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We present a theoretical basis for reconstructing paleotemperatures from the open-system behavior of
cosmogenic noble gases produced in minerals at Earth’s surface. Experimentally-determined diffusion
kinetics predicts diffusive loss of cosmogenic 3He and 2!Ne from common minerals like quartz and
feldspars at ambient temperatures; incomplete retention has also been observed empirically in field
studies. We show that the theory of simultaneous production and diffusion that applies to radiogenic
noble gases in minerals—the basis of thermochronology—can also be applied to cosmogenic noble gases

Keywords: to reconstruct past surface temperatures on Earth. We use published diffusion kinetics and production
cosmogenic nuclide rates for 3He in quartz and 2'Ne in orthoclase to demonstrate the resolving power of cosmogenic
noble gas noble gas paleothermometry with respect to exposure duration, temperature, and diffusion domain size.
diffusion Calculations indicate that, when paired with a quantitatively retained cosmogenic nuclide such as 2!Ne

paleoclimate

or 19Be, observations of cosmogenic >He in quartz can constrain temperatures during surface exposure in
surface processes

polar and high altitude environments. Likewise, 2! Ne retention in feldspars is sensitive to temperatures
at lower latitudes and elevations, expanding the potential geographic applicability of this technique to
most latitudes. As an example, we present paired measurements of >He and '°Be in quartz from a suite
of Antarctic sandstone erratics to test whether the abundances of cosmogenic >He agree with what is
predicted from first principles and laboratory-determined diffusion kinetics. We find that the amounts
of cosmogenic 3He present in these samples are consistent with the known mean annual temperature
(MAT) for this region of Antarctica between —25 and —30°C. These results demonstrate the method’s
ability to record paleotemperatures through geologic time.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction in carbonates have circumvented this limitation (Eiler, 2007; Ghosh

et al., 2006). Nevertheless, temperatures calculated from carbonate

Reconstructing past surface temperatures from continental set-
tings is important for understanding how climatic processes, such
as glacial cycles, and tectonic processes, such as orogenic-driven
elevation change, have shaped terrestrial environments and land-
forms. The most widely applied methods for reconstructing past
surface temperatures on continents involve measuring stable iso-
topes of oxygen in carbonates or ice. However, in the case of
carbonates, traditional stable isotope methods require that the oxy-
gen isotopic composition of water from which carbonate formed is
known, which is rarely the case (e.g. Eiler, 2011; Kim and O’Neil,
1997; Rowley and Garzione, 2007). In the past decade, measure-
ments of multiply substituted isotopologues (“clumped isotopes”)
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clumped isotope measurements can be anomalously high (Quade
et al, 2011) and vary as a function of seasonal parameters like
precipitation (Peters et al., 2012) precluding simple interpreta-
tion in some cases. Leaf physiognomy (e.g. Forest et al, 1999;
Gregory and Mclntosh, 1996) and pollen distribution (e.g. Bartlein
et al., 2011) have also been used to estimate terrestrial paleotem-
peratures. However, these bioclimatic proxies depend on numer-
ous additional climate parameters, including precipitation, plant-
available moisture, seasonality, and length of the growing sea-
son. All existing terrestrial paleotemperature proxies are limited
by the abundance of specific minerals/fossils in the rock record
and can suffer from poor preservation and diagenetic alteration
(Eiler, 2011). Thus quantitative reconstruction of past terrestrial
temperatures remains a major challenge despite the development
of several paleotemperature proxies over the past few decades.

In this paper we describe a new paleotemperature proxy based
on the open-system behavior of cosmogenic noble gases in com-
mon minerals. He and 2!Ne were the first in situ-produced
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cosmogenic nuclides to be unambiguously observed in terrestrial
materials (Craig and Poreda, 1986; Kurz, 1986; Marti and Craig,
1987). Since then, measurements of cosmogenic nuclides in min-
erals have transformed how Earth surface processes are studied
and quantified (Granger et al, 2013). 3He and 2!Ne are partic-
ularly attractive for studying surface processes. Since *He and
2INe are both stable, they can be used to quantify exposure his-
tories that are long relative to the half-lives of cosmogenic ra-
dionuclides like 1°Be and 26Al. Cosmogenic >He and 2!Ne also
have high production rates in terrestrial materials, minimizing
the amount of material needed for analysis, and noble gas mea-
surements are faster and cheaper than measurements of cosmo-
genic radionuclides by accelerator mass spectrometry. Cosmogenic
2INe in quartz, olivine, pyroxene, and amphibole and cosmogenic
3He in the latter three phases have been extensively used to
study geomorphic and geologic processes (e.g. review by Dunai,
2010). Empirical observations (Bruno et al., 1997; Cerling, 1990;
Ivy-Ochs et al., 2007; Schdfer et al., 1999), and in some cases mea-
sured diffusion kinetics (Cherniak et al., 2014; Gourbet et al., 2012;
Shuster and Farley, 2005; Trull et al., 1991), indicate that these cos-
mogenic noble gas-mineral pairs exhibit quantitative retention at
Earth surface temperatures.

