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We estimated the production rate of ?'Ne in quartz using a set of samples from slowly eroding sandstone
surfaces in the Antarctic Dry Valleys. Geologic evidence as well as cosmogenic '°Be and 2°Al concentrations
indicate that i) these sites have experienced millions of years of surface exposure at low erosion rates, and
ii) steady erosion has been sustained long enough that surface '°Be and 2°Al concentrations have reached
equilibrium with the erosion rate. Under these conditions, surface cosmogenic >!Ne concentrations should be a
function only of the erosion rate and the >'Ne production rate. As the erosion rate can be determined from °Be
and 25Al concentrations, this allows an estimate of the 2'Ne production rate. Estimating the reference >'Ne
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Keywords: production rate on this basis, with the assumption that all 2!'Ne production is by neutron spallation, yields a
Cosmogenic nuclide geochronology poor fit to measured ?'Ne concentrations and a systematic residual that is correlated with the erosion rate of
beryllium-10 the sample site. The same steady-erosion assumption with a production model that includes production by
aluminum-26 deeply penetrating muons yields a good fit both to our measurements and to similar, independent,
Ri(;:r-cztlica measurements from an Antarctic bedrock core. Both data sets together yield a total reference 2'Ne production

production rate calibration

rate of 18.34+0.4 atoms g~ ' a~ !, of which 0.66 4+ 0.10 atoms g~ ' a~ ! is due to muon interactions.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

2INe is a rare stable isotope of neon produced in surface rocks
by cosmic-ray bombardment. Like a variety of other stable (°He)
and radioactive ('°Be, 2°Al, 36Cl, and '*C) cosmogenic nuclides, >'Ne is
commonly used to determine surface exposure ages, erosion rates,
and rates of sediment production and transport. 2'Ne has important
additional applications because, like '°Be and 2°Al, it is produced in
quartz. These nuclides share the same target and production mechan-
isms, but have different half-lives (>'Ne is stable; the 26Al and '°Be half-
lives are 1.36 and 0.7 Ma, respectively). Thus, they can be used to:
i) quantify exposure histories that are more complicated than a single
period of exposure (Klein et al., 1988; Lal, 1991), and ii) date quartz-
bearing sediments by ‘burial dating’ (Granger, 2006).

All these applications depend on accurate measurements of the
absolute surface production rates of these nuclides or their production
ratios. The production rates of geologically useful cosmogenic nuclides
are only a few to a few hundred atoms g~ a~ !, so direct measurement
of production rates in artificial targets exposed for months or years
requires measurement at very low concentrations and is relatively
imprecise. Most production rate measurements are geological calibra-
tions, where one infers the production rate from nuclide concentra-
tions in a rock surface whose exposure age is independently known
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from geologic evidence. Any such site must be old enough to have
accumulated measurable nuclide concentrations, but young enough to
not have been significantly degraded by weathering and erosion.
Currently accepted °Be and 2°Al production rates are based on seven
such sites (Balco et al., 2008, and references therein). An alternative
strategy for short-lived radionuclides is to select sites that have
sufficiently low erosion rates and old exposure ages that nuclide
concentrations have reached equilibrium between production and
decay. In this case, the nuclide concentration N (atoms g~ !) is related
to the production rate P (atoms g~ 'a~!) by N=P/A, where A is the
decay constant (a~!) of the nuclide; this approach has been used to
measure production rates of cosmogenic *C and 3°Cl (Evans et al,,
1997; Lifton et al., 2008).

Neither of these approaches is well-suited to measuring the
production rate of cosmogenic 2'Ne. 'Ne is stable, so equilibrium
between production and decay does not occur. More importantly,
precise measurement of cosmogenic 2'Ne in relatively young surfaces
is more difficult than for other commonly measured cosmogenic
nuclides. Although measuring the total amount of >'Ne in a geologic
sample is straightforward, this nearly always includes both cosmo-
genic 2'Ne and trapped or nucleogenic ?'Ne (Niedermann, 2002).
Accurately measuring cosmogenic 2'Ne requires measurement of other
Ne isotopes and unmixing of multiple Ne components. For the short
exposure times characteristic of calibration sites with minimal erosion
and precise independent ages, cosmogenic *'Ne is typically less
abundant than 2'Ne from other sources. Resolving these components
contributes a large uncertainty to the cosmogenic 'Ne measurement.
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Thus, the sites that are best suited for production rate calibration are
by nature those where precise cosmogenic 2'Ne measurements are
most difficult.

There exists only one published geological calibration of the 2'Ne
production rate in quartz (Niedermann et al., 1994; Niedermann,
2000), based on two samples from a site in the California Sierra
Nevada exposed by deglaciation 13 ka. This study was a striking
analytical accomplishment in that the authors made relatively precise
measurements at low cosmogenic 2!Ne concentrations in the pre-
sence of multiple interfering Ne components. They determined the
2INe/2®Al production ratio to be 0.65 = 0.11. Given the *°Al production
rate (30.3 atoms g~ ' a~ ') inferred from the commonly used produc-
tion rate scaling scheme of Stone (2000) (as implemented in Balco
et al. (2008)) and the °Be-25Al production rate calibration data set in
Balco et al. (2008), this implies a reference 2'Ne production rate of
19.6 +3.3 atoms g~ ! a~ ! (following common practice, by ‘reference
production rate’ we mean the production rate at 1013.25 mbar
and high latitude). This value is consistent with model calculations
(18.4 and 21.3 atoms g~ ! a~ ! from Masarik and Reedy (1996) and
Schifer et al. (1999) respectively), and 2'Ne exposure ages calculated
using this value generally agree with '°Be and 2°Al exposure ages on
the same surfaces (Hetzel et al., 2002; Schéfer et al., 2008; Kober et al.,
2008). However, this production rate estimate is less precise than
those for other commonly used cosmogenic nuclides. In addition, the
lack of estimates from multiple sites makes it impossible to evaluate
scaling relationships between 2!Ne and other cosmogenic nuclides
that might yield insight into production mechanisms.

