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Abstract. Here, we present cosmogenic 10Be and 3He data from Ferrar dolerite pyroxenes in surficial rock samples 16 

and a bedrock core from the McMurdo Dry Valleys, Antarctica, with the goal of refining the laboratory methods for 17 

extracting beryllium from pyroxene, further estimating the 10Be production rate in pyroxene, and demonstrating the 18 

applicability of the 10Be-3He in mafic rock. The ability to routinely measure cosmogenic 10Be in pyroxene will open 19 

new opportunities for quantifying exposure durations and Earth surface processes in mafic rocks. We describe scalable 20 

laboratory methods for isolating beryllium from pyroxene, which includes a simple hydrofluoric acid leaching 21 

procedure for removing meteoric 10Be, and the addition of a pH 8 precipitation step to reduce the cation load prior to 22 

ion exchange chromatography. 10Be measurements in pyroxene from the surface samples have apparent 3He exposure 23 

ages of 1–6 Ma. We estimate a spallation production rate for 10Be in pyroxene, referenced to 3He, of 3.6 ± 0.2 atoms 24 

g-1 yr-1. 10Be and 3He measurements in the bedrock core yield initial estimates for parameters associated with 10Be and 25 
3He production by negative muon capture (𝑓!"∗ = 0.00183 and  𝑓$∗𝑓%𝑓&= 0.00337).  26 

Next, we demonstrate that the 10Be-3He pair in pyroxene can be used to simultaneously resolve erosion rates 27 

and exposure ages, finding that the measured cosmogenic-nuclide concentrations in our surface samples are best 28 

explained by 2–8 Ma of exposure at erosion rates of 0–35 cm Myr-1. Finally, given the low 10Be in our laboratory 29 

blanks (average of 5.7 x 104 atoms), the reported measurement precision, and our estimated production rate, it should 30 

be possible to measure 2 g samples with 10Be concentrations of 6 x 104 atoms g-1 and 1.5 x 104 atoms g-1 with 5 and 31 

15% uncertainty, respectively. With this level of precision, Last Glacial Maximum to Late Holocene surfaces can now 32 

be dated with 10Be in pyroxene. Application of 10Be in pyroxene, alone or in combination with 3He, will expand 33 

possibilities for investigating glacial histories and landscape change in mafic rock. 34 

 35 
Short Summary. Cosmogenic nuclides like 10Be are rare isotopes created in rocks exposed at the Earth’s surface and 36 

can be used to understand glacier histories and landscape evolution. 10Be is usually measured in the mineral quartz. 37 

Here, we show that 10Be can be reliably measured in the mineral pyroxene. We use the measurements to determine 38 

https://doi.org/10.5194/egusphere-2022-1379
Preprint. Discussion started: 21 December 2022
c© Author(s) 2022. CC BY 4.0 License.



2 

exposure ages and understand landscape processes in rocks from Antarctica that do not have quartz, expanding the 39 

use of this method to new rock types. 40 

1 Introduction 41 

Cosmogenic nuclides are formed in minerals when rock is exposed to secondary cosmic radiation, and their 42 

concentration at and near the Earth’s surface hold information about exposure durations, burial time, and erosion rates 43 

(e.g., Cerling, 1994; Kurz & Brook, 1994; Lal, 1991; Nishiizumi et al., 1991; Schaefer et al., 2022). Most simply, the 44 

concentration of cosmogenic nuclides in rock serve as an exposure clock because they accumulate at known rates. It 45 

is also possible to deconvolve complex exposure histories, involving exposure, burial, and rock erosion, by combining 46 

measurements of multiple cosmogenic nuclides with different half-lives (e.g., Balco & Rovey, 2010; Granger, 2006; 47 

Lal, 1991; Nishiizumi et al., 1991; Schaefer et al., 2016). In quartz-bearing (felsic) rocks, 21Ne (stable), 10Be (t1/2 = 1.4 48 

Ma), 26Al (t1/2 = 0.7 Ma), 14C (t1/2 = 5.7 ka) are routinely measured, and different combinations of these nuclides can 49 

be used to quantify geomorphic processes on 103–106 year timescales (e.g., Balco & Shuster, 2009; Hippe, 2017; 50 

Young et al., 2021). 10Be in quartz is the most commonly used nuclide-mineral pair because this mineral phase is 51 

abundant at the Earth’s surface, the production pathways for 10Be in quartz are well understood, and advances in 52 

beryllium extraction procedures and mass spectrometry have yielded measurement precision as low as ~2%. 53 

In lithologies where quartz is absent, however, fewer cosmogenic nuclides are routinely measured. The stable 54 

nuclide 3He is the most widely used in mafic rocks because it is easily measured in several mineral phases, including 55 

pyroxene and olivine. The radionuclide 36Cl (t1/2 = 0.3 Ma) is also routinely measured in feldspar or whole rock, so 56 

the 36Cl/3He pair could in principle be used to detect burial up to ~1.5 Ma. Prior work demonstrates that measuring 57 
10Be in pyroxene and olivine is possible (Blard et al., 2008; Eaves et al., 2018; Ivy-Ochs et al., 1998; Nishiizumi et 58 

al., 1990), which would extend the useful range for multi-nuclide studies in mafic rocks to >5 Ma in mafic rocks, ideal 59 

for Miocene-to-Pleistocene timescales.  60 

Several studies report 10Be concentrations in pyroxene (Blard et al., 2008; Eaves et al., 2018; Ivy-Ochs et al., 61 

1998), but highlight challenges to measuring 10Be in this mineral phase. First, the mineral composition of pyroxene 62 

(XYSi2O6 where X is primarily divalent Ca, Na, Fe, Mg and Y is usually trivalent Al, Fe; Nespolo, 2020) is more 63 

variable than quartz (SiO2). In contrast to isolated beryllium from quartz, where Si is easily removed by evaporation 64 

of SiF6, separating beryllium from other cations after dissolution of pyroxenes requires highly selective column 65 

chromatography. Second, early work on pyroxenes demonstrated difficulty in removing meteoric 10Be, 66 

atmospherically produced 10Be scavenged by precipitation. In quartz, meteoric 10Be is typically removed by repeated 67 

leaching in hydrofluoric acid (HF; Kohl & Nishiizumi, 1992). Ivy-Ochs et al. (1998) demonstrated that 10Be 68 

concentrations in pyroxenes with exposure ages of ~106 yr did not stabilize after several rounds of HF leaching, 69 

suggesting that meteoric 10Be was present in clays and other weathering products built up within the pyroxene lattice. 70 

In samples with 104-year exposure ages, Blard et al. (2008) successfully decontaminated pyroxene of meteoric 10Be 71 

by implementing a powdering step increase the surface area of pyroxene grains prior to leaching the samples in 72 

hydroxylammonium-chloride, which removes iron oxides and releases meteoric 10Be from the pyroxene grains. This 73 

result was replicated by Eaves et al. (2018), but this procedure has yet to be tested on pyroxenes with exposure 74 
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durations longer than magnitude 104 years in which weathering products have had more time to accumulate within the 75 

pyroxene lattice. 76 

For cosmic-ray-produced nuclides to be useful in geologic applications, the production rate of these nuclides 77 

at the Earth’s surface and with depth in rock must be known. 10Be and 3He, like most cosmogenic nuclides, are 78 

produced by spallation, fast muon interactions, and negative muon capture, production pathways that display different 79 

dependencies (Dunai, 2010). Spallation reactions, induced by high energy (30 MeV–1GeV) neutrons comprise the 80 

majority of production at the Earth’s surface, but decrease rapidly with depth due to strong interaction with matter, 81 

with a latitude-dependent attenuation length in rock of 140–160 g cm-2 (Gosse & Phillips, 2001). Production by muons, 82 

which interact weakly with matter, comprise up to ~2% of production at the surface but surpass spallation production 83 

below the upper several meters of rock. For this weak interaction production pathway, 10Be and 3He are primarily 84 

produced by negative muon capture in the upper rock column, while fast muon reactions attenuate more slowly with 85 

depth from the surface (Balco, 2017; Heisinger et al., 2002a; Heisinger et al., 2002b; Lal, 1987; Larsen et al., 2021; 86 

Nesterenok & Yakubovich, 2016).  87 

The spallation production rate of 3He in pyroxene is well known (Borchers et al., 2016). Eaves et al. (2018) 88 

used cross-calibration between 10Be and 3He (combining new data with those of Blard et al., 2008 and Nishiizumi, 89 