In contrast, cosmogenic >He and 2'Ne experience significant
diffusive loss over geologic time at Earth’s surface in quartz and
feldspars, respectively. As a result, these cosmogenic noble gas—
mineral pairs have been almost entirely avoided in surface process
studies. Incomplete retention of cosmogenic 3He was first inferred
from comparisons of 3He-based exposure ages with '°Be or 26Al
ages from the same quartz samples. In diverse settings, the >He
ages were systematically younger (Brook and Kurz, 1993; Brook
et al, 1993; Cerling, 1990; Trull et al, 1995). Experimentally-
determined diffusion kinetics of 3He in quartz broadly agrees with
these observations and indicates that significant proportions of
3He can be lost from quartz over time, even at subzero temper-
atures (Shuster and Farley, 2005). Although one study showed that
3He could be quantitatively retained in very large quartz grains
with <100 ka of exposure in Antarctica (Brook et al., 1995), the
only published cosmogenic 3He-quartz measurements since the
mid-1990s were used to screen for relatively old versus young er-
ratics and sub-select samples for '°Be analyses (Ackert Jr. et al.,
2011). Observations of cosmogenic 2!Ne in feldspars (Bruno et al.,
1997; Kober et al., 2005) and experimentally-determined diffusion
kinetics of Ne (Gourbet et al., 2012) suggest that feldspars can also
experience diffusive loss of cosmogenic 2'Ne at Earth’s surface,
depending on mineralogical composition. Sanidine, which appar-
ently exhibits quantitative retention of 2!Ne (Gourbet et al., 2012;
Kober et al., 2005), is the only feldspar that has been used to study
surface processes (Ivy-Ochs et al., 2007; Kober et al., 2007).

Although avoided in cosmogenic nuclide studies, the open-
system behavior of radiogenic noble gases has been extensively
studied and utilized as a method for reconstructing thermal his-
tories of minerals and rocks in the upper lithosphere (Harrison
and Zeitler, 2005). Widely applied methods of noble gas ther-
mochronology, such as the 4%Ar/3°Ar system in feldspars and the
(U-Th)/He system in apatite and zircon, record both time, through
the production of noble gas atoms via radioactive decay, and tem-
perature, through their thermally-activated diffusive loss. In prin-
ciple, cosmogenic noble gas-mineral pairs exhibiting open-system
behavior also record the thermal histories of rocks that can be
quantified using the same theoretical framework as radiogenic no-
ble gases. Since cosmogenic nuclide production occurs almost en-
tirely within the uppermost few meters of the Earth’s surface, cos-
mogenic noble gas-mineral pairs ought to record thermal histories
of local surface environments.

Here we present calculations to test whether the open-system
behavior of cosmogenic >He in quartz and 2!Ne in feldspars can be

used to quantify past temperatures at Earth’s surface. We utilize
published production rates and diffusion kinetics of these cosmo-
genic noble gas-mineral pairs, although future paleothermome-
try applications will warrant tighter constraints on both of these
variables. We show that with relatively simple models based on
first principles we can predict the observed abundances of cos-
mogenic >He in an example set of quartz samples from Antarctica
with simple Holocene exposure histories. This work focuses on >He
and 2'Ne in quartz and feldspars, respectively, but the theoretical
framework presented here can be extended to any cosmogenic no-
ble gas-mineral system and to other planetary bodies and higher
temperature regimes (e.g. Shea et al., 2012; Shuster et al., 2010;
Suavet et al., 2013). Further, this cosmogenic nuclide-based pa-
leothermometer, which is characterized by fundamentally differ-
ent principles and assumptions from preexisting paleotemperature
proxies, may be particularly useful for studying surface processes
where pre-existing proxies cannot be applied, or provide important
tests for internal consistency in cases where they can.