Here we suggest a new strategy for determining the production
rate of cosmogenic 2'Ne in quartz that does not rely on sites with
short exposure times. Instead we select sites where the surface 2'Ne
concentration has reached steady state such that 2'Ne production is
balanced not by radioactive decay, but by loss of quartz at the surface
and advection of lower-'Ne quartz from below due to steady erosion.
If erosion at an approximately constant rate is sustained for long
enough that a thickness of rock equal to several attenuation lengths
for subsurface production is removed, surface concentrations of
2671, 19Be, and 2'Ne will reach production-erosion equilibrium. As
19Be and 25Al production rates are independently known, this should
permit determination of the erosion rate from the °Be and 26Al
concentrations, and in turn determination of the 2'Ne production rate
from this erosion rate and the 2!Ne concentration.

This approach has the advantage that sites with low erosion
rates have high cosmogenic 2'Ne concentrations. This limits the
importance of interfering Ne components and improves measurement
precision. We chose a set of sandstone bedrock sites in the Antarctic
Dry Valleys where: i) geomorphic and stratigraphic evidence indicates

that surfaces have remained continuously exposed for ~14 Ma; ii)
geomorphic evidence as well as cosmogenic °Be and 2°Al concentra-
tions indicate that erosion rates are extremely slow (<2 m/Ma); and
iii) paired '°Be and 2°Al measurements indicate that erosion rates
have been steady for a long enough time that °Be and 2°Al
concentrations have reached steady state. Surface 2'Ne concentrations
at these sites are orders of magnitude higher than at the Sierra Nevada
sites of Niedermann et al. (1994).

2. Methods
2.1. '%Be and 2°Al measurements

We carried out quartz separation and Be and Al extraction at the
University of Washington Cosmogenic Nuclide Laboratory. We
purified quartz by crushing and sieving at 0.25-0.5 mm and repeated
etching in dilute HF, then extracted Be and Al by HF dissolution
and column chromatography (Stone, 2004). Our Be carrier was a
commercially available ICP standard solution. We determined total
Al concentrations by subsampling the dissolved quartz-HF solution,
evaporating HF in the presence of H,SO, to expel fluoride, and
redissolving in dilute HNOs; for Al measurement by ICP-OES. Al
concentrations in quartz were 80-120 ppm with uncertainties of 0.5-
2%. We measured Be and Al isotope ratios at PRIME Lab, Purdue
University. Combined process and carrier blanks were 2.8 4 0.8 x 10°
atoms '°Be and 2.340.9x10° atoms 26Al, always <0.2% of the total
number of °Be atoms and <0.05% of the total number of 2°Al atoms
in any sample.

Be isotope ratios were referenced at the time of measurement to the
isotope ratio standards described in Nishiizumi (2002). Recently,
Nishiizumi et al. (2007) revised the nominal isotope ratios of those
standards. We renormalized our measurements to reflect this revision,
and adopt the associated '°Be decay constant (5.1040.26x 10~ 7a~1).
25A1 measurements are referenced to the isotope ratio standards of
Nishiizumi (2004), and we use the corresponding 2°Al decay constant
(9.8340.25x10~7 a~ ). Table 1 shows 2°Al and '°Be concentrations.

2.2. >'Ne measurements

We measured cosmogenic 'Ne in aliquots of the same quartz
separates that were used for 2°Al and '°Be measurements. We
analyzed at least two aliquots of each sample (Table 1, Table S1).
These samples were heated at 70 °C for several days during quartz
purification; measured diffusion kinetics for 2'Ne in quartz (Shuster
and Farley, 2005) indicate that this should not cause detectable
Ne loss.

Table 1
Site and sample information and cosmogenic-nuclide concentrations.
Sample name®  Latitude  E Longitude Elevation® Sample thickness Topographic ['°Be]° [26ar¢ [*'Ne]® No. of >'Ne (/)
(DD) (DD) (m) (cm) shielding (10° atoms g~ ')  (10° atoms g~ ') (10° atoms g~ !) measurements
05-EG-118-BR — 776419 160.9399 1721 7 0.9823 20.56+0.20 101.74+3.3 133.84+3.2 2 0.3
05-EG-119-BR — 776442 160.9446 1671 7 0.9978 12.6940.20 664+ 1.8 783+24 3 14
04-AV-001-BR  —77.8569 160.9303 1289 15 0.9856 5.75+0.21 344413 381+19 3 0.9
04-AV-005-BR  —77.8806 160.8222 1455 5 0.9861 20.75+£0.57 952424 176.14+3.5 4 0.6
04-AV-006-BR  —77.8866 160.7736 1681 3 0.9828 16.21+0.34 80.5+2.1 93.6+6.3 3 2.28
04-AV-010-BR  —77.8882 160.8060 1628 2.5 0.9971 15.44+0.61 823422 95.0+1.7 4 0.8
04-AV-018-BR  —77.8791 160.9183 1690 4 0.9987 25.04+040 118.1+3.6 168.4+2.8 3 0.6
05-WO0-137-BR  —77.5055 161.0031 1463 1 0.9983 29.514+0.86 123.7+£4.0 364418 3 3.08
05-WO0-140-BR —77.5055 161.0031 1463 15 0.9983 28.00+0.69 1233 +£45 299.2449 3 0.9

Complete results of the step-degassing Ne analyses appear in Table S1.
a

Normalized to the isotope ratio standards of Nishiizumi et al. (2007).
Normalized to the isotope ratio standards of Nishiizumi (2004).

Reduced x? of multiple measurements with respect to the error-weighted mean.

@ = 0 oo n o

First two letters of sample names reflect field areas: EG, East Groin (western Asgard Range); AV, Arena Valley; WO, western Olympus Range.
Measured by barometric traverse from benchmarks surveyed with high-precision GPS. Uncertainty in elevation is +3 m.

Error-weighted mean of multiple measurements on distinct quartz aliquots (see Table S1).