1990) to estimate a spallation 10Be production rate in pyroxene of 3.6 ± 0.8 atoms g-1 yr-1 (Eaves et al. also calibrated 90 

a production rate for 10Be in pyroxene of 3.2 ± 0.8 atoms g-1 yr-1 using independent age data). Theoretical studies 91 

predict that cosmogenic 3He is produced by muon interactions (Lal, 1987; Nesterenok & Yakubovich, 2016), and 92 

recent 3He measurements in a 300-m drill core from the Columbia River Basalt provide unambiguous empirical 93 

evidence for muon production of 3He at a total production rate of 0.23–0.45 atoms g-1 yr-1 at the Earth’s surface at 94 

high-latitude sea level (Larsen et al., 2021). Although parameters associated with muon production of 10Be in quartz 95 

are well known (Balco, 2017), muon production of 10Be in pyroxene is not yet quantified.  96 

Here, we describe progress in laboratory techniques for extracting beryllium from pyroxene, building upon 97 

the previous work of Blard et al. (2008) and Eaves et al. (2018). We then use our new 10Be and 3He measurements in 98 

pyroxenes from surface samples and a 1.7 m drill core from the McMurdo Dry Valleys, Antarctica, to further calibrate 99 

the production rate of 10Be by spallation, and present initial constraints on 10Be and 3He production by negative muon 100 

capture. Finally, we use the sample set from the McMurdo Dry Valleys to demonstrate use of the 10Be-3He pair for 101 

simultaneously estimating exposure ages and erosion rates in mafic rock.  102 

2 Geologic Setting 103 

 The McMurdo Dry Valleys region of Antarctica is a 4,800 km2 ice-free area in the northern Transantarctic 104 

Mountains, bounded by the McMurdo Sound to the west and the East Antarctic Ice Sheet (EAIS) to the east. The 105 

landscape is dissected by the large, east-west trending Taylor, Wright, and Victoria Valley systems that formerly held 106 

outlet glaciers draining the EAIS to the Ross Sea, and are flanked by mountains, including The Asgard and Olympus 107 

Ranges (Fig. 1). Geomorphic evidence suggests that this landscape had formed by the mid-Miocene and has since 108 

been preserved in a cold, hyperarid climate (e.g., Sugden et al., 1995). This hypothesis is supported by extremely high 109 

cosmogenic-nuclide concentrations throughout the region that are consistent with some of the lowest subaerial erosion 110 

https://doi.org/10.5194/egusphere-2022-1379
Preprint. Discussion started: 21 December 2022
c© Author(s) 2022. CC BY 4.0 License.



4 

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; 111 

Summerfield et al., 1999). 112 

Large meltwater features, including channels, potholes, plunge pools, corrugated bedrock and megaripples, 113 

found throughout the region are thought to have been carved by mid-Miocene outburst floods originating beneath an 114 

expanded, wet-based EAIS (Denton & Sugden, 2005). 40Ar/39Ar ages on in situ volcanic ashes embedded in associated 115 

sediments provide limiting ages on these features, suggesting that the major topographic features of the Dry Valleys 116 

formed by ~15 Ma, and that the last glacial overriding event likely occurred by 14 Ma, and possibly by 14.8 Ma 117 

(Denton et al., 1993). One prominent meltwater feature is the Labyrinth, a channel and pothole system carved into 118 

Ferrar Dolerite bedrock located at the foot of Wright Upper Glacier, an outlet glacier of the EAIS. 39Ar/40Ar ages on 119 

ashes from erosional surfaces within the Labyrinth date the last incision of this feature to ~14.5 Ma (Lewis et al., 120 

2006). In contrast, cosmogenic-nuclide concentrations in similar sandstone channel systems in Sessrumnir Valley, 121 

Asgard Range, nearby to, although not directly adjacent to the Labyrinth, suggest that the Dry Valleys landscape has 122 

been more dynamic since the mid-Miocene. There, paired 10Be-21Ne data reveal lower-than-expected cosmogenic 123 

nuclide concentrations, which can be explained if these features were formed by wind erosion since ~14 Ma at erosion 124 

rates of ~60–150 cm Myr-1, or were incised by subglacial flooding during a later episode of ice cover, such as during 125 

the Pliocene (Middleton et al., 2012). Overall, channel and pothole features throughout the Dry Valleys, including the 126 

Labyrinth, may have experienced ~14–15 Ma of exposure, although the mechanism and timing of formation for many 127 

of these features remain up for debate. 128 

 129 
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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).  

 130 

In this study, we focus on Ferrar dolerite samples collected throughout the Dry Valleys region, originally 131 

measured for cosmogenic noble gasses by Bruno et al. (1997) and Schaefer et al. (1999), that can be grouped into two 132 

geomorphic environments: 1) boulders that are erosional remnants of the Sirius Group, located atop Mt. Fleming and 133 

Mt. Feather at elevations >2000 m, in the Stable Upland Zone, which features the coldest and driest conditions in the 134 
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Dry Valleys (Lamp et al., 2017 and references therein); and 2) bedrock collected between ~850–1400 m from deeply 135 

weathered platforms at Mt. Insel, the Dais, and the Labyrinth in the Inner Dry Valleys, somewhat closer to the Ross 136 

Sea where conditions are slightly warmer and wetter (see Schäfer et al., 1999 and Bruno et al., 1997 for further detail; 137 

Fig. 1). In addition to surface samples, we include results from a bedrock core collected from the Dais, an erosional 138 

surface of the Labyrinth.  139 

 140 

3 Methods 141 

3.1 Field methods 142 

 We present results from surficial rock samples and a bedrock core. The surficial rock samples are six Ferrar 143 

Dolerites collected from the upper few centimeters of rock in the Dry Valleys in the early- to mid-1990s and described 144 

by Schäfer et al. (1999) and Bruno et al. (1997) (2 boulders and 4 bedrock surfaces; Table 1). We redetermined surface 145 

sample locations and elevations by reference to the U.S. Geological Survey Taylor Glacier topographic map (1988), 146 

because of some inaccuracies with the location information in those original publications (see Table 1; Supplementary 147 

Information). The Labyrinth dolerite bedrock core was collected by a group led by John Stone of the University of 148 

Washington in austral summer 2009 as part of the CRONUS-Earth project (Table 1; Fig. 1; Sect. 2). The coring site 149 

was chosen because erosion rates appeared to be low (10–20 cm Myr-1) and previous work suggests that the site 150 

Table 1 - Location information for surface samples.    

Sample ID Location 
Sample 

type 
Latitude3 

(DD) 
Longitude3 

(DD) 
Elevation 

(m) 
Thickness 

(cm) Shielding 

3181 
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 1410 4 1.5 1 
464 Mt. Insel bedrock -77.40 161.42 1395 4 1.5 1 

NXP 93*522 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 

-
77.54976 160.9578 990.2 1 1 

        
1Sample listed as Flem94-18 in Bruno et al. (1997), and is the only sample listed here included in that 
publication. 
2Sample NXP 93*52 is derived from the same sample as the reference material CRONUS-P (Schaefer et 
al., 2016). 
3Latitudes 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 Supplementary Information 
for location approximation methods. 
4Sample 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 Supplementary Information. 
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has been exposed for the last ~14 Ma (Lewis et al., 2006; Sect. 2). Importantly, below 18 cm depth, there was a 151 

discrepancy between the drillers’ measurements on the core barrel and the recovered core length by 1–4 cm. No 152 

material was lost between 18–167 cm, but we account for this discrepancy by adjusting the absolute sample depths 153 

below 18 cm in a model fitting exercise described in Sect. 5.1.1. The core was split into sections at the University of 154 

Washington and measured for rock density, which averages 2.94 g cm-3 throughout the core. Sections of the core were 155 

then sent to several institutions, including Lamont-Doherty Earth Observatory (LDEO), Berkeley Geochronology 156 

Center (BGC), and Le Centre de Recherches Pétrographiques et Géochimiques (CRPG), for cosmogenic-nuclide 157 

analysis.  158 

3.2 Cosmogenic-nuclide measurements 159 

3.2.1 Mineral separation and decontamination  160 

Pyroxene separated from the surface samples was prepared at LDEO, and samples from the Labyrinth core 161 

were prepared at LDEO, BGC, and CRPG. At LDEO, samples were crushed and sieved to a grain size at which we 162 

observed mostly mono-mineralic grains (for the the fine-to-medium grained samples here, we used the 32–125 µm 163 

fraction) and then leached at room temperature in 10% H3PO4 overnight to remove iron oxides. Then light minerals 164 

