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Supplemental Information for Marrero et al. 2018: Controls on subaerial erosion rates in 

Antarctica 

1. Sample Collection 

The samples were collected during two consecutive field seasons in Antarctica (2012/2013 & 

2014). Bedrock samples were collected from many areas within the Marble Hills. All samples were 

collected as thin pieces or chips from the surface of carbonate bedrock. Samples referred to as 

‘qualitative’ indicate the first batch of samples, which did not include sufficient carrier and caused 

them to be out of the calibrated measurement range for the AMS. These samples are excluded from 

all analyses although they are included here and in the Supplementary Spreadsheet. 

  

Figure Figure S1 – MH12-30/MH12-31 (Marble Dome).  
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Figure S2 – MH12-Core (Marble Dome). The 1.6 m core was drilled at the highest point visible (above 

the people) on the ice-moulded bedrock in the foreground. Several MH12 core sections are shown, 

including 0-5 cm (processed), 95-105 cm, 126-130 cm, and 132-149 cm.  

 

Figure S3 - MH12-32 (Marble Dome). Calcite vein.  

 

Figure S4 - MH12-68 on Mt. Fordell. Qualitative samples MH12-69 and MH12-70 were also collected 

from this location. 
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Figure S5 - MH12-75 (Complex exposure area).  

 

   

Figure S6 - MH14-13 (Complex exposure area) 
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Figure S7 - MH14-31 (Complex exposure area) 

 

  

Figure S8 - MH12-74 (Qualitative sample; Complex exposure area) 
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Figure S9 - MH14-15. 
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Figure S10 – MH14-38 

 

Figure S11 – MH14-21 
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Figure S12 – MH14-37 

 

2. Sample Processing 

The samples were processed at the University of Edinburgh cosmogenic nuclide lab. The 

processing at University of Edinburgh is detailed below.  

Detailed sample photos were taken in the lab. All samples were thin enough that they were not 

trimmed prior to crushing. Crushing was performed in a jaw crusher first and then finished in a small 

disk mill. Samples were crushed until most of the sample was 210-750 micrometers. The samples 

were split using the cone-and-quarter method to obtain both the sample and a quantitative sample 

for XRF analysis of the bulk rock. The fractions <210 and >750 microns were also split and combined 

in appropriate amounts so the entire rock was represented in the XRF sample. Due to the very low Cl 

contents of the samples, only a couple of bulk rock composition samples were done for each rock 

type and then those average results were used for all similar samples. The composition of the rock is 

similar across lithologies and choice of bulk/trace composition does not significantly affect the 

results. The XRF analyses were performed at the University of Edinburgh. ICP-OES and neutron 

activation (B only) were performed at SGS Mineral Services, Inc. (Toronto, Canada). Density was not 

measured and was assumed based on averages for the rock type and was given a larger uncertainty 

to account for this.  

The sample was placed in an HDPE plastic single-use bottle and etched with small amounts of 

dilute nitric acid until approximately 20-30% of the sample material had been removed. The samples 

were dried in the oven and then weighed into new, water-washed plastic bottles for dissolution. 

Sample amounts varied between 0.5 g and 5 g for quantitative samples and ~30 g for qualitative 

samples, with ~1.5-5 mg of 35Cl carrier (ORNL, batch 150301). Pure carrier solution was mixed with 

Fisher NaCl to achieve a final 35Cl/37Cl carrier ratio of approximately 20. The samples were dissolved 
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by repeatedly adding small amounts of 2M nitric acid over several hours (covered between 

additions). When the samples were completely dissolved, they were centrifuged into water-washed 

disposable plastic centrifuge tubes. The undissolved material was dried, weighed, and subtracted 

from the sample size.   

The target material, AgCl, was precipitated using AgNO3 added to the warm sample solution and 

allowed to cool and settle overnight. The AgCl was purified through dissolution and reprecipitation. 