The stated uncertainty in >'Ne concentrations in these samples is the standard deviation of the measurements rather than the error of the weighted mean.
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We extracted Ne by encapsulating 50-150 mg quartz aliquots in
Ta packets and heating them under vacuum with a 75 W diode laser,
with temperature control by a coaxial pyrometer calibrated for the
emissivity of the Ta. Our extraction chamber held multiple packets
in pits drilled in a stainless steel disk. We avoided collateral heating
of adjacent samples with a step-heating procedure in which we
completed one heating step for all samples in the chamber before
moving to a higher-temperature step (Table S1). We tested this
procedure by heating empty packets adjacent to full ones to verify that
Ne was not released from samples other than the one being analyzed.
Our standard heating schedule included 400°, 700°, and 1100 °C steps.
In all cases, >95% of total cosmogenic 2'Ne was released in the first
two steps (Table S1). We further tested some of the samples for
complete extraction of cosmogenic 2'Ne by: i) repeating the 1100 °C
step, or ii) heating them in a resistance furnace that was capable of an
additional heating step at 1500 °C. Neither test yielded additional
detectable cosmogenic ' Ne. Full system blanks for the laser extraction
system were ~1x 10° atoms 2!Ne (a multiplier count rate of ~0.5 Hz),
amounting to 0.1-2.5% of the total amount of cosmogenic 2'Ne in a
given aliquot, and undetectable for 2°Ne and 22Ne. High-temperature
steps in the furnace contributed a larger Ne blank. However, its isotope
composition was indistinguishable from atmospheric Ne, so we
accounted for it in the separation of cosmogenic and atmospheric
Ne (see below) rather than making a separate correction.

After heating, we reacted the released gas with a SAES getter and
separated Ne from other gases on a temperature-controlled cryogenic
trap. We analyzed the resulting Ne using the MAP-215 mass spectro-
meter in the BGC Noble Gas Thermochronometry Lab.

This mass spectrometer cannot resolve 2°Ne ™ from “°Ar* ™+ or 22Ne™
from CO3 *, so corrections for these interferences based on the “°Ar
Tand CO3 signals and the Ar™*/Ar" and CO3/CO3 ratios are
required. Other authors (e.g., Niedermann et al, 1993) determined
these ratios in offline experiments without Ne in the mass spectrometer,
and used these results to estimate charge ratios during an Ne analysis.
We used a new method that relies on the fact that the charge ratio is the
same for >°Ar and “°Ar. We irradiated Fe-doped KAISiO, glass to produce
39Ar, then melted this glass with the laser and separated released Ar
from trace Ne using the cryogenic trap. This yielded a quantity of Ne-free,
highly 3°Ar-enriched, Ar. We could then spike each Ne sample with 3°Ar
after cryogenic purification with only a minor increase in the “°Ar
background.

We then varied the Ar**/Ar™ ratio by changing the temperature of
a SAES getter and otherwise manipulating the source configuration.
These showed that i) 3°Ar*+/3°Ar™ and “°Ar**/4CAr" ratios were
identical (Fig. S1), and ii) “°Ar™*/4%Ar and CO3 */CO3 ratios were
linearly related for a given tuning (Fig. S2). Thus, during each Ne analysis
we i) measured the Ar™"/Ar™ ratio online by monitoring >**Ar™ " and
39Ar™ signals, ii) used this to infer the COF */COJ ratio from the
observed relationship (Fig. S2), and iii) used these ratios and the “°Ar™
and CO3 signals to correct the *°Ne and %2Ne signals.

We quantified total amounts of °Ne and 2!Ne released by peak
height comparison to an air standard. Measurements of the air standard
yielded Ne isotope ratios indistinguishable from atmospheric values
(Fig. S3). We verified that Ne sensitivity was linear within the
measurement range of our analyses by i) varying the volume of the air
standards, and ii) analyzing different size aliquots of the same quartz
sample (Fig. S4). We calculated cosmogenic 2!Ne concentrations by
assuming that the samples contained a two-component mixture of
atmospheric and cosmogenic Ne. This is justified by the observation
that, in agreement with other studies of Ne in Transantarctic Mountains
quartz (e.g., Niedermann et al,, 1993; Schdfer et al,, 1999), all analyses
were indistinguishable from the accepted cosmogenic-atmospheric
mixing line (Fig. S5). Table 1 shows summary average cosmogenic
2INe concentrations and Table S1 shows complete results of step-
heating analyses. Finally, we analyzed the CRONUS ‘A’ quartz standard
throughout the period of measurement to test reproducibility over time;

nine measurements agreed and averaged 332.9 2.8 x 10° atoms g~ !

cosmogenic *'Ne (Table S1, Fig. S4).
2.3. Site selection

Our goal was to select bedrock surface sites that were exposed and
steadily eroding long enough for surface nuclide concentrations to
reach equilibrium between production and loss by surface erosion.

First, we chose three areas of the Antarctic Dry Valleys where
geomorphic and stratigraphic evidence indicated that this was the
case: Arena Valley, the western Asgard Range, and the western
Olympus Range. Several decades of geomorphic and geologic mapping,
thermochronology, and geochronology of surficial deposits in the Dry
Valleys have established that: i) the present topographic relief was
established by rapid exhumation by fluvial and alpine glacier erosion
between 30 and 17 Ma; ii) the entire region was covered by an
expanded East Antarctic Ice Sheet 14.5-13.5 Ma; iii) since retreat of
East Antarctic ice at 13.5 Ma, glacier and ice sheet change has been
restricted to small (hundreds of meters) advances of the cold-based ice
margins that exist today; and iv) since 13.5 Ma, the climate has been
similar to current polar desert conditions, and very low rates of erosion
and landscape evolution have resulted in only meter-scale erosion
of Miocene-aged surface deposits (Marchant et al., 1993a,b; Denton
et al.,, 1993; Sugden and Denton, 2004; Lewis et al., 2006; Lewis et al.,
2007; Jamieson and Sugden, 2008). Bedrock surface erosion rates
in the Dry Valleys have been quantified by previous cosmogenic-
nuclide measurements to be slow by global standards - 0.2-2 mMa ™},
in agreement with the geomorphic evidence (Ivy-Ochs et al., 1995;
Summerfield et al., 1999; Bruno et al., 1997; Schéfer et al., 1999).