(mostly plagioclase) were removed using sodium polytungstate with a density of 3.0 g cm-3. Next, samples were passed 165 

through a magnetic separator and a hand magnet was used to remove magnetic minerals. To decontaminate the 166 

pyroxene grains of meteoric 10Be, samples were leached in a 1%HF/1%HNO3 solution twice at room temperature for 167 

5–6 hours, then a third time overnight, rinsing samples thoroughly between each round of leaching (Bromley et al., 168 

2014; Kohl & Nishiizumi, 1992). Overall, we targeted ~30% sample mass loss after leaching. To confirm sufficient 169 

removal of meteoric 10Be, five leaching rounds were performed on sample 444 and the 10Be concentration was 170 

measured on a split taken after each round. After two rounds of leaching, with ~25% sample loss, 10Be concentrations 171 

in sample 444 remain consistent within measurement error, suggesting that this leaching method was sufficient for 172 

removing meteoric 10Be (Fig. 2). Pyroxenes separated at LDEO are referred to as “LDEO-prepared.”173 
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175 

176 
Figure 2: 10Be concentrations measured after each of five progressive leaches on pyroxenes from sample 444. Total sample 177 
material loss ranges from 9% in Leach 1 to 60% in Leach 5. The dashed black line shows the average 10Be concentration of 178 
HF2–HF5, and the shaded box shows the standard deviation of those 10Be concentrations. The HF2–HF5 concentrations 179 
overlap within uncertainty, suggesting that 20–25% sample loss is enough to sufficiently remove meteoric 10Be from old 180 
Ferrar dolerite samples. 181 

Pyroxene preparation procedures at BGC and CRPG, where pyroxenes were measured only for 3He, was 182 

similar to those at LDEO, but did not include an HF leaching step. BGC received from the University of Washington 183 

a heavy mineral concentrate prepared by crushing, sieving to extract grains in the 125-250 micron size range, and 184 

heavy liquid separation at 2.9 g cm-3. This concentrate was then repeatedly passed through a magnetic separator at 185 

various settings to separate pure pyroxene from pyroxene-plagioclase aggregates (less magnetic) and oxide minerals 186 

(more magnetic). Remaining contaminant grains were then removed by hand-picking under a microscope. At CRPG, 187 

samples were crushed and sieved to 150–800 µm, plagioclase was removed by heavy liquid separation at a density of 188 

3.3 g cm-3, and then samples underwent magnetic separation and handpicking to improve the selection of pure 189 

pyroxenes. 190 

3.2.2 Cosmogenic 3He analyses 191 

3He concentrations in the Labyrinth bedrock core samples were measured at LDEO, BGC, and CRPG. For 192 

quality control, internal comparability, and interlaboratory calibration, we also measured helium isotopes in the 193 

CRONUS-P pyroxene reference material, which is derived from the NXP 93*52 surface sample (Blard et al., 2015; 194 

Schaefer et al., 2016; Table 2). For all samples, we normalize the measured 3He concentrations to the accepted 195 

CRONUS-P value [(5.02 ± 0.05) x 109; Tables 1 and 2; Blard, 2021; Blard et al., 2015]. At all laboratories, relative 196 

measurement uncertainties for the Labyrinth core samples increased with depth owing to the decreasing 3He 197 

concentrations, ranging from 2% in the uppermost sample to 4% in the lowermost sample. 198 
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At LDEO, we measured helium isotopes in eight LDEO-prepared Labyrinth core samples. We extracted 199 

helium in two subsequent heating steps, 5 minutes at ~900°C and 15 minutes at 1350°C in a resistance-heated double 200 

vacuum furnace. Following purification with a charcoal-filled lN2-cooled U-trap and SEAS getter, the gas was cryo-201 

trapped at 14°C. The helium fraction was released at 45°C and 3He and 4He were measured by peak jumping in a MAP 202 

215-50 (e.g., Winckler et al., 2005). Spectrometer sensitivity was determined using a Yellowstone helium standard203 

(Murdering Mudpots) with a 3He/4He ratio of 16.45Ra (where Ra = (3He/4He)air = 1.384 x 10-6). At LDEO, the mean 204 

and standard deviation of the 3He concentrations measured in the CRONUS-P reference material at the same time as 205 

the Labyrinth core samples was (5.16 ± 0.19) x 109 atoms g-1 (n = 5; coefficient of variance (CV) = 4%). 206 

At CRPG, 34 measurements were made on 15 CRPG-prepared Labyrinth core samples and 5 measurements 207 

were made on 5 BGC-prepared Labyrinth core samples. Sample extraction was realized by complete fusion at 1500°C 208 

in our home-design extraction furnace (Blard, 2021; Zimmermann et al., 2018). Typical blanks were (2.1 ± 1.4) x 10-209 
20 mol of 3He and (1.9 ± 0.1) x 10-15 mol of 4He. Extracted gas was then purified, cryofocused at 8K and released at 210 

75K in a GV-Split Flight Tube mass spectrometer to measure 3He and 4He abundances. The mass spectrometer 211 

sensitivity was established with the helium standard of Matsuda et al. (2002). At CRPG, the CRONUS-P 3He 212 

concentrations, measured between March and April 2019 were (5.04 ± 0.12) x 109 atoms g-1 (n = 8; CV = 2%). 213 

At BGC, 32 measurements were made on 14 BGC-prepared Labyrinth core samples and 5 measurements 214 

were made on 3 CRPG-prepared Labyrinth core samples for the purpose of interlaboratory comparison. Cosmogenic 215 
3He measurements at BGC employ a laser “microfurnace” extraction system coupled to a MAP-215 mass spectrometer 216 

and are described in detail in Balter-Kennedy et al. (2020). At BGC, 3He concentrations measured in CRONUS-P at 217 

the same time as the Labyrinth core samples were (4.78 ± 0.08) x 109 atoms g-1 (n = 5; CV = 2%). 218 

For the surface samples, we used existing 3He measurements made at LDEO, described in Schaefer et al. 219 

(2006; Table 2). Although not used in our calculations, earlier 3He measurements were made and published from these 220 

samples at ETH Zurich and Potsdam (Niedermann et al., 2007; Schäfer et al., 1999). 3He measurement uncertainties 221 

for the surface samples range from 2–3%. The 3He concentration in sample NXP 93*52, measured alongside the other 222 

surface samples and the same sample from which the CRONUS-P reference material was derived, is (5.21 ± 0.25) x 223 

109 atoms g-1 (Schaefer et al., 2006). 224 

3.2.3 Cosmogenic 10Be analyses 225 

We extracted beryllium from clean pyroxene at LDEO using a procedure modified from the methods for 226 

beryllium extraction from quartz (e.g., Bromley et al., 2014; Kohl & Nishiizumi, 1992; Schaefer et al., 2009; 227 

https://www.ldeo.columbia.edu/res/pi/tcn/Lamont_Cosmogenic_Nuclide_Lab/Chemistry_files/LDEO_Be_Chemistr228 

y_ver.4.pdf). The established procedure for extracting beryllium from quartz includes 1) addition of 9Be carrier, 2) 229 

sample dissolution, 3) ion exchange chromatography using anion and then cation exchange columns, 4) beryllium 230 

precipitation, 5) combustion, and 6) preparation of AMS targets. Because of the high cation load present in pyroxenes, 231 

Eaves et al. (2018) used small sample sizes (~2 g), and large resin volumes (20 mL) for cation exchange 232 

chromatography. Nevertheless, they concluded that reduction of the cation load prior to ion chromatography using a 233 

precipitation step would improve the extraction of beryllium from pyroxene. Here, we add a simple pH 8 precipitation 234 
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step to reduce the cation load in our samples prior to ion exchange chromatography. At pH 8, Be, Al and Fe precipitate 235 

from solution as hydroxides, Be(OH)2, Al(OH)3 and Fe(OH)2, while Ca and Mg remain in solution. We summarize 236 

the LDEO methodology for pyroxene here. 237 

For beryllium extraction from pure pyroxene separates we first weighed and spiked 100-200 mg of pyroxene 238 

with ~180 µg of LDEO 9Be carrier, containing very low 10Be (Schaefer et al., 2009). The small sample sizes were 239 

sufficient for these samples with high cosmogenic nuclide inventories and minimized the overall ion load. Samples 240 

were digested in concentrated HF and HNO3 and evaporated to dryness with 2–3 additions of perchloric acid to drive 241 

off fluorides. The resulting residue was taken up in 1 mL 6M HCl, transferred to 15 ml centrifuge tubes, and diluted 242 

with 10 mL of milli-Q water. NH4OH was used to adjust the pH to 8, discarding the supernatant containing Ca, Mg, 243 

