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S1. Redetermining surface sample locations and elevations  

The six surface samples used in this work were originally collected in the early 1990s and 

described in publications by Schäfer et al. (1999) and Bruno et al. (1997). The publications did 

not include accurate latitude and longitude information, but rather the feature name and sample 

elevation (Table 1). Furthermore, it is likely that the elevations that were recorded using a 

pressure-based altimeter or early handheld GPS may not be accurate. In the absence of original 

field notebooks and photographs of the field sampling in the mid 1990s, we redetermined sample 

locations by comparing the reported elevations in Schäfer et al. (1999) to the U.S. Geological 

Survey topographic map of Taylor Glacier (1988), viewed in Quantarctica Version 3 (Matsuoka 

et al., 2021). Latitudes and longitudes were approximated by locating the reported elevation on 

the feature of interest (Table 1). These latitudes and longitudes are approximate, but the exposure 

ages, erosion rates and production rates presented in the main text are sensitive mainly to the 

elevation of the samples. 



Elevations reported in Schäfer et al. (1999) for samples 446s (1530 m) and 464 (1515 m) 

collected from Mt. Insel are up to 120 m higher than the Mt. Insel summit elevation on the U.S. 

Geological Survey topographic map of Taylor Glacier (1988) of 1410 m (Table 1). To account 

for this discrepancy, we subtract 120 m from the elevations for those two samples reported in 

Schäfer et al. (1999) and use elevations of 1410 m and 1395 m for samples 446s and 464, 

respectively. The elevations reported in Schäfer et al. (1999) for samples 318, 439, NXP 93*52, 

and 444 can be located on their respective landscape features (Table 1); therefore, we have no 

reason to believe that major inaccuracies exist for those reported elevations.  

 As a sensitivity test, we quantify the effect of subtracting 120 m from all surface sample 

elevations under the assumption that all elevations reported in Schäfer et al. (1999) have 100-m-

scale inaccuracies. Although the individual maximum and minimum values for 𝑃!",$%,&'(' 

increase by ~5–7% when lower elevations are implemented, the change in value for  𝑃!",$%,&'(' 

resulting from the exercise described in Sect. 5.1.3 of the main text  is relatively minor, from 3.6 

± 0.2 to 3.7 ± 0.2 atoms g-1 yr-1.  

In summary, we perform our calculations in the main text using elevations for samples 

446s and 464 that are 120 m lower than reported in Schäfer et al. (1999), based on the USGS 

topographic map of the region. There is no evidence that samples 318, 439, NXP 93*52, and 444 

have inaccurate elevations in Schäfer et al. (1999), so we do not alter elevations for those 

samples in the calculations performed in the main text, although doing so by ~100 m would not 

affect our conclusions.  

 



S2. Discrepancy in 3He concentrations between labs 

 As shown in the main text, the 3He concentrations in the CRPG-prepared samples are 

consistently ~15% lower than those prepared at BGC and LDEO. Photos of the CRPG-prepared 

samples reveal that some plagioclase may still have adhered to the pyroxene grains used for 

helium analysis (Fig. S1), which could explain the lower 3He concentrations in the CRPG 

samples, as plagioclase does not quantitatively retain 3He (Cerling, 1990). Neither the BGC nor 

CRPG samples were HF-leached, although the consistency between the CRONUS-P-normalized 

3He concentrations measured at BGC and LDEO suggests that the BGC pyroxenes were mostly 

free of plagioclase. To test the hypothesis that the CRPG-prepared LABCO samples contain 

feldspar, and the BGC LABCO samples do not, we estimate the mix of feldspar and pyroxene in 

those samples using major element data measured by ICP-OES (Tables S3, S4, and S5). In 

general, the predicted elemental composition of a sample is given as the weight percent of each 

mineral in the sample multiplied by the elemental composition of that mineral: 

 

Here, %Ej, p is the predicted weight percent of a given element in a sample, %mi is the weight 

percent of a given mineral within that sample, and %Ej, i is the weight percent of element j in a 

reference composition for mineral i. We assume that the CRPG-prepared and BGC-prepared 

samples are made up of some combination of pyroxene, feldspar, and magnetite. For feldspar, we 

use reference compositions of albite (Kracek and Neuvonen, 1952) and anorthite (Subramaniam, 

1956) as endmembers. As a reference pyroxene composition, we use our ICP-OES 

measurements on the HF-etched LABCO pyroxenes, under the assumption that those are pure 

pyroxene and are representative of a typical Ferrar Dolerite pyroxene. The elements Fe, Al, Ca, 



Na and Mg display the largest change across reference materials, so we use the weight percent of 

those elements in our calculation. We estimate the percentage of each mineral in the average 

CRPG- and BGC-prepared samples by minimizing the sum of squared offsets: 

𝑀 =	%(	'%𝐸!,$	%𝐸),$	. . . %𝐸*,$+ − '%𝐸!,%	%𝐸),%	. . . %𝐸*,%+))
*

 

(Equation S1) 