Specifically, our sites in the Western Olympus Range are located
above the upper erosion surface of Lewis et al. (2006). Dated volcanic
ashes in surface deposits in this area indicate that they have been ice-
free since >12.5 Ma (Lewis et al., 2006, 2007). Our sites in the western
Asgard Range are from East Groin, a sandstone buttress overlooking
Taylor Glacier. The ash chronology of Marchant et al. (1993b) indicates
that they have been ice-free since >13.6 Ma. At Arena Valley, the ash
chronology of Marchant et al. (1993b) indicates that most of our sites
have been ice-free since >11.3 Ma, although two sites (04-AV-006-BR
and 04-AV-010-BR) are near outcrops of the Brawhm Till of Marchant
et al. (1993b), whose age is only strictly constrained to >7.3 Ma. Thus,
extensive geologic and geomorphic evidence indicates that our sites
have been ice-free and subject only to slow erosion under cold, dry
conditions similar to the present since the last major expansion of the
East Antarctic Ice Sheet 14.5-13.5 Ma.

Second, we screened possible sites to choose only those where
19Be and 2°Al concentrations were in equilibrium with steady erosion. As
pointed out by Lal (1991), the concordance of '°Be and 2®Al concentra-
tions with the ‘steady erosion line’ in the e-2°Al/'°Be diagram intro-
duced by that author is diagnostic of a surface that has been steadily
eroding for a long enough time that several attenuation lengths for
spallogenic production (150 g cm™2~70 cm sandstone) have been
removed. Fig. 1 shows that the 2°Al and '°Be measurements in our
samples meet this condition. To summarize, i) extensive geologic and
geomorphic evidence for ~13.5 Ma erosion under stable polar desert
conditions, and ii) °Al-'°Be concentrations in equilibrium with steady
erosion at slow erosion rates, led us to expect that cosmogenic 2!Ne
concentrations would display production-erosion equilibrium.

It is important to note that 2°Al and °Be concentrations in
equilibrium with steady erosion are necessary, but not sufficient, to
show that cosmogenic 2!Ne will also have reached erosional equilibrium.
Equilibration of surface nuclide concentrations with the erosion rate
proceeds with an effective half-life —In(0.5) (A +¢&/Asp) ™~ ', where € is
the erosionrate (gcm~2a~ '), and Ay is the effective attenuation length
for the production mechanism of interest (150 g cm~ 2 for spallation)
(Lal, 1991). Erosion rates of 0.2-2 m Ma~ ' yield effective half-lives of
0.8-0.2 Ma and 0.5-0.2 Ma for '°Be and 2°Al respectively. Thus, '°Be and



G. Balco, D.L. Shuster / Earth and Planetary Science Letters 281 (2009) 48-58 51

0.8 —
. 140BR Simple exposure line
Iy ~
S% 119BR  po6BR  118BR ‘ v
= 06 0058R e, .
- 137BR
S /
& 04} Steady erosion line: |
Solid: spallation only
Dashed: spallation and muons
0.2 ]
| 1 1 | 1 1 1
0 0.5 1 1.5 2

[°Be]* (x 106)

Fig. 1. '°Be-2°Al/ °Be two-isotope diagram (Klein et al., 1988; Lal, 1991). We selected a set of samples whose 2°Al and '°Be concentrations were in equilibrium with steady erosion,
that is, they lay on the steady erosion line in this diagram. This figure also shows that whether or not production by muons is accounted for does not change the expected relationship
between 2Al and °Be concentrations in slowly eroding surfaces — except at very high erosion rates (which imply very low nuclide concentrations), the steady erosion line drawn for
production by spallation only (solid line) is indistinguishable from the steady erosion line drawn for a production model including both spallation and muon interactions (dotted
line). This is true because of radioactive decay of 2°Al and '°Be; it is not the case for stable nuclides. The superscripted stars in the axis labels indicate that 2°Al and '°Be concentrations
in each sample have been normalized by dividing by their respective sample-specific production rates; this allows samples from different locations to be compared on the same
diagram. Formally, this results in the x-axis having units of years, but it makes more sense to think of the units as representing '°Be concentration given a production rate of 1. The
ellipses in this and subsequent figures are 68% confidence regions reflecting measurement uncertainties.

25A1 concentrations reach equilibrium with steady erosion after several
effective half-lives have passed, that is, after 2-3 Ma (this also highlights
the fact that surface nuclide concentrations at our sites are buffered
against potential glacial-interglacial changes in climate and erosion
rate: erosion rate variations on a time scale much shorter than the
effective half-life will cause only small perturbations in the surface
nuclide concentration around the long-term equilibrium value). As 2'Ne
is stable, the effective half-life for 2'Ne equilibration with erosion is
controlled solely by the erosion rate and is longer, 2.5-0.25 Ma for the
same erosion rate range. Even if both 2°Al and '°Be concentrations had
reached equilibrium between nuclide production and erosion, 2'Ne
concentrations might still retain a memory of a different erosion rate
that prevailed before 2-3 Ma. In addition, it is possible to construct
theoretical exposure histories, consisting of periods of exposure without
erosion and shielding from the cosmic-ray flux by ice, that could yield
2571 and '°Be concentrations concordant with the steady erosion line
even though steady erosion had not occurred.

Thus, our expectation that ?!Ne concentrations at our sites reflect
production-erosion equilibrium relies on both concordant 2Al and °Be
concentrations and the geologic evidence for ice-free polar desert
conditions for the past 13.5 Ma. It is possible that changes in erosion
rates or periods of cover by cold-based, non-erosive ice, not recorded in
the geologic record, imposed complex exposure histories at some of our
sites. This could result in a cosmogenic 'Ne concentration different
from that expected from production-erosion equilibrium. To address
this possibility, we attempted to design the sampling program so that
violations of our steady-erosion assumption would cause scatter, rather
than a systematic error, in 2'Ne production rate estimates. First, we
chose samples from widely separated (by tens of kilometers) field
sites, with different geomorphic contexts and varying relationships to
present glacier margins. If sites had experienced complex exposure
histories, it would be unlikely that they had experienced the same
such histories. Violation of our assumptions would be manifested as
scatter in production rate estimates, rather than as a systematic over- or
underestimate. Second, we chose sites where erosion rates inferred from
26A] and °Be concentrations varied over an order of magnitude. As
discussed above, nuclide concentrations in surfaces with different
erosion rates integrate events taking place over different time ranges, so

choosing sites that vary in erosion rate should again ensure that complex
exposure histories would cause scatter rather than systematic error.