Na and collecting the precipitate containing Be (and Al, Fe, Ti). 244 

We isolated beryllium using ion chromatography methods described by (Kohl & Nishiizumi, 1992). Based 245 

on the amount of Al in our samples (Table S3), we opted to use 2 mL of BioRad-50W X8 200–400# mesh resin for 246 

cation exchange. Following cation exchange columns, the beryllium fraction was evaporated to dryness and then taken 247 

up in 4 mL of 1% HNO3, transferred to 15 mL centrifuge tubes, and diluted with 10 mL of milli-Q water. From this 248 

solution, we precipitated Be(OH)2 by adjusting the pH to 9 with NH4OH. After pouring off the suprenate, this 249 

precipitation step was repeated. We then performed three rinses of the precipitate with milli-Q water adjusted to pH 250 

8. Several samples exceeded the exchange capacity of the cation exchange resin, allowing some Al to elute early with 251 

Be. In these samples, the Be precipitates were noticeably larger than the blank, indicating that Al remained in the 252 

sample. For these samples, we performed a second round of cation exchange chromatography, also with 2 mL of resin. 253 

Following the second round of cation columns, the Be(OH)2 precipitates for all samples were similar in size to the 254 

blank, indicating that the second column step was successful in cleaning up the remainder of Al leftover after the first 255 

round of columns.  256 

The isolated beryllium was then combusted to form BeO, which we combined with Nb powder at an 257 

approximate BeO:Nb ratio of 2:3 by volume, and loaded into stainless steel AMS cathodes. Packed targets were sent 258 

to the Center for Accelerator Mass Spectrometry at Lawrence-Livermore National Laboratory for 10Be/9Be 259 

measurement relative to the 07KNSTD standard with a 10Be/9Be ratio of 2.85 x 10-12 (Nishiizumi et al., 2007). 260 

Reported uncertainties in 10Be measurements include 1σ uncertainty in the AMS measurement, uncertainty on the 261 

blank correction, and error on the carrier concentration (1.5%), propagated in quadrature.  262 
10Be/9Be ratios in all fifteen samples range from 4 x 10-15 to 6 x 10-13, with relative AMS uncertainties of <2–263 

8% (Table S1). 10Be/9Be ratios for all process blanks are magnitude 10-16, equating to 3000–10500 atoms of 10Be 264 

(Table S2). Therefore, blank corrections for the surface samples are <0.5% and between 1–7.3% for the Labyrinth 265 

core samples. 266 

3.3 Apparent exposure age and erosion rate calculations 267 

 We calculate apparent exposure ages and erosion rates using Version 3 of the online calculator described by 268 

Balco et al. (2008) and subsequently updated (http://hess.ess.washington.edu/math/v3/v3_age_in.html). All 269 

calculations employ the ‘St’ scaling method of Stone (2000) and Lal (1991). To calculate the 3He production rate, we 270 
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use the primary 3He production rate dataset of (Borchers et al., 2016) in Version 3 of the online calculator (124 atoms 271 

g-1 yr-1; Balco et al., 2008; http://hess.ess.washington.edu/math/v3/v3_cal_in.html). Apparent exposure ages are272 

calculated assuming zero erosion and equate to a minimum age for the sample. Apparent erosion rates assume infinite 273 

exposure time and represent a maximum erosion rate for the sample. 274 

4 Results 275 

The new 3He and 10Be data are shown in Tables 1 and 2, and in Figs. 3 and 4. Key features of these datasets 276 

are summarized below. 277 

4.1 Cosmogenic 3He concentrations 278 

Cosmogenic 3He concentrations normalized using CRONUS-P in the surface samples range from 0.50–5.87 279 

x 109 atoms g-1, equating to apparent surface exposure ages of 1.2–6.3 Ma (Table 2). In the Labyrinth dolerite core, 280 

CRONUS-P-normalized 3He concentrations range from (4.75 ± 0.08) x 108 at the surface to (0.29 ± 0.01) x 108 at 164 281 

cm depth (Table 3; Fig. 3). The 3He concentration of the surface sample equates to an apparent exposure age of 1.2 282 

Ma or an apparent erosion rate of 43.8 cm Myr-1 (Table 2). Measured cosmogenic 3He concentrations in the Labyrinth 283 

core differ slightly among the three labs (Table 3) but normalizing to CRONUS-P brings the BGC-prepared and 284 

LDEO-prepared concentrations into agreement within ~5% (Fig. 3). The CRONUS-P-normalized 3He concentrations 285 

for the CRPG-prepared samples, however, are systematically lower than the LDEO-prepared and BGC-prepared 286 

samples (up to ~15% lower). This is true also for the CRPG-prepared samples that were measured at BGC. Higher-287 

than-expected Al concentrations measured by ICP-OES in the CRPG-prepared pyroxene (Tables S4 and S5), along 288 

with photos of those separated pyroxene grains, suggest that plagioclase may still be present in these samples. To 289 

confirm, we applied a mixing model to determine the percentage of pyroxene, plagioclase, and magnetite (a common 290 

accessory mineral in Ferrar Dolerite) in the CRPG samples and found that the CRPG-prepared samples contain >10% 291 

plagioclase (see Supplemental Information). The contamination by plagioclase is the likely reason for the lower 3He 292 

concentrations in the CRPG-prepared samples because 3He is poorly retained in that mineral phase (Cerling, 1990), 293 

so this contamination by plagioclase is the likely reason for the lower. Therefore, we exclude the 3He measurements 294 

on the CRPG-prepared pyroxenes from further discussion. Notably, the 4He concentrations were systematically higher 295 

in the non-etched BGC-prepared (and CRPG-prepared) samples than in the LDEO-prepared samples, which were HF-296 

etched (Fig. S2). 297 
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299 

300 
Figure 3: 3He concentrations from the Labyrinth core normalized to CRONUS-P. The CRPG-prepared samples were 301 
excluded from the fitting procedure as described in Sect. 5.1.1. The solid black line is an exponential curve showing 302 
spallation-produced 3He that was calculated using the surface 3He concentration and an attenuation length of 140 g cm-2. 303 
Below ~40 cm depth, the measured 3He concentrations are greater than the spallation curve, presumably due to production 304 
by muons. 305 
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18 

 306 
Figure 4: Measured 10Be concentrations in pyroxenes from the Labyrinth core. All samples were prepared at LDEO and 307 
10Be/9Be ratios were measured at LLNL. The black line is an exponential curve showing the concentration of spallation-308 
produced 10Be, calculated using the measured 10Be concentration at 24 cm depth and an attenuation length of 140 g cm-2. 309 
Below ~100 cm depth, the measured 10Be concentrations are greater than the spallation curve, indicating production by 310 
muons.  311 

4.2 Cosmogenic 10Be concentrations 312 

 10Be concentrations in the six surface samples range from 1.02–5.06 x 107 atoms g-1, with corresponding 313 

uncertainties of ~2%. Nine 10Be concentrations between 24 and 164 cm depth in the Labyrinth bedrock core ranged 314 

from 5.21 x 106 atoms g-1 in the uppermost sample to 4.32 x 105 atoms g-1 in the lowermost sample (Table 3; Fig. 4). 315 

Our first 10Be measurement of the Labyrinth core sample LABCO-06 clearly deviates from the rest of the depth profile, 316 

although the reasons for this are unknown. A second measurement of a re-processed split of LABCO-06, however, 317 

agrees with the rest of the 10Be concentrations in the depth profile. Therefore, in the production rate calibration exercise 318 

described in Sect. 5.1.1, we use only the second measurement on LABCO-06. Total relative uncertainty (measurement 319 
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error, blank correction, and error on the carrier concentration, propagated in quadrature) increased from 3–9% 320 

downcore. 321 

Using a previously published production rate for 10Be in pyroxene of 3.6 atoms g-1 yr-1 (Eaves et al., 2018), 322 

the apparent 10Be exposure ages of the surface samples range from 1.0–4.4 Ma, and the apparent 10Be exposure age of 323 

the Labyrinth core surface is ~830 ka (surface 10Be concentration calculated by fitting an exponential curve to the 10Be 324 

data; therefore, surface 10Be age for the Labyrinth core is approximate).  325 

4.3 General observations 326 

 Here, we highlight several key features of our dataset that inform the production rate estimations in Sect. 5.1. 327 

First, we observe that the apparent 3He and 10Be ages are discordant in surface samples 318, 444, 464, 446S and the 328 