Sulphur was removed using a week-long removal step using BaNO3. The samples were rinsed, dried, 

pressed into copper cathodes, and measured at the AMS facility at SUERC. For any further details 

about the laboratory procedure, contact Shasta Marrero, Andy Hein (andy.hein@ed.ac.uk), or the 

laboratory manager at the University of Edinburgh cosmogenic nuclide lab.  

The 36Cl and total Cl were calculated from the AMS results using the method used by the Purdue 

PRIME Lab (Marc Caffee and Greg Chmiel, pers. communication, 7 April 2018), which is based on the 

principles in Faure (1987). This gives nominal results similar to the results calculated using Wilcken et 

al. (2013). However, the blank subtraction assumptions made by Purdue more closely resemble our 

method, so the uncertainties from this method were adopted to calculate the final values.   

Blank subtractions for total Cl were generally small (<5%), although up to 12% for very low-Cl 

samples. Blank subtractions for 36Cl concentrations were <0.5% for most samples, although slightly 

larger for the lower elevation samples with lower concentrations. Sample concentrations were 

corrected using process blanks processed at the same time as the samples as well as pure spike 

blanks processed separately. 36Cl concentrations were blank-corrected on a per batch basis. The 

supplemental spreadsheet has the original AMS results and blank subtraction information for each 

sample.  

Sample erosion rates can be calculated with varying degrees of uncertainty. For comparison, 

these samples have been run with full uncertainties (external) as well as a reduced uncertainty 

(production rate uncertainty and AMS uncertainty only). The batch of samples that were out of 

range when measured using AMS are being used in a qualitative fashion only. Erosion rate results 

from these qualitative samples and the different uncertainty comparisons for the main samples are 

all included in the Supplemental Spreadsheet, with additional information that would be needed to 

recreate these results (e.g. original AMS results, composition, sample mass).  

 

3. Erosion rate calculations 

For stable nuclides (3He and 21Ne), CRONUScalc assumes steady-state via long-term exposure 

and solves Equation S1 (Equation 4.26 in Dunai (2010); originally from Lal (1991)) for the erosion rate 

(𝜀), using the given density (𝜌), the measured nuclide concentration (𝐶𝑡𝑜𝑡𝑎𝑙), and the attenuation 

length (Λ𝑖) calculated by CRONUScalc. The production rates (𝑃𝑖) are discussed explicitly in the next 

section. This equation has been simplified because only one production pathway (spallation) was 

considered and only at the surface. This method only applies to stable nuclides and is only applicable 

for Lal/Stone time-independent scaling.  

𝐶𝑡𝑜𝑡𝑎𝑙 = ∑
𝑃

𝜌𝜀/Λ𝑖     Eqn S1 

For all other nuclides, erosion rates were calculated by assuming an infinite age for the 

sample (>> 6 half-lives) and then iteratively changing erosion rate and predicting the resulting 

nuclide concentration until the predicted concentration matched the observed value. This method is 

applicable to all unstable nuclides and for all scaling models.  

mailto:andy.hein@ed.ac.uk
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Most production rates used in the default version of CRONUScalc were calibrated as part of 

the CRONUS-Earth Project and can be found in Borchers et al. (2016) for the spallation production 

rates, Phillips et al. (2016) contains the uncertainties on the production rates as well as muon 

calibration information for 26Al and 10Be, Marrero et al. (2016) for all values pertaining to 36Cl.  

Ne was added to the CRONUScalc code and was modelled was modelled after the existing 

code for 3He and only includes spallation production. The 21Ne production rate is tied to the total 

CRONUScalc 10Be production rate (assuming 1.5% production from muons49) with a 21Ne/10Be ratio of 

4.08 ± 0.3748, resulting in a 21Ne production rate of 16.26  ± 1.96 atoms g-1a-1 at sea level, high latitude 

scaled according to nuclide-dependent Lifton-Sato-Dunai model (Balco and Shuster, 2009; Borchers et 

al., 2016; Lifton et al., 2014). There are several other alternative 21Ne production rates (all converted 

to be consistent with Lifton-Sato-Dunai scaling): 14.5 (Amidon et al., 2009), 18.0 (Vermeesch et al., 

2009), and 18.9 (Niedermann et al., 1994). The Balco and Shuster48 rate was used because it is based 

on ratios tied to 10Be instead of 26Al, it uses a relatively large dataset compared to other 21Ne studies, 

it was performed using Antarctic samples, and the resulting rate falls in the middle of the production 

rate range. These results compare well with the new Version 3 calculator 

(https://hess.ess.washington.edu/) results for 21Ne. We use the results from this modification to 

remain internally consistent with production calculations.  