2. Theoretical background
2.1. Simultaneous production and diffusion

The theory and mathematics describing the open-system be-
havior of noble gases in minerals have been extensively developed
in the field of noble gas thermochronology; we present a brief re-
view of fundamental concepts here. The concentration of a noble
gas M simultaneously being produced and diffusing from a min-
eral changes as a function of time t according to:
oM  D(T)

at a2

where D is diffusivity, V2 is the second-order spatial derivative
or Laplacian, a is the dimension of the diffusion domain, and
Py is the mineral-specific production rate of M. Eq. (1) requires
that diffusion of noble gases in the mineral is Fickian (i.e., atoms
move from regions of high to low concentration with a flux pro-
portional to the concentration gradient) and isotropic. Published
diffusion experiments suggest that these conditions are met for
noble gas diffusion in quartz (Shuster and Farley, 2005) and or-
thoclase (Gourbet et al., 2012). Solutions to Eq. (1) must also sat-
isfy the boundary condition that the concentration of M at a, the
outer boundary of the diffusion domain, is zero. This condition is
effectively valid for minerals when the diffusion domain is equiv-
alent to the grain size, as diffusivities along grain boundaries are
typically several orders of magnitude greater than within the min-
eral grains themselves (e.g. Dohmen and Milke, 2010), and the
surrounding environment is nearly an infinite reservoir for rare
nuclides. Abundances of cosmogenic >He in different grains sizes
sharing a common exposure history indicate that the diffusion do-
main and grain size are equivalent for quartz (Brook et al., 1993).
For thermally-activated diffusion of noble gases in minerals, a large
body of research (e.g. review by Baxter, 2010) shows that the dif-
fusivity D depends exponentially on temperature according to the
Arrhenius relationship:

D(T) _ Do —Eq
a? _a_ZeXp<RT(T)> 2)

where Dy is the diffusivity at infinite temperature, E, is the ac-
tivation energy, R is the gas constant and T is temperature. The
diffusion parameters Do and E, are specific to a particular noble
gas-mineral pair and can be determined empirically via labora-
tory experiments. If both temperature (and therefore diffusivity)
and the production rate remain constant through time, and if we
assume the diffusion domain has a spherical geometry, Eq. (1) has
the analytical solution described by Wolf et al. (1998):

VZM + Py (1)
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The spherical geometry assumption is reasonable for most min-
eral grains with modest aspect ratios, as long as the surface area
to volume ratio of the actual diffusion domain and the spher-
ical approximation are equivalent (Farley et al., 2010; Meesters
and Dunai, 2002). When temperature and/or production vary as a
function of time, the analytic approach is no longer valid and a nu-
merical solution is required. For calculations in this paper involving
time-varying production rates, we implement the Crank-Nicholson
finite-difference scheme described by Ketcham (2005) to discretize
and solve Eq. (1).

2.2. Cosmogenic nuclide production

A fundamental difference between solutions to Eq. (1) for ra-
diogenic and cosmogenic noble gases is the production term (for
an extensive review of cosmogenic nuclide production, see Dunai,
2010; Gosse and Phillips, 2001). Cosmogenic nuclides are produced
when high-energy cosmic-ray particles ultimately induce nuclear
transmutations, typically spallation reactions, of target atoms in a
mineral. Production rates depend on i) the flux and energy spec-
trum of incident particles, ii) the elemental composition of the
target mineral, and iii) the cross-sections of relevant reactions.
At typical Earth surface elevations, the flux of energetic particles
is primarily controlled by an exponential dependence of produc-
tion rate on the thickness of shielding mass (e.g., the overlying
atmosphere and any additional shielding by rock or soil) above
the sample (Lal, 1991). Given a mineral with uniform composi-
tion (e.g. quartz), however, the production ratio of two cosmogenic
nuclides can only vary if both the relevant reaction cross-sections
depend differently on particle energy and the energy spectrum of
the cosmic-ray flux changes. Since cross-sections of most geologi-
cally relevant reactions have similar energy dependence, and since
the energy spectrum of the cosmic-ray flux is nearly invariant at
typical surface elevations, the production rate ratio of two nuclides
in a particular target mineral is essentially constant over time re-
gardless of the variation in absolute production rate due to surface
erosion or deposition. In practice, nearly all surfaces on Earth are
subject to either erosion or deposition, so incorporating the time-
dependence of production in solutions to Eq. (1) will be important
for reconstructing thermal histories from cosmogenic noble gases.

Apparent exposure ages can be determined from the concen-
tration M and local production rate Py of a cosmogenic noble gas
exhibiting open-system behavior in a particular mineral (Eq. (1)).
However, like open-system behavior of radiogenic noble gases, this
apparent age has little significance by itself, providing only a lower
bound on exposure age. Additional information is required to re-
construct a thermal history. In the simplest case of a single pe-
riod of surface exposure with negligible erosion, this information
can be obtained by pairing the partially-retained nuclide with one
that is not subject to diffusive loss. Given knowledge of relevant
production rates, the concentration of the quantitatively-retained
nuclide establishes the exposure duration, and the concentration
of the partially-retained nuclide becomes a function only of the
integrated temperature over a sample’s exposure. In the case of
more complex exposure histories involving erosion and/or burial,
changes in depth and production rate with time can be determined
from the concentration-depth profile of one or paired measure-
ments of two quantitatively retained cosmogenic nuclides (Jungers
et al., 2013; Kober et al., 2007; Schaller et al., 2009). Thus we can
use measurements of one or more quantitatively retained nuclides
to independently determine both the time interval over which to
solve Eq. (1) and how the production term evolves. Once the ex-
posure history of the sample is known, the concentration of the
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Fig. 1. Schematic illustration of AT, the difference between effective diffusion tem-
perature (EDT) and mean temperature. The EDT is calculated from the mean dif-
fusivity D experienced over the temperature function in (A), which will always be
greater than or equal to the mean temperature since diffusivity is a nonlinear func-
tion of temperature (B).