3. Results and discussion
3.1. Erosion rates inferred from 2°Al and °Be measurements

We began by calculating surface erosion rates from '°Be and 2°Al
concentrations. We used the calculation method and the '°Be-2°Al
production rate calibration data set from Balco et al. (2008), with
the latitude/altitude scaling scheme of Stone (2000). This scaling
scheme has no time-dependent magnetic field correction. The sites in
this study are at high latitude where magnetic field variations are
unimportant, so a time-dependent scaling scheme will not improve
the fit to our data. We used As,=150 g cm? (appropriate at high
latitude) rather than the value of 160 g cm? used by default in Balco
et al. (2008) (see Gosse and Phillips (2001) for a discussion of Ap).
This calculation method includes 2°Al and '°Be production by both
spallation and muon interactions. Table 1 shows the erosion rates.
Because of the condition that we used to select the sample sites - that
19Be and 2°Al concentrations reflect equilibrium with steady erosion -
erosion rates inferred from 2°Al and °Be concentrations agree within
measurement uncertainty. We averaged 2Al- and '°Be-derived
erosion rates to yield a summary erosion rate for each site.

3.2. 2'Ne production rate given a spallation-only production model

Given steady erosion rates computed from '°Be and 2°Al measure-
ments, if cosmogenic >'Ne concentrations are likewise in equilibrium
with steady erosion and all cosmogenic 2'Ne production is by neutron
spallation, the 'Ne production rate is related to the erosion rate and
the cosmogenic 2'Ne concentration by:

Pyq opSsp A
N21 — Zl‘spfsp sp

(1)

where Na; is the cosmogenic 2'Ne concentration (atoms g~ '), Paisp

is the reference ?'Ne production rate (atoms g~ ' a™!), ¢ is the erosion
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Table 2
Erosion rates inferred from '°Be and 2°Al measurements and cosmogenic 2'Ne production rates (referenced to sea level and high latitude) computed from these erosion rates using
Eq. (1).
Sample name Erosion rate from '°Be Erosion rate from 2°Al Average erosion rate® Presn Total scaling factors

(m Myr— ) (m Myr— 1) (m Myr— ) (atoms g~ ' yr 1) Sp S Syfast
05-EG-118-BR 0.564+0.01 0.54+0.04 0.56 4+ 0.01 18.64 +0.45 5.51 237 1.55
05-EG-119-BR 11440.02 1.21+£0.06 11540.02 22.91+0.69 539 2.32 1.53
04-AV-001-BR 2.2240.1 217 +£0.11 2.2+0.07 2834143 4.07 1.99 141
04-AV-005-BR 0.3940.02 0.39+0.03 0.39+0.02 20.7240.41 4.55 213 1.46
04-AV-006-BR 0.8240.03 0.89 £ 0.04 0.85+0.02 19.81+1.34 5.48 233 153
04-AV-010-BR 0.86 4-0.05 0.81+£0.04 0.834+0.03 20.240.36 5.36 2.28 152
04-AV-018-BR 0.4+0.01 0.37 £0.04 0.4+0.01 16.524-0.28 5.58 234 154
05-WO0-137-BR 0.18 +£0.02 0.16 £+ 0.03 0.17 £ 0.02 18.2740.92 4.76 214 1.46
05-WO0-140-BR 0.21+0.02 0.16+0.03 0.19+0.02 16.86 +-0.28 4.74 214 1.46

The right-hand three columns give the sample-specific scaling factors needed to evaluate Eqs. (1) and (2). Scaling factors for spallation, negative muon capture, and fast muon

interactions reflect the scaling schemes of Stone (2000), Heisinger et al. (2002a), and Heisinger et al. (2002b), as implemented by Balco et al. (2008).

¢ Error-weighted mean.

rate (g cm~2 a~ ') computed from the °Be and 2°Al measurements,

and S, is the total sample-specific scaling factor for spallogenic
production (dimensionless; including scaling factors for latitude,
altitude, sample thickness, and topographic shielding). Table 2 shows
the scaling factors (again reflecting the scaling scheme of Stone, 2000)
and reference production rates calculated from Eq. (1). The error-
weighted mean over all samples is 18.3940.14 atoms g~ ' a—

At first appearance this result agrees with existing 2'Ne production
rate estimates. However, 2'Ne production rates computed from
individual samples using Eq. (1) show a significant positive correlation

(p=0.002) with erosion rates inferred from 2°Al and '°Be concentra-
tions (Fig. 2). Surfaces with high erosion rates and low 2'Ne
concentrations show a systematic excess of ?!Ne over that expected
from production-erosion equilibrium and a spallation-only 2'Ne
production model. This is also evident in a 2'Ne-2°Al/?'Ne diagram
(Fig. 3; an 2'Ne-1°Be/?'Ne diagram shows the same effect): at lower
2INe concentrations, 2°Al/?'Ne ratios lie systematically below a steady
erosion line drawn with a spallation-only production model. Thus,
the apparent agreement between the average 2'Ne production rate
inferred from our data and Eq. (1) and the *'Ne production rate of
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Fig. 3. 2'Ne-26Al/%'Ne two-isotope diagram, constructed as described in the caption to Fig. 1. In the upper panel, 2!'Ne concentrations are normalized using the average reference >'Ne
production rate inferred from our measurements and Eq. (1) (see Fig. 2), with the assumption that all production is by spallation, and the steady erosion line is drawn using the same
assumptions. In the lower panel, 2'Ne concentrations are normalized, and the steady erosion line drawn, using the best-fitting reference production rates from spallation and muon
interactions inferred from our measurements and Eq. (2). Production by spallation and that by muons have different altitude dependences, so the position of the steady erosion line
varies with elevation; the width of the steady erosion line in the lower panel spans the range of sample elevations. First, this figure shows that a spallation-only model and a production

model that includes muons predict significantly different relationships between 2'Ne and 2°Al concentrations in steadily eroding surfaces once the erosion rate exceeds ~1 m Myr

—1

Second, it shows that our measurements agree better with the relationship predicted by a production model that includes a significant contribution from muon interactions.

Niedermann (2000) is an artifact of the distribution of erosion rates at
our sites and is not meaningful.

3.3. Possible explanations for apparent 2’ Ne excess at high erosion rates

If the spallation-only model of Eq. (1) adequately describes 'Ne
production, the observed systematic 2'Ne excess at high-erosion
rate sites could potentially be explained by i) unrecognized back-
ground 2'Ne in our samples, ii) temporal changes in production
rates, or iii) complex exposure histories. In this section, we argue
that none of these possibilities provides an adequate explanation for
our results.