Although many previous comparisons of erosion rate results were limited to a single nuclide 

(cf. Portenga and Bierman, 2011), additional nuclides are necessary for representation from non-

quartz-bearing lithologies. CRONUScalc was used to calibrate across multiple nuclides in the original 

calibration, including multiple nuclides in the same quartz splits (Al, Be, 14C) and He and Cl in the same 

basalt flows, so there is no reason to doubt internuclide comparisons. Figure S13 shows the 

comparison of results from different nuclides for individual samples. Although there were systematic 

offsets between Ne and Be for some studies, these were also noted by the original authors of the 

studies, so our results are consistent with the original findings. Figure S14 shows all the sandstone 

erosion rates broken down by nuclide. There is no statistically significant difference between the 

populations. 

https://hess.ess.washington.edu/
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Figure S13 – Individual sample comparison of recalculated results for different nuclides.  
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Figure S14 – Sandstone erosion rates shown for different nuclides. The groups represent 21 Ne (Ne), 

samples with 10Be only (Be), and samples with both 26Al and 10Be on the same sample (Al/Be).  
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5. Notes on Excluded Samples 

There were originally 283 individual analyses extracted from the literature. For various reasons 

outlined below, 55 analyses were removed. Condensed samples by averaging duplicate analyses on 

the same sample using the same nuclide and removed 34 samples. The total number of analyses 

used in the final compilation: 194. 

Removed samples:  

 

Missing information (4): Bruno 1997 (2), Huang 2010 (2) 

Negative erosion (2): Altmaier 2010 (1), Brook 1995 (1)  

He in quartz (19): Brook 1995 (2), Brown 1991 (17) 

Ne in pyroxene (16): Oberholzer 2008 (6), Schaefer 1999 (10),  

Complex exposure (Al/Be outlier) (4): Fogwill 2004 (2), Brook 1995 (1), Nishiizumi 1991 (1) 

Not saturated data (4): Ackert 1999 (4) 

Concentrations not given for Ne (6): Schaefer 1999 (Ne in quartz)  

 

 

 

 

 

 

 

 

 



14 
 

6. Compiled Data Set - Individual Discussion 

6.1. Elevation The elevation of each sample was taken from the original publications. When 

plotted against elevation, as in Figure S15, there is no significant trend in erosion rate. This 

is not unexpected due to the lack of elevational trends in other variables that sometimes 

covary with elevation, such as precipitation or temperature. The highest erosion rates do 

occur at the lower elevations; however, low erosion rates occur at all elevations. There are 

no high erosion rates recorded at high elevations. Possible explanations for these trends 

include true differences in erosional regime due to different glacial histories at different 

elevations, artificially inflated erosion rates due to more cold-based/non-erosive burial at 

lower elevations, and lack of large numbers of samples at high elevations leading to 

unrepresentative reported erosion rates. Relative elevation above ice might provide better 

insight into possible elevation trends, but this is unavailable for many studies and is difficult 

to recreate in a consistent/automated manner for individual samples.  

 
Figure S15: Erosion rate plotted for each rock type. NS indicates all samples where 

lithology was not specified.  
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6.2.  Publication Year If sample measurement techniques improved or changed through the 

years, a trend in erosion rates might be expected to covary. However, no trend in erosion 

rate is seen when plotted according to publication year. 