Labyrinth core surface (Table 2), suggesting that these samples have experienced complex exposure histories, 329 

potentially involving subaerial erosion or burial (e.g., by ice or sediment), or both. The canonical interpretation is that 330 

the geomorphic setting of these sample locations is consistent with a single period of exposure (Sect. 2), so a likely 331 

reason for this discordance is subaerial erosion. This observation requires that we consider erosion when attempting 332 

to estimate spallation and muon production rates in Sect. 5.1.  333 

Figs. 3 and 4 show that the measured 10Be and 3He inventories in the Labyrinth core exceed those predicted 334 

by a spallation curve below ~100 cm depth and ~40 cm depth, respectively, indicating that muon-produced 10Be and 335 
3He make up a significant portion of the measured concentrations below these depths. With this finding, we present 336 

the first direct measurements of muon-produced 10Be in pyroxene, and further confirm the importance of quantifying 337 

muon production of 3He (Larsen et al., 2021). At the depth range of the Labyrinth core, negative muon capture is the 338 

primary muon production pathway. Therefore, we can use these data to estimate the negative muon cross-sections for 339 
3He and 10Be in pyroxene (Sect. 5.1.1). 340 

5. Discussion 341 

5.1 Production rate estimate 342 

The goal of this section is to place limits on several key parameters associated with 10Be and 3He production 343 

in pyroxene. Here, we use our Labyrinth core data to estimate parameters associated with spallation production of 344 
10Be, and 10Be and 3He production by negative muon capture. In addition to the Labyrinth core, we use the surface 345 

sample data to further refine the 10Be spallation production rate in pyroxene. After estimating a production rate for 346 

each sample, we combine our findings from the Labyrinth core and surface samples to arrive at a likely value for the 347 
10Be spallation production rate.  348 

 349 

5.1.1 Spallation and muon production in the Labyrinth core 350 

We use the 10Be and 3He concentrations in pyroxenes from the Labyrinth core to estimate parameters 351 

associated with 10Be and 3He production. To do so, we apply a forward model, adapted from Balco et al. (2019) to 352 
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include radioactive decay, that simulates the accumulation of cosmogenic 3He and 10Be by spallation and muon 353 

production with depth. We then estimate several parameters related to 10Be and 3He production in pyroxene by fitting 354 

the model to our measured 10Be and 3He concentrations. 355 

 Measured 3He includes cosmogenic 3He produced by neutron spallation, negative muon capture, fast muon 356 

interactions, as well as some non-cosmogenic 3He: 357 

𝑁$,( 	= 	𝑁$,)* 	+	𝑁$,+! 	+	𝑁$,+, 	+	𝑁$,-.-/0.)(.	(Equation 1) 358 

𝑁$,( (atoms g-1) is the measured 3He concentration, 𝑁$,)* (atoms g-1) is 3He produced by high-energy neutron 359 

spallation, 𝑁$,+! (atoms g-1) is 3He produced by negative muon capture, 𝑁$,+, (atoms g-1) is 3He produced by fast 360 

muon reactions. 𝑁$,-.-/0.)(. (atoms g-1) is non-cosmogenic 3He, which in Ferrar pyroxene is most likely produced 361 

by neutron capture on Li via the reaction 6Li(n, 𝛼)3He (Ackert & Kurz, 2004; Andrews & Kay, 1982). In Ferrar 362 

Dolerite, the total concentration of non-cosmogenic 3He has been measured in samples that are shielded from the 363 

cosmic-ray flux (Ackert, 2000; Kaplan et al., 2017; Margerison et al., 2005). Together, these measurements converge 364 

on (3.3 ± 1.1) x 106 atom g-1 of non-cosmogenic 3He throughout this lithology (see discussion in Balco, 2020). 365 

 In contrast, all the measured 10Be is cosmogenic, produced by spallation and muon interactions: 366 

𝑁!",( 	= 	𝑁!",)* 	+	𝑁!",+! 	+	𝑁!",+,	(Equation 2) 367 

Cosmogenic-nuclide production by high-energy neutron spallation decreases exponentially with mass depth 368 

(Lal, 1991): 369 

𝑃1,)*(𝑧) 	= 𝑃1,)*(0)𝑒
/ "
#$%		(Equation 3) 370 

where 𝑧 is mass depth below the surface (g cm-2), 𝑃1,)*(0) is the surface production rate of a given nuclide (atoms g-1 371 

yr-1), and 𝛬)* is the effective attenuation length for spallation production in mass depth (g cm-2). Therefore, the 372 

concentration of spallation-produced 3He as a function of mass depth 𝑧 is: 373 

𝑁$,)*(𝑧) 	= 	𝑃$,)*,2343 ∗ 𝑆25 ∫ 𝑒
/"	'()#$%5

" 𝑑𝜏 = 6*,$%,,-.-	∗	2,/	∗	8
! "	
#$%9$%

:
(1 − 𝑒

/ (/
#$%) (Equation 4) 374 

where 𝑃$,)*,2343 is the reference production rate for 3He at SLHL, 𝑆25 is the scaling factor using St scaling (Stone, 375 

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 376 

concentration of spallation-produced 10Be, a radionuclide, as a function of mass depth 𝑧 is: 377 

𝑁!",)*(𝑧) 	= 	𝑃!",)*,2343 ∗ 𝑆25 ∫ 𝑒
/(<01=

"	'()
#$%

)?5
" 𝑑𝜏 = 601,$%,,-.-∗2,/∗8

! "	
#$%

<01	=	
(

#$%

(1 − 𝑒
/(<01	=	

(
#$%

)5
) (Equation 5) 378 

where 𝑃!",)*,2343 is the SLHL reference production rate for 10Be, 𝜆!" is the decay constant for 10Be (5.00 x 10-7 yr-1; 379 

Chmeleff et al., 2010; Fink & Smith, 2007; Korschinek et al. 2010). 380 

We adopt production by negative muon capture from Heisinger et al. (2002b) as: 381 

𝑁$,+! = 𝑓$∗𝑓%𝑓& ∫ 𝑅+!(𝑧	 + 	𝜀𝜏)
5
" 𝑑𝜏 (Equation 6) 382 

𝑁!",+! = 𝑓!"∗ 𝑓%𝑓& ∫ 𝑅+!(𝑧	 + 	𝜀𝜏)𝑒/<?
5
" 𝑑𝜏 (Equation 7) 383 

where 𝑅+! is the muon stopping rate, 𝑓& is the probability that the negative muon does not decay in the K-shell before 384 

capture by the nucleus, 𝑓% is the chemical compound factor, and 𝑓1∗ is the probability that the nuclide of interest is 385 
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produced after negative muon capture by the target nucleus. For muon-produced 10Be, the target nucleus is O, and we 386 

aim to find the optimal value for 𝑓!"∗ , which should be the same as the value of this parameter calibrated in quartz 387 

(0.00191; Balco, 2017). For O in a Ferrar Dolerite pyroxene with composition En34Fs25Wo42 (typical augite from a 388 

medium-grained dolerite; Zavala et al., 2011), 𝑓% = 0.520 (von Egidy & Hartmann, 1982). 𝑓& is well known for O 389 

(0.1828; Suzuki et al., 1987). In contrast, 3He is produced in many negative muon capture reactions on a myriad of 390 

targets (see Table 3 in Heisinger et al., 2002b). Therefore, we estimate the entire 𝑓$∗𝑓%𝑓& term, which represents the 391 

overall probability that a negative muon produces 3He. The 𝑓$∗𝑓%𝑓& term should be similar to 0.0045, which is the sum 392 

of theoretical 𝑓$∗𝑓%𝑓&  values for 3He and 3H producing reactions in standard rock (Nesterenok & Yakubovich, 2016).  393 

Production by fast muon interactions is taken from Heisinger et al. (2002a) as: 394 

𝑁$,+, = 𝜎",$𝑁*@A ∫ 𝛽(𝑧	 + 	𝜀𝜏)𝜙(𝑧	 + 	𝜀𝜏)𝐸=B(𝑧	 + 	𝜀𝜏)5
" 𝑑𝜏 (Equation 8) 395 

𝑁!",+, = 𝜎",!"𝑁C,*@A ∫ 𝛽(𝑧	 + 	𝜀𝜏)𝜙(𝑧	 + 	𝜀𝜏)𝐸=B(𝑧	 + 	𝜀𝜏)𝑒/<?5
" 𝑑𝜏 (Equation 9) 396 