3.3.1. Unrecognized ?'Ne background

If we failed to account for a background 2'Ne concentration that
did not originate from recent cosmic-ray exposure, we could over-
estimate the 2'Ne production rate more severely for samples with
lower 2'Ne concentrations. First, we might not have recognized a large
Ne measurement blank. This is a poor explanation because i) this
blank would have to have the isotope composition of cosmogenic Ne,
and ii) measured cosmogenic 2'Ne concentrations in different-sized
aliquots of the same sample repeatedly agreed.

Second, our samples could contain a uniform inventory of cosmo-
genic 2'Ne inherited from surface exposure during the Devonian
emplacement of the Beacon Group sandstones, that was not degassed
during subsequent burial. The stratigraphy of the Beacon Group and
apatite fission-track thermochronology from the eastern Dry Valleys
show that the stratigraphic level we sampled from was buried to at least
~2 km depth (Fitzgerald, 1992). Given a typical geothermal gradient and
the 2'Ne diffusivity of Shuster and Farley (2005), complete >'Ne loss at
this depth would require no more than 10-30 Ma. In addition, Beacon
Group sandstones are extensively intruded by the Jurassic Ferrar
Dolerite, and associated secondary mineralization suggests that the
regional geothermal gradient may have been near 200 °C km™ ! during
dolerite intrusion (Woolfe et al., 1995). Thus, it is unlikely that Devonian
2Ne remains in our samples.

Third, the observed 2!Ne excess in low-erosion-rate samples could be
explained if all samples contained ~1.6x 107 atoms g~ ! of nucleogenic
2INe due to the reaction ®0(c,n)?!Ne. Several studies have attempted to
estimate the nucleogenic 2!Ne concentration in Beacon Sandstone quartz.
Niedermann et al. (1993), Summerfield et al. (1999), and Schoenbohm
(2004) argued on the basis of “He concentrations that nucleogenic 2'Ne
must be <~5x 108, <~2x 107, and 0.2-7x10° atoms g~ ' respectively.
However, this calculation requires unverifiable assumptions about “He
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retention over the lifetime of the quartz. Bruno et al. (1997) argued that
the lowest ?!Ne excess they observed in any Dry Valleys sample
(14x107 atoms g~ ') provided an upper limit on nucleogenic >'Ne
concentrations. That sample was collected from a weathered bedrock
surface, so a significant fraction of this 2'Ne must be cosmogenic
and the nucleogenic 2'Ne concentration correspondingly less. Likewise,
comparing 2!Ne and °Be concentrations in our lowest-nuclide-
concentration sample on the basis that the °Be concentration reflects
simple exposure limits the nucleogenic ?'Ne concentration in this
sample to <1x10” atoms g~ . Neither we nor these other authors
measured U and Th concentrations in quartz samples, so one cannot
estimate nucleogenic 2'Ne from first principles (although expected low
concentrations of these elements suggest nucleogenic 2!Ne of order
~1x10°atoms g~ !). We conclude that it is most likely that nucleogenic
2INe concentrations in our samples are near or less than several million
atoms g~ , similar to measurement uncertainties, and can only explain a
fraction of the observed systematic 2'Ne excess at high-erosion-rate
sites. This issue could be better resolved by measurements of U and Th
concentrations or of 2'Ne in shielded samples.

3.3.2. Production rate changes

A unidirectional change in nuclide production rates over the past
several million years could explain a systematic disequilibrium between
21Ne, '°Be, and 2°Al concentrations. For example, the proposed uplift
of the Transantarctic Mountains over the past several million years
(see discussion in Brook et al, 1995) would cause an increase in
production rates at any site that was eroding slower than the uplift
rate. 2'Ne concentrations integrate production over a longer time than
19Be or 26Al concentrations, so 2'Ne concentrations would be lower in
relation to present production rates than '°Be or 2°Al concentrations.
This effect would be more pronounced at lower erosion rate sites, and
Eq. (1) would yield lower 2'Ne production rates at lower-erosion-
rate sites, as we observe. However, this is a poor explanation for our
results. First, maximum limits on surface uplift (Wilch et al., 1993)
predict a 3% variation in 2'Ne production rates calculated with Eq. (1),
but we observe a ~50% variation. Second, this explanation would imply
that the highest-erosion-rate site would yield the most accurate
production rate measurement. That in turn would imply a reference
2INe production rate near 28 atoms g~ ! a~! which is grossly
inconsistent with existing production rate estimates and combined
2INe-1°Be-25Al measurements.

3.3.3. Complex exposure histories

Two violations of our steady erosion assumption could potentially
explain our results: regional, unidirectional changes in erosion rates,
or long periods of shielding by ice cover. If erosion rates were lower
at all sites several million years ago - that is, at a time recorded
by 2!Ne but not by 2°Al and '°Be concentrations - we would observe
more 2'Ne than expected at the erosion rate inferred from 2°Al and
19Be measurements. However, the relationship between erosion rate
and 2'Ne excess would be opposite to what we observe: higher-
erosion-rate sites would reach equilibrium with the new erosion rate
faster, so Eq. (1) would yield higher 2'Ne production rates at lower
erosion rate sites, rather than the reverse. The opposite situation,
where the erosion rate was higher several million years ago, would
result in a deficiency of 2!Ne at lower erosion rate sites. This scenario
would explain the observed positive correlation between erosion
rate and excess 2'Ne, but would once again lead to the improbable
conclusion that the ?'Ne production rate inferred from the highest
erosion rate sites was most accurate. We conclude that a regional
erosion rate change is a poor explanation for our results.