 

Figure S16: Erosion rates by publication year, separated by lithology. Shown only for 

lithologies with statistically significant numbers of samples.   
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6.3. Coastal Location Samples were divided into either coastal or interior locations, with ‘coastal 

locations’ being defined as any sample within ~50km of the coast. Samples in the Dry 

Valleys were classified as ‘coastal’ and make up the vast majority of the coastal samples. 

With only eleven non-Dry Valleys coastal samples, there are not a statistically significant 

number of these to compare with the interior samples to determine if there are any 

significant trends (Figure S17). The larger spread of Dry Valleys samples compared to other 

locations is discussed in the main text.  

 
Figure S17: Erosion rates for coastal and interior samples, with samples from the Dry Valleys 

separated out from other coastal locations.  

 

6.4. Log normal distributions  Samples within each lithology are skewed towards a significant 

number of samples with lower erosion rates. For some analyses and comparisons, it can be 

necessary to work with the data in log space (Portenga and Bierman, 2011). Once converted 

to log(10), the distributions are generally log normal within each lithology (Figure S18) and 

also within other subsections, like boulders and bedrock (Figure S19). To avoid this, we have 

chosen to report quartiles of the data instead of standard deviation or other statistics that 

require this type of conversion.  
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Figure S18: Erosion rates viewed in log(10) space for each lithology.  
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Figure S19: Erosion rates viewed in log(10) space for boulder and bedrock populations for 

sandstone and dolerite.  

 

6.5.  Individual studies  Although there are systematic differences in the results from some 

studies, the removal of any one study does not affect the general conclusions drawn here. 

As an example, the erosion rates for sandstone are shown broken down by study in Figure 

S20.  

 

 
Figure S20: Erosion rates for sandstone broken down by individual study. Full references for 

studies can be found in Section 4.  

 

 

6.6. Effect of the Dry Valleys  The main paper discusses the fact that the Dry Valleys seems to 

show higher erosion rates compared to elsewhere on the continent. This is presented in 

general in the main paper and Table S1 presents the relevant statistics (Mean, Median, First 

Quartile, and Third Quartile) for all lithologies represented in the Dry Valleys and Elsewhere. 

While there are some groups with a smaller number of samples than might be ideal for 

drawing large-scale conclusions, the general conclusions are supported by the smaller 

number of data points. For example, although the mean/median of sandstone is much 

closer to that of dolerite and granite outside of the Dry Valleys, the spread of the data is still 

much larger than the other lithologies, consistent with the overall dataset.  
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 All  Dry Valleys  Elsewhere 

 1st Med Mean 3rd  1st Med Mean 3rd  1st Med Mean 3rd 

Dolerite 0.12 0.17 0.19 0.24  0.13 0.18 0.20 0.25  0.11 0.12 0.14 0.15 

Granite 0.06 0.11 0.13 0.15  0.65 0.65 0.65 0.65  0.06 0.11 0.11 0.14 

Quartzite 0.08 0.19 0.31 0.58  0.09 0.19 0.13 0.19  0.38 0.71 0.50 0.72 

Sandstone 0.17 0.52 0.67 0.88  0.25 0.62 0.70 0.95  0.11 0.12 0.44 0.35 
 

Table S1: Relevant statistics for comparisons of erosion rates within and outside of the Dry 

Valleys. Values shown are Mean, Median, First Quartile, and Third Quartile for all lithologies 

represented both in the Dry Valleys and elsewhere. 

 

6.7. Temperature The comparison of erosion rates and temperature did not show a significant 

trend. The highest erosion rates occur at approximately -40 degrees C, but this is the range 

for many of the Dry Valleys samples and temperature does not seem to be a distinguishing 

factor (see main paper discussion).  

 

Figure S21 – Erosion rates plotted against temperature, broken down by lithology. 

6.8. Latitude There is no significant trend in erosion rates when plotted against latitude. Once 

again, samples from the Dry Valleys are clearly distinguishable from the others (samples at 

approximately -80 latitude).  
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 Figure S22 – Samples erosion rates plotted against latitude, broken down by lithology. 
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