Here, 𝜎",1 is the cross-section for nuclide production by fast muons. Because the Labyrinth core does not extend to 397 

depths dominated by fast-muon production, meaning that we cannot estimate the fast muon cross-sections with our 398 

dataset, we apply fast muon cross-sections from other studies in our model. We take 𝜎",!" to be the same as quartz 399 

(0.280 𝜇b; Balco, 2017), and 𝜎",$ to be 6.01 𝜇b, calculated by fitting Equation 8 to 3He measurements in pyroxene 400 

from a 300 m drill core of the Columbia River Basalt in Washington, USA (Larsen et al., 2021; see Supplementary 401 

Information). 𝑁*@A is the number of target atoms g-1 in standard basalt, assuming all elements are targets (2.74 x 1022 402 

atoms g-1; average atomic mass 22) and 𝑁C,*@A is the number of atoms g-1 of O (1.57 x 1022 atoms g-1; relevant for 403 
10Be production) for a Ferrar Dolerite pyroxene with composition En34Fs25Wo42 (Zavala et al., 2011). The remaining 404 

terms in these equations yield the integrated muon flux at a given mass depth over time for a prescribed surface erosion 405 

rate (see Heisinger et al., 2002a for symbol definitions). We evaluate Equations 13 and 14 using the “Model 1A” 406 

MATLAB code of Balco (2017), with the parameter 𝛼 set to 1 (see discussion in Borchers et al., 2016; Balco, 2017).  407 

 Together, Equations 6–14 comprise a forward model that we use to predict 3He and 10Be concentrations in 408 

our core samples. We apply the known 3He production rate calculated using the primary production dataset of Borchers 409 

et al. (2016; see Sect 3.3), so our model has seven unknown parameters: the exposure duration, 𝑡; the surface erosion 410 

rate, 𝜺; the spallogenic 10Be production rate at sea level high latitude (SLHL), 𝑃!",)*,2343; the spallation attenuation 411 

length, 𝛬)*; the probability that negative muon capture creates 3He and 10Be,  𝑓$∗𝑓%𝑓& and 𝑓!"∗  (since 𝑓%𝑓& are known 412 

for 10Be for the target O), respectively; and a variable to account for the core measurement offset below 18 cm depth 413 

(see discussion in Sect. 3.1 regarding discrepancy between the drillers’ measurements on the core barrel and the 414 

recovered core length). We fit our model by minimizing the ꭓ2 misfit statistic, M:  415 

𝑀 =AB
𝑁!",*,D 	−	𝑁!",(,D

𝜎!",(,D
C
E

+	A

⎣
⎢
⎢
⎡ 𝑁$,*,- 	−	𝑁$,(,-

G𝜎$,(,-E +	𝜎$,-.-/0.)(.E
⎦
⎥
⎥
⎤
E

-D

 416 

(Equation 10) 417 

Where 𝑁1,* is the predicted cosmogenic-nuclide concentration, 𝑁1,( is the measured cosmogenic-nuclide 418 

concentration, 𝜎1,( is the associated measurement uncertainty, and 𝜎$,-.-/0.)(. is the uncertainty on the non-419 
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cosmogenic 3He concentration in Ferrar Dolerite. We impose the constraint that all parameters in this fitting exercise 420 

must be greater than zero, except the variable accounting for the core measurement offset below 18 cm, which can 421 

have any value.  422 

The exposure history of a sample is important for determining parameters associated with cosmogenic-423 

nuclide production, as burial and erosion affect the accumulation of cosmogenic nuclides throughout the rock column. 424 

Previous work suggests that the Labyrinth has been largely undisturbed since the mid-Miocene (Lewis et al., 2006; 425 

Sect. 2). We thus assume that the Labyrinth core site has not experienced burial since the mid-Miocene. Erosion, 426 

however, must be considered. Erosion advects rock from lower in the rock column towards the surface. In eroding 427 

rock, therefore, the measured nuclide concentration at any given depth accumulated at a range of depths with varying 428 

contributions from each of the muon production pathways. Therefore, the muon cross-sections and erosion rates cannot 429 

be determined simultaneously, since infinite combinations of the two could yield the measured nuclide concentrations.  430 

Because we cannot estimate all unknown parameters at the same time, we consider two end members that 431 

capture the possible ranges for the production rate parameters given our measured 10Be and 3He concentrations. In the 432 

first endmember scenario, we assume that the site has experienced a finite period of exposure, determined by the 433 

apparent 3He exposure age, and zero erosion. For the second endmember, we assume that the site has been exposed 434 

for a much longer time than the apparent exposure age (several 10Be half-lives) at a steady erosion rate. Based on those 435 

endmembers we can place limits on the parameters associated with 10Be and 3He in pyroxene.  436 

The steady erosion endmember affords a maximum value for spallation production of 10Be. Solving Equation 437 

5 for P10,sp,SLHL at the Earth’s surface yields: 438 

𝑃!",)*,2343 =	
F01(<01	=	

(
#$%

)

2,/(!/8
!(301	'	

(
#$%

)/
)
  (Equation 11) 439 

 440 

As 𝑡 → ∞, 𝑃!",)*,2343 = 𝑁!"(𝜆!" 	+	
:
9$%
)/𝑆25. Because 𝜀 must be between zero and 𝜀3 (the steady erosion rate from 441 

the 3He data; Sect. 4.1), 𝑃!",)*,2343 must be between (𝑁!" ∗ 𝜆!")/𝑆25 and 𝑁!"(𝜆!" 	+	
:*
9$%
)/𝑆25. 442 

The opposite is true for parameters associated with negative muon capture, where the steady erosion 443 

endmember yields a minimum value for 𝑓$∗𝑓%𝑓& and 𝑓!"∗  and the zero-erosion endmember yields a maximum. In 444 

eroding rock, advection brings up cosmogenic nuclides produced at depths where fast muons comprise the majority 445 

of production, meaning that, compared to the zero-erosion assumption, the steady-erosion assumption will yield 446 

cosmogenic-nuclide concentrations with a higher proportion produced by fast muons and a smaller proportion 447 

produced by negative muon capture. Because we prescribe values for the fast muon cross sections, the negative muon 448 

cross section decreases in our steady erosion model to accommodate the fast-muon-produced inventory advecting up 449 

from below. Therefore, the steady erosion endmember yields minimum values for 𝑓$∗𝑓%𝑓& and 𝑓!"∗  and the zero-erosion 450 

endmember will give maximum values for 𝑓$∗𝑓%𝑓& and 𝑓!"∗ . In sum, the zero-erosion endmember will produce a lower 451 

limit on the spallation production rate and an upper limit on parameters associated with nuclide  452 
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 production by negative muon capture, and the steady erosion end member affords an upper limit on the spallation 453 

production rate and a lower limit on the negative muon capture parameters. The optimal values for the production 454 

parameters for each end member are listed in Table 4. 455 

 456 

Zero-erosion endmember  457 

 In the 𝜀 = 0 cm yr-1 endmember, there remain six unknown parameters: 𝑡, P10,sp,SLHL, 𝛬)*, 𝑓$∗𝑓%𝑓&, and 𝑓!"∗ , 458 

and a variable to account for the core measurement offset below 18 cm. The minimum value of the 𝜒2 statistic, M, is 459 

111 for 24 degrees of freedom (30 samples minus 6 fitting parameters), resulting in a reduced 𝜒2 value of 4.6.  Because 460 

the residuals do not appear systematic (Fig. 5), the likely reason for this high 𝜒2 value is errors unaccounted for in the 461 

misfit statistic, such as the uncertainty associated with interlaboratory standardization.  462 

The results of this fitting exercise are shown in Fig. 5. The best-fitting parameter values for the zero-erosion 463 

case are 𝑡 = 1.18 Ma, which agrees with the apparent 3He age at the surface (1.24 Ma; Sect. 4.1). Optimal values for 464 

spallation-related parameters in this model are P10,sp,SLHL = 2.82 atoms g-1 yr-1 and 𝛬)* = 142 g cm-2. As discussed 465 

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 466 

the P10,sp,SLHL confidence interval found in Eaves et al. (2018; 3.6 ± 0.8 atoms g-1 yr-1). The fitted value for 𝛬)*is close 467 

to other estimates of the spallation attenuation length in Antarctica (140 g cm-2; Gosse & Phillips, 2001), although the 468 

attenuation length is expected to vary slightly for different nuclides and lithologies (Argento et al., 2015). The best-469 

fitting value for the measurement offset below 18 cm is 2.12 cm.  470 

The optimal values for parameters related to negative muon capture in this scenario are 𝑓!"∗ = 0.00534 and  471 

𝑓$∗𝑓%𝑓&= 0.05783. Again, the zero-erosion end member should yield maximum constraints for these parameters. The 472 

optimal value for 𝑓!"∗  is the same magnitude as 𝑓!"∗  for quartz (0.00191; Balco, 2017), while the value for  𝑓$∗𝑓%𝑓& is 473 

an order of magnitude higher than the expected value of 0.0045 for standard rock (Nesterenok & Yakubovich, 2016).  474 

 475 

Table 4 - Optimal values for production parameters for 10Be in pyroxene.   