Where %Ej,s is the measured weight percent of each element in the sample and %Ej, p is the 

predicted weight percent of each element from Equation S1. We find that, given the elemental 

composition, the samples prepared at CRPG contain ~13% plagioclase (~7% albite and 6% 

anorthite) and 4% magnetite. Despite the similar 3He concentrations among the BGC and LDEO 

samples, using the LDEO pyroxene composition in this fitting method for the BGC samples 

suggests they contain ~5% albite and 5% magnetite. Although plagioclase and magnetite are 

visible in the BGC pyroxenes as well (Fig. S1), the lack of an elevated Al concentration and the 

consistency with the LDEO 3He concentrations suggests that contamination by ~5% plagioclase 

does not significantly alter the 3He concentrations. Furthermore, the production rate of 3He in 

magnetite is similar to that in pyroxene, and 3He is quantitatively retained in magnetite, so the 

presence of small amounts of magnetite likely did not have a large effect on the 3He 

concentrations. Nevertheless, the discrepancy in 3He concentrations between labs confirms the 

need to carefully separate pyroxene grains for helium analysis, with HF leaching being the most 

efficient and complete way to remove adhering feldspars. 



 

Figure S1: Pyroxene grains from CRPG-prepared sample DOL-17 (left) and BGC-prepared 
sample LABCO_155_157 (right). White minerals adhering to the grains are plagioclase, and 
darker opaque minerals are likely magnetite.  
 

 HF leaching of pyroxene grains also reduces the 4He concentrations, raising the 3He/4He 

ratio (Bromley et al., 2014; Blard and Farley, 2008). The CRPG- and BGC-prepared samples 

have similar 4He concentrations, while the 4He concentrations in the LDEO-prepared samples are 

significantly lower (Fig. S2). Not only did we find the HF leaching efficient in removing 

meteoric 10Be (see main text), but the comparison of 4He concentrations among labs reiterates 

the value in HF leaching for increasing the 3He/4He ratio when making helium measurements. 



 

Figure S2: 4He concentrations in LDEO-, BGC-, and CRPG-prepared pyroxene separates. The 
HF-leached LDEO-prepared samples are 40% lower than the BGC- and CRPG-prepared 
pyroxenes, which were not HF leached.  
 
 



S3. Quantifying 3He production by fast muons 

 3He measurements on pyroxene and ilmenite from the 300-m-long Cheney drill core from 

the Columbia River Basalt in Washington, USA provide unambiguous evidence for the 

production of 3He by muons at a rate of 0.23–0.45 atoms g-1 yr-1 at sea-level high latitude (Larsen 

et al. 2021). Here, we use the 3He measurements of Larsen et al. (2021) below 2000 g cm-2 depth 

to estimate the fast muon cross-section for 3He and the concentration of nucleogenic 3He present 

in the Columbia River Basalt. At these depths, the measured 3He concentration includes 3He 

produced by fast muons and nucleogenic 3He: 

 

𝑁+,, 	= 	𝑁+,-. 	+ 	𝑁+,/01 	(Equation S2) 

 

𝑁+,, (atoms g-1) is the measured 3He concentration, 𝑁+,-. (atoms g-1) is 3He produced by fast 

muon reactions, and 𝑁+,/01 (atoms g-1) is nucleogenic 3He.  

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

𝑁+,-. = 𝜎",+𝑁23$345 ∫ 𝛽(𝑧)𝜙(𝑧)𝐸56(𝑧)𝑑𝜏5
"  (Equation S3) 

Here, 𝜎",+ is the cross-section for nuclide production by fast muons, 𝑁23$345 is the number of 

target atoms g-1 in standard basalt, assuming all elements are targets (2.74 x 1022 atoms g-1; 

average atomic mass 22). We assume an exposure duration, 𝑡, of 16.6 Ma, which marks the onset 

of the Grande Ronde Basalt eruption (Kasbohm and Schoene, 2018). The remaining terms in 

these equations yield the integrated muon flux at a given mass depth over time for a surface 

erosion rate of zero (see Heisinger 2002a for symbol definitions). We evaluate Equation S2 with 

the “Model 1A” MATLAB code of Balco (2017), with the parameter 𝛼 set to 1 (see discussion in 

Borchers et al., 2016; Balco 2017).  



 Equations S1 and S2 comprise a forward model that we use to predict 3He concentrations 

below 2000 g cm–2 depth in the Cheney drill core. We fit our model by minimizing the ꭓ2 misfit 

statistic, M:  

𝑀 =	%:
𝑁+,%,/ 	− 	𝑁+,,,/

𝜎+,,)
;
)

/

 

 (Equation S4) 

where 𝑁+,% is the predicted cosmogenic-nuclide concentration, 𝑁+,, is the measured cosmogenic-

nuclide concentration, 𝜎+,, is the associated measurement uncertainty. Following Larsen et al. 

(2021), all 3He concentrations measured in ilmenite were converted into pyroxene equivalents 

using a pyroxene/ilmenite production ratio of 0.78 (Larsen et al., 2019). The best-fitting values 

for the free parameters in the model are 𝜎",+ = 6.01 µb and and 𝑁+,/01 = 5.87 x 106. 

 

S4. Estimating relative uncertainties for 10Be in pyroxene 
 

 



Figure S3 - 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.  
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