Long periods of ice cover could explain excess 2'Ne at any
individual site. In this scenario, a site is exposed, buried by ice for at
least several hundred thousand years, and re-exposed. 2!Ne produced
during the original exposure is still present, but corresponding 2°Al
and '"Be concentrations are reduced by decay during ice cover. For a

particular site, one can construct such a scenario that yields i) 2°Al and
19Be concentrations on the steady erosion line in Fig. 1, but ii) ?'Ne
concentrations higher than expected from the erosion rate inferred
(incorrectly) from the 2°Al-'"Be measurements. However, this is a
poor explanation for our entire data set because, once again, higher-
erosion-rate sites reach production-erosion equilibrium faster.
Thus, any regional ice cover event that affected all sites would
produce a negative correlation between °Be-2°Al erosion rate and
2INe production rate computed from Eq. (1), rather than the positive
correlation we observe. The only way that ice cover scenarios could
explain our results would be if sites with lower 2°Al and '°Be
concentrations (from which we infer higher erosion rates) had
systematically experienced longer periods of ice cover and/or been
exposed more recently. However, i) samples with widely varying
apparent erosion rates are located in close proximity and must have
had similar ice cover histories; ii) there is no systematic relationship
between apparent erosion rate and distance from an ice margin; and
iii) the correlation between apparent erosion rate and 2!'Ne production
rate inferred from Eq. (1) is sustained between sites over a wide
geographic area. For these reasons, we cannot construct a geographi-
cally plausible ice-cover scenario that explains our data.

3.4. 2'Ne production rate given a complete production model

We propose that our results are best explained by significant 2'Ne
production due to deeply penetrating muons. If we continue to
assume that surface erosion has been steady for the past ~13.5 Ma, but
allow for 2'Ne production by spallation, negative muon capture, and
fast muon interactions, then 2!Ne concentrations are related to erosion
rates inferred from 26Al and °Be concentrations by:

N21 SSPPZ:SPASP
__ ‘7
+ Su—le.u—Au— 1—e /\'u,
€ @)
€
+ S/.LfastPZl.ufastAufast 1— e_ Ayfast T

€

where A, and Ay are effective attenuation lengths for production
by negative muon capture (1510 g cm™ 2) and fast muon interactions
(4320 g cm™ 2), respectively (Heisinger et al., 2002b,a). S, — and S
are sample-specific scaling factors (dimensionless) for the two muon
production mechanisms (Table 2). T is the exposure duration (a; see
discussion below). P21, and Paj e are the reference 2INe produc-
tion rates (atoms g~ ' a~!) due to negative muon capture and fast
muon interactions. The other parameters are the same as in Eq. (1).
The depth dependence of muon production rates is reduced from the
complete description in Heisinger et al. to simple exponentials
because of the integral nature of Eq. (2).

An important feature of Eq. (2) is that an exposure time T is
necessary in the muon terms (instead of a steady state formula as for
the spallation term) because erosion rates at our sites are low relative
to the effective attenuation length for production by muons. The
significance of this is as follows. For radionuclides, the effective half-
life for the surface concentration attributable to muons to reach
production-erosion equilibrium (see discussion above) is limited by
radioactive decay. For low erosion rates, it approaches the actual half-
life of the radionuclide. Thus, production by muons has a negligible
effect on equilibrium °Be and 2®Al concentrations at low erosion rates
(Fig. 1). For stable nuclides, on the other hand, there is no such limit,
and the long attenuation length for muon production means that the
effective half-life for the surface 2'Ne concentration due to muons to
reach production-erosion equilibrium is much longer than for
spallogenic production. At an erosion rate of 1 m Ma™ !, it is 5 Ma
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for negative muon capture and 13 Ma for fast muon interactions. Thus,
T should reflect the length of time since the last episode of much more
rapid exhumation or significant relief formation in which many
attenuation lengths for production by muons were removed. The
stratigraphic evidence discussed above shows that polar desert
conditions have existed and the overall topography has been little
modified since the last significant episode of ice sheet overriding
13.5 Ma; thus, we take T=13.5 Ma.

To summarize, the concentration of 2'Ne in our samples produced
by muon interactions has not approached equilibrium with surface
erosion, so is strongly related to the total exposure time and only
weakly related to the surface erosion rate. The concentration of 2'Ne
produced by spallation has approached equilibrium with the erosion
rate, so is unrelated to the exposure time and strongly controlled by
the erosion rate (see also Stone et al., 1998). This effect can explain our
results: Eq. (1) does not account for the fact that muon-produced *'Ne
is insensitive to the erosion rate, so makes up a larger fraction of total
cosmogenic ?'Ne at higher-erosion-rate sites.

Applying Eq. (2) at all our sites yields a system of equations that
can be solved using a standard least-squares method to yield best-
fitting estimates of the reference production rates Pjsp, P21,,—, and
Py1yrase. We estimated uncertainties in the best-fitting production
rates using a Monte Carlo simulation that included uncertainties in
both the erosion rates derived from '°Be and 2°Al measurements
and in the ?'Ne measurements. This yielded reference cosmogenic 2'Ne
production rates of 16.1 + 1.9 atoms g~ ' a~ ' by spallation and 1.28 +
0.69 atoms g~ ' a~ ! by muon interactions, for a total reference 2'Ne
production rate of 17.4 + 1.2 atoms g~ ' a~ . Fig. 4 shows that Eq. (2) and

these best-fitting production rates yield a good fit to our measurements
without systematic residuals. This is also evident in Fig. 3, where the
measurements lie on a steady erosion line computed using Eq. (2) but
diverge from a steady erosion line computed using Eq. (1). In addition,
the Monte Carlo simulation showed that we cannot estimate P,;,,— and
Pyyumase Separately. Although the total production rate by muons is
reasonably well constrained, one can trade off production by fast muons
with that by negative muon capture to obtain an equally good fit to the
data.

Overall, given the assumption of steady erosion, a production
model including 2'Ne production by muons (Eq. (2)) yields a good
fit to our measurements, whereas one that includes only spallation
(Eq. (1)) does not.

