extraction methods for pyroxene. Furthermore,
the application of the 10Be–3He pair in pyroxene reveals
that our cosmogenic-nuclide concentrations in surface sam-
ples located throughout the Antarctic Dry Valleys are consis-
tent with ∼ 2–8 Myr of exposure at 0–35 cm Myr−1, offer-
ing more insight into the ice-sheet and denudation histories
of the Dry Valleys than does 3He alone. With this dataset,
we observe that locations throughout the Dry Valleys have
a range of exposure and erosional histories. Expanding the
use of the 10Be–3He pair beyond surfaces that appear to be
stable and to have experienced low erosion will yield further
insight into this Antarctic landscape that is likely more dy-
namic than once hypothesized. In Antarctica and beyond, the
10Be–3He nuclide pair opens new opportunities for more ac-
curately quantifying glacier and landscape histories in mafic
rocks.
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