  

Exposure age 

(Ma) 

Erosion rate 

(cm Myr-1) 

P10,sp,SLHL 

(atoms g-1 yr-1) 

f10* 

(dimensionless) 

f3*fCfD 

(dimensionless) 

Zero-erosion endmember 1.18 - 2.82  0.00534 0.05783 

Steady-erosion endmember - 41.1 3.36 0.00183 0.00337 
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Steady-erosion end member 476 

For the steady erosion end member, we impose an exposure duration of 14.5 Ma based on 39Ar/40Ar ages on 477 

in situ ash deposits that suggest the Labyrinth formed by ~14–15 Ma (Lewis et al., 2006; Sect. 2). With that 478 

assumption, the remaining free parameters are 𝜀, P10,sp,SLHL, 𝛬)*, 𝑓$∗𝑓%𝑓&, and 𝑓!"∗ , and the depth measurement offset 479 

below 18 cm. The same fit is achieved as the zero-erosion case, with a minimum value M = 111 for 24 degrees of 480 

freedom (reduced 𝜒2 = 4.6).  481 

Fig. 6 gives the results of the steady-erosion exercise. The optimal erosion rate over 14.5 Ma is 41.1 cm Myr-482 
1, which agrees with the steady-state erosion rate calculated using the measured 3He concentration at the surface (Sect. 483 

4.1). Under the steady-erosion assumption, the best-fitting P10,sp,SLHL is 3.36 atoms g-1 yr-1 and the optimal 𝛬)* = 144 484 

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 485 

Eaves et al. (2018). The best-fitting value for the depth measurement offset below 18 cm is 2.05 cm.  486 

 

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.  
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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.  

The optimal values for parameters related to negative muon capture for the steady-erosion assumption are 487 

𝑓!"∗ = 0.00183 and  𝑓$∗𝑓%𝑓&= 0.00337. Here, the value for 𝑓!"∗ 	is nearly identical as 𝑓!"∗  for quartz (0.00191; Balco, 2017). 488 

In this scenario, however, the optimal 𝑓$∗𝑓%𝑓& is also the same magnitude as the expected value from standard rock 489 

(Nesterenok & Yakubovich, 2016). The fitted values for P10, sp,SLHL, 𝑓!"∗  and 𝑓$∗𝑓%𝑓& for the steady-erosion endmember 490 

are closer to the expected values than for the zero-erosion endmember, and there is no geomorphic evidence against 491 

steady erosion taking place at the Labyrinth core site. Therefore, going forward, we assume steady erosion for the 492 

Labyrinth core and use the muon cross-sections derived under this assumption for calculating muon production rates. 493 

5.1.2 Spallation production in the surface samples 494 

 Here, we derive upper and lower limits on the spallation production rate of 10Be in pyroxene using the 10Be 495 

and 3He concentrations the six surface samples by again imposing the zero-erosion (lower limit) and steady-erosion 496 

(upper limit) end members described in Sect. 5.1.1. All calculations of the muon production rates are made using the 497 

“Model 1A” MATLAB code of Balco (2017), with the parameter 𝛼 set to 1 (Balco, 2017; Borchers et al., 2016), the 498 

fast muon reaction cross-sections described in Sect. 5.1.1, and the negative muon capture cross-sections resulting from 499 

the steady erosion endmember for the Labyrinth core.  500 
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For the zero-erosion case, we solve the equation 501 

𝑃!",)*,2343,(1- 	= 𝜆!" ∗ 	
(F01,5	/	F01,6)

2/789:	∗	2,/	∗	(!/8!301/)
 (Equation 12) 502 

for each sample. Here, t is the 3He apparent exposure age, 503 

𝑡	 = 	 F*,5
(6*,$%,,-.-	∗	2/789:	∗	2,/)	=	6*,;

 (Equation 13).  504 

Where 𝑃$,+ is the total production rate by muons. For the sake of simplicity, we assume that the muon production rate 505 

at the center of the sample (sample thickness/2) is equivalent to 𝑃$,+ in the sample (Balco et al., 2008). We then 506 

calculate N10, mu by evaluating Equations 7 and 9 using the “Model 1A” MATLAB code for exposure duration 𝑡. 507 

 For the steady-erosion case, we assume that each surface has reached saturation with respect to spallation 508 

production and decay. To find the maximum 𝑃!",)*,2343 we solve the equation, 509 

𝑃!",)*,2343,(GA 	= 	 (𝑁!",( 	−	𝑁!",H) ∗
(<01	=	

(
#$%

)

2/789:	∗	2,/
 (Equation 14) 510 

for each sample. Here, the steady erosion rate 𝜀 is estimated for each sample by inverting our measured 3He 511 

concentrations using a forward model comprising Equations 1, 4, 6, and 8 and an exposure duration of 14.5 Myr. We 512 

again calculate the muon production rate at the sample midpoint, and set 𝛬)* = 140, so that the only free parameter in 513 

the model is the erosion rate. We fit the model by minimizing the misfit statistic,  514 

𝑀	 =

⎣
⎢
⎢
⎡ 𝑁$,* 	−	𝑁$,(

G𝜎$,(E +	𝜎$,-.-/0.)(.E
⎦
⎥
⎥
⎤
E

 515 

The optimal erosion rate is then used in Equation 14 to solve for the upper limit on the 10Be spallation production rate.  516 

Together, the zero-erosion and steady-erosion cases yield an allowable range for 𝑃!",)*,2343		given the 517 

measured cosmogenic-nuclide concentrations in each surface sample. We take the uncertainty on each value to be the 518 
3He measurement error, 10Be measurement error, and the error on the 3He production rate (11%), propagated in 519 

quadrature.  520 

Fig. 7 shows the resulting limits for 𝑃!",)*,2343. The minimum values from the zero-erosion end member 521 

range from 3.2–3.7 atoms g-1 yr-1 and the maximum values from the steady-erosion endmember range from 3.9–4.8 522 

atoms g-1 yr-1. The overall production rate range encompassed by the surface samples (3.2–4.8 atoms g-1 yr-1) overlaps 523 

with the limits from the Labyrinth core (2.8–3.4 atoms g-1 yr-1). 524 

5.1.3 Spallation production rate for 10Be in pyroxene 525 

  Now we combine the complementary information derived from the six surface samples and the Labyrinth 526 

core to define a summary distribution for 𝑃!",)*,2343 in pyroxene. The true value for 𝑃!",)*,2343 should fall somewhere 527 

between the highest of the lower limits, and the lowest of the upper limits, of the whole dataset. Therefore, we assume 528 

that there is a uniform probability for all production rate values that fall between these limits. To derive a summary 529 

distribution using this assumption, we perform a Monte Carlo simulation with 1e5 iterations. Our summary 530 

distribution is described as,  531 
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A
𝑓1(𝑥)
∑𝑓1(𝑥)

	𝑤ℎ𝑒𝑟𝑒	𝑓1(𝑥) = T
1, 𝑚𝑎𝑥X𝑃!",)*,(1-,!…𝑃!",)*,(1-,DZ < 𝑥 < 𝑚𝑖𝑛X𝑃!",)*,(GA,!…𝑃!",)*,(GA,DZ	

0, 𝑥 < 𝑚𝑎𝑥X𝑃!",)*,(1-,!…𝑃!",)*,(1-,DZ	𝑜𝑟	𝑥 > 𝑚𝑖𝑛X𝑃!",)*,(GA,!…𝑃!",)*,(GA,DZ

-

1I!