3.5. Importance of 2Ne production by muons

These results are surprising in that they imply that 8 + 4% of sea
level, high latitude 2'Ne production is due to muon interactions. In
contrast, production by muons makes up only 3.8% and 4.7% of sea
level, high latitude production of '°Be and 2°Al, respectively (Balco et
al., 2008; Heisinger et al., 2002b,a). Although cross-sections for 2!Ne
production from Si by muon interactions have not been experimen-
tally measured, (Fernandez-Mosquera et al. (2008; also additional
data from D. Hahn, personal communication) suggested by analogy
with similar reactions that the reference production rate of 2'Ne by
muons should be only 0.4 atoms g~ ' a~ !, a factor of three lower than
our estimate. The 2'Ne production rate due to muons inferred from
our measurements is sensitive to the value assumed for the landscape
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age T in Eq. (2). However, the relationship is inversely proportional,
that is, reducing T by 50% would increase the production rate due to
muons by ~50%. Thus, arguing that the Dry Valleys landscape is
younger than the geologic evidence indicates can only worsen the
mismatch with this independent estimate of ?!Ne production rates
due to muons (note that the total reference 2!Ne production rate
inferred from our measurements is only weakly dependent on T:
varying T by 50% would only change it by 4%). Correcting for
5x10% atoms g~ ! nucleogenic 2'Ne in all samples (see discussion
above) would only lower the estimate of the production rate due to
muons by 15%, which would not resolve the discrepancy.

Other data that provide information about 2'Ne production by
muons include: i) >'Ne concentrations in a 2.7-m ignimbrite core from
the Bolivian Altiplano (Farley et al., 2006), and ii) 2°Al, 1°Be, and 2'Ne
concentrations in two 1.25-m sandstone cores from the Antarctic Dry
Valleys (Brook, 1994; Schoenbohm, 2004).

Farley et al. (2006) found an apparent attenuation length for ?'Ne
concentrations similar to that expected for spallation. This indicates
that no more than ~2-3% of the present surface ?!Ne concentration
was produced by muons. However, these data provide only a weak
constraint on production rates due to muons for two reasons. First,
this core is from very high elevation (3800 m). The proportion of total
production due to muons decreases with elevation, so the higher the
elevation the less precisely one can estimate the production rate due
to muons: constraining the fraction of 2'Ne due to muons to <~2-3% at
3800 m elevation only constrains the corresponding value at sea level
to be <~7-10%. Second, this site lacks independent constraints on
the exhumation history of the site or 2°Al and '°Be measurements
that could be used to evaluate the steadiness of the erosion rate over
time. Given freedom to adjust the exposure history, a wide range
of production rates due to muons would be compatible with the
observed 2'Ne concentrations.

Brook (1994) and Schoenbohm (2004), on the other hand, did
measure 2°Al and °Be, and their cores are located at similar elevations
to our sites. At one of their sites (Mt. Fleming; their site BAK90-79),

surface 2°Al and '°Be concentrations lie significantly below the steady
erosion line, indicating a complex exposure history during the past
several million years. Thus, we cannot use Eqs. (1) or (2) to infer 2'Ne
production rates at this site. Their second site (Arena Valley; their
site KBA89-77) does satisfy our selection criteria: surface °Al and
19Be concentrations are in equilibrium with steady erosion, and this
core is located near several of our sites where, as discussed above,
stratigraphic and geomorphic evidence indicates steady exposure at low
erosion rates since ~13.5 Ma. Schoenbohm (2004) found a longer
attenuation length for ?'Ne concentrations in this core than expected for
spallogenic production, indicating that a significant fraction of the >'Ne
concentration is due to muons. We applied Eq. (2) to these data using the
same scaling scheme and parameters as above, and solved the resulting
system of equations to estimate 2'Ne production rates. This yielded
reference 2'Ne production rates of 165417 atoms g~ '~! a=! by
spallation and 0.626 4 0.095 atoms g~ ' a~ ! by muon interactions, for a
total reference 2'Ne production rate of 1714 1.7 atoms g~ ' a~ . This
indicates that 3.7+0.1% of total >'Ne production is due to muon
interactions. Again, a Monte Carlo simulation showed that these data
do not constrain the relative importance of negative muon capture and
fast muon interactions.

Fig. 5 shows the results of Monte Carlo error analysis of 2'Ne
production rates inferred from Eq. (2) and both our measurements and
those of Brook (1994) and Schoenbohm (2004) from the Arena Valley
core. Because of the constraint that all samples from the same core
must have experienced the same exposure history, their measure-
ments constrain the fraction of 2'Ne production due to muons more
precisely and uncertainties in the total production rate and the
production rate due to muons are weakly correlated. Uncertainties in
the values of these two parameters inferred from our data set, on the
other hand, are strongly correlated. If we give equal weight to the
probability distributions resulting from each of the Monte Carlo
simulations, the combined probability distribution indicates that the
total reference 2'Ne production rate is 18.340.5 atoms g~ ! a— !, of
which 0.66+0.10 atoms g~ ' a~ ! (3.6 + 1.0%) is due to muons (these
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error bounds reflect 68% confidence limits). This production rate
estimate is consistent with i) both data sets, ii) independent estimates
of the total reference 2!Ne production rate, and iii) independent
information about the 'Ne production rate due to muons.

3.6. 2'Ne/'°Be and ?'Ne/?°Al production ratios

This value for the total reference 2!Ne production rate is specific
to the production rate scaling scheme and 2°Al-'"Be calibration data set
that we used. Given, as the discussion above suggests, that the
proportion of total production due to muons is similar for 2°Al,1°Be,
and ?'Ne, then ratios of production rates for these nuclides are
independent of the scaling scheme. Ratios corresponding to the ?'Ne
production rate estimate above are 2!Ne/2°Al = 0.606 -+ 0.054 and >'Ne/
19Be =4.08 +0.37; this is consistent with the 2'Ne/2°Al ratio of
Niedermann et al. (1994) of 0.6540.11. Given a calibrated reference
19Be or 26Al production rate appropriate to a different scaling scheme,
these ratios can be used to estimate a reference 2'Ne production rate for
use with that scaling scheme.

4. Conclusions

Estimating cosmogenic ?!Ne production rates in quartz on the
basis that 2'Ne, '°Be, and 2°Al concentrations are all in equilibrium
with steady erosion, with the assumption that all 2!Ne production is
by neutron spallation, yields a poor fit to our measurements and a
systematic residual that is correlated with the erosion rate of the
sample site. The same steady-erosion assumption with a production
model that includes production by deeply penetrating muons, on the
other hand, yields a good fit to the measurements. Estimating 2'Ne
production rates on this basis from our measurements and the similar,
independent measurements of Schoenbohm (2004) yields a total
reference 2'Ne production rate of 18.3+0.5 atoms g~ ! a~ ', of which
0.66+0.10 atoms g~ ' a~ ! is due to muon interactions.
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