 532 

Here, x is any potential value for the 10Be production rate. P10,sp,min and P10,sp,max are lower and upper limits, 533 

respectively, on the 10Be production rate for sample j. For each Monte Carlo iteration n, P10,sp,min and P10,sp,max are 534 

randomly drawn from a normal distribution with the mean and standard deviation of these values found in Sects. 5.1.1 535 

and 5.1.2. 536 

Fig. 7 shows the resulting summary distribution. The distribution is approximately Gaussian, with a mean of 537 

3.6 and a standard deviation of 0.2. Therefore, the likely value for the 10Be spallation production rate in pyroxene from 538 

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 539 

for samples from the mid-latitudes (Eaves et al., 2018), but offers an improvement on the relative uncertainty of this 540 

value from ~20% to ~5%.  541 

 

Figure 7: Spallation production rate for 10Be in pyroxene. Top: Minimum and maximum values for P10,sp. Gray lines 
show uncertainty on each value. Bottom: Summary distribution of P10,sp. Black line shows results from Monte Carlo 
simulation described in Sect. 5.1.3. Red line shows the Gaussian distribution constructed using the mean and standard 
deviation from the Monte Carlo results. Text shows the most likely value for P10,sp given the summary distribution. 
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5.2 Applications for 10Be in pyroxene 542 

Based on the presented spallation production rate 3.6 ± 0.2 atoms g-1 yr-1, we now explore the potential of 543 
10Be in pyroxene for quantifying ice-sheet and landscape change. On 106-year timescales, the relative precision of 544 
10Be in pyroxene (~2%) allows for simultaneously resolving exposure-ages and erosion-rates using the 10Be-3He pair. 545 

Fig. 8 shows a 10Be-3He two-nuclide diagram (e.g., Nishiizumi et al., 1991), constructed using our estimate for the 546 

spallation 10Be production rate in pyroxene. Our sample concentrations are located in distinct positions throughout the 547 

two-nuclide diagram, generally between the constant exposure and steady-erosion lines, meaning that our samples 548 

have experienced a range of erosion rate/exposure duration combinations. With 3He alone, we found apparent 549 

(minimum) exposure ages of ~1–6 Ma for the surface samples. Including 10Be shows that those data are better 550 

explained with ~2–8 Ma of exposure at erosion rates of ~0–35 cm Myr-1, highlighting the power of this novel two-551 

nuclide approach in pyroxene.  552 

Canonically, the Dry Valleys landscape formed ~14.5 Myr ago and has been preserved by extremely low 553 

erosion rates since that time (e.g., Denton & Sugden, 2005; Lewis et al., 2006; Sect. 2). Yet, the oldest surface in our 554 

dataset is ~8 Ma when considering erosion, with samples 444 and 439 having exposure ages closer to ~2 Ma (except 555 

for the Labyrinth core, which we assume has been exposed for 14.5 Myr under steady erosion for the production rate 556 

calibration; Sect. 5.1.1). Although our dataset is limited, the fact that several samples have cosmogenic-nuclide 557 

concentrations inconsistent with 14.5 Myr of exposure may suggest that the Dry Valleys landscape is more dynamic 558 

than once hypothesized, involving either subaerial erosion, burial by ice, or both (Middleton et al., 2012). Applying 559 

the 10Be-3He pair in the Dry Valleys and across Antarctica, where much of the exposed rock is mafic Ferrar Dolerite, 560 

will yield more accurate exposure histories for understanding ice-sheet and landscape change. 561 

In addition to multi-nuclide applications, an obvious use of 10Be in pyroxene is surface exposure dating. At 562 

the sample sizes used in this study (0.1–0.2 g pyroxene), 10Be in pyroxene is an ideal exposure chronometer in 563 

landscapes like the Dry Valleys, where, owing to long exposure durations at low erosion rates, 10Be concentrations 564 

are high (~106–107 atoms g-1). Applying 10Be in pyroxene for younger landscapes, however, would require increasing 565 

the sample size. Eaves et al. (2018), successfully extracted beryllium from 1–2 g of pyroxene using larger resin 566 

volumes for cation exchange chromatography than we used here, so an increase to 2 g (or more) of pyroxene is likely 567 

possible by combining our pH 8 precipitation step with slightly larger cation resin volumes. Using the relative 568 

uncertainties associated with our reported 10Be concentrations (Table S1; Sect. 3.2.3) and assuming 2 g as a plausible 569 

larger sample size, we can estimate the relative uncertainties related to different exposure durations. To achieve 570 

relative uncertainties of ~5%, we would need to measure ~1.2 x 105 atoms of 10Be (Fig. S3). At a sample size of 2 g, 571 

this equates to 6 x 104 atoms g-1, or ~17 ka at high-latitude sea level and ~4 ka at 2000 m elevation at high latitude. A 572 

threshold of 15% uncertainty would require measurement of 3 x 104 atoms of 10Be, or, at 2 g of pyroxene, a 10Be 573 

concentration of 1.5 x 104 atoms g-1. This is equal to ~4 ka at high-latitude sea level or ~1 ka at 2000 m elevation at 574 

high latitude. A prime target area for applying 10Be in pyroxene to evaluate glacier change in the Late Holocene is the 575 

high-altitude tropical Andes, where moraine boulders are derived from pyroxene-bearing lava flows (e.g., Bromley et 576 

al., 2011). Using 2g of pyroxene from moraines at 4000 m elevation in the tropics, would yield 5% uncertainty for 577 

exposure ages of 2 ka and 15% uncertainty for exposure ages of 500 years. Importantly, the number of 10Be atoms 578 
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associated with both of these uncertainty thresholds is greater than the average number of 10Be atoms in our blanks 579 

(5.7 x 103 10Be atoms; Table S2). Therefore, a relatively modest increase in the sample size used here would therefore 580 

make 10Be exposure dating in pyroxene useful in landscapes with Last Glacial Maximum to Late Holocene exposure 581 

ages.  582 

 

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 sampling 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% confidence intervals based on measurement uncertainties. The 10Be concentration 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 endmember with 14.5 Myr of exposure. 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 
measured 10Be and 3He concentrations in the surface samples are consistent with ~2–8 Ma of exposure and ~0–35 cm 
Myr-1 erosion. 

https://doi.org/10.5194/egusphere-2022-1379
Preprint. Discussion started: 21 December 2022
c© Author(s) 2022. CC BY 4.0 License.



30 

6 Conclusions 583 

 We measured 10Be in Ferrar Dolerite pyroxenes from the McMurdo Dry Valleys, Antarctica with apparent 584 
3He exposure ages of 1–6 Ma. To facilitate the beryllium isolation from pyroxene, we added a pH 8 precipitation to 585 

remove Ca, Mg, Na, reducing the cation load prior to ion exchange chromatography. We also found that with ~20% 586 

sample dissolution through HF leaching, 10Be concentrations stabilized, suggesting complete removal of meteoric 587 
10Be, even in our samples with 106-year exposure durations. Our 10Be/9Be ratios ranged from 5 x 10-13 to 4 x 10-15 for 588 

samples with 10Be concentrations from 4 x 10-15 to 6 x 10-13 atoms g-1, with relative uncertainties of 2–9%. The average 589 

blank contained 5.7 x 103 atoms 10Be, and blank corrections ranged from <1% in the surface samples to 7% at 1.6 m 590 

depth in the Labyrinth bedrock core. We derived a 10Be spallation production rate in pyroxene of 3.6 ± 0.2 atoms g-1 591 

yr-1 using 10Be and 3He concentrations in the six surface samples and the Labyrinth drill core. Our analysis of the 592 

Labyrinth core also yields the first direct constraints of the cross-sections for 10Be and 3He production by negative 593 

muon capture (𝑓!"∗ = 0.00183 and  𝑓$∗𝑓%𝑓&= 0.00337).  594 

Given the measurement precision, low 10Be laboratory blanks and the production rate reported here, 10Be in 595 

pyroxene can now be applied for surface exposure dating, burial dating, and erosion quantification. For example, we 596 

estimate that surfaces exposed for 2 ka at 4000 m in the Tropical Andes could be dated with 5% uncertainty using our 597 

beryllium extraction methods for pyroxene. Furthermore, the application of the 10Be-3He pair in pyroxene reveals that 598 

our cosmogenic-nuclide concentrations in surface samples located throughout the Antarctic Dry Valleys are consistent 599 

with ~2–8 Ma of exposure at 0–35 cm Myr-1, offering more insight into the ice-sheet and denudation histories of the 600 

Dry Valleys than does 3He alone. With this dataset, we observe that locations throughout the Dry Valleys have a range 601 

of exposure and erosional histories. Expanding the use of the 10Be-3He pair beyond surfaces that appear stable/low-602 

erosion will yield further insight into this Antarctic landscape that is likely more dynamic than once hypothesized. In 603 

Antarctica and beyond, the 10Be-3He nuclide pair opens new opportunities for more accurately quantifying glacier and 604 

landscape histories in mafic rocks.   605 
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