partially-retained nuclide is directly related to the temperature ex-
perienced by the sample during that history.

2.3. Effects of surface temperature variability on cosmogenic noble gas
diffusion

Rocks at Earth’s surface experience temperature oscillations on
daily, seasonal, and longer timescales. Because diffusion is a con-
tinuous process and a nonlinear function of temperature, these
periodic surface temperature oscillations will influence the time-
integrated thermal history that a cosmogenic noble gas-mineral
pair records. We are ultimately interested in changes in mean
ambient temperatures over geologic time. Therefore we need to
account for the effects of periodic temperature variations on diffu-
sivity in order to infer mean ambient temperatures from measure-
ments of cosmogenic noble gases. This can be achieved by defining
the effective diffusion temperature, or EDT, as the temperature cor-
responding to the mean diffusivity over a variable temperature
function. Mathematically, the EDT can be written by transforming

Eq. (2):

t -1
—E 1 —E
EDT= —2(In —/exp < Vdt' (4)
R t RT(t")
0

where t is the period of the temperature variation. This concept of
an effective temperature has been previously defined and applied
in the thermoluminescence literature (Christodoulides et al., 1971;
Durrani et al., 1972). We use the term effective diffusion tempera-
ture here to emphasize that, given the same temperature function,
the effective temperature of solid-state noble gas diffusion may not
be the same as the effective temperature for another temperature-
dependent process. Since diffusivity is a nonlinear function of tem-
perature, the EDT will always be greater than or equal to the mean
temperature of a given temperature function. To conceptualize this,
Fig. 1 shows the relationship between temperature and diffusivity
for a sinusoidal temperature function.

The difference between EDT and mean temperature (AT, Fig. 1)
is a function of the mean temperature, amplitude of the temper-
ature oscillation, and diffusion parameters used to calculate EDT
with Eq. (4), but is independent of frequency for a one component
temperature oscillation, as in Fig. 1. For a given mean tempera-
ture, AT increases with increasing amplitude. This means that rock
samples at the surface experiencing the same mean temperature
and exposure duration can have different EDTs and therefore ob-
servable differences in cosmogenic noble gas retention, such that
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(A) *He-quartz

(B) #'Ne-orthoclase

Fig. 2. AT, the difference between effective diffusion temperature (EDT) and mean
temperature, as a function of the amplitudes of diurnal and annual temperature
oscillations for a mean temperature of 0°C, calculated according to Eq. (4). We
show AT surfaces for both the 3He-quartz (A) and 2!'Ne-orthoclase (B) systems
using the diffusion kinetics of Shuster and Farley (2005) and Gourbet et al. (2012),
respectively. For higher mean temperatures, AT surfaces plot sub-parallel to and
below the surface for 0°C shown; the converse is true for lower mean tempera-
tures. In (A), we show an example of how AT might evolve for a constant mean
temperature as a sample approaches the surface due to erosion. Below ~14 cm,
the AT experienced by a sample is primarily a function of the annual tempera-
ture oscillation and evolves along the solid arrow. Above ~14 cm, the amplitude
of the annual temperature oscillation approaches its magnitude at the surface, and
the daily amplitude begins to increase. At these depths, AT evolves approximately
according to the dashed arrow.

the sample experiencing a larger amplitude temperature variation
will have lower net retentivity over time. Similarly, because EDT
is a function of activation energy, the EDT of cosmogenic 3He in
quartz will be different from that of cosmogenic 2!Ne in orthoclase
within the same sample. The effects of temperature oscillations are
magnified at lower temperatures; in other words, for the same
amplitude temperature oscillation, AT increases with decreasing
mean temperature.

AT does depend on frequency when multiple temperature os-
cillations occur simultaneously. To demonstrate this, Fig. 2 shows
AT for periodic temperature functions with a mean of 0°C and
different daily and annual amplitudes for both the 3He-quartz
(A) and 2'Ne-feldspar (B) systems, calculated according to Eq. (4).
Surfaces for mean temperatures other than 0°C would plot sub-
parallel to those shown in Fig. 2, with lower mean temperatures
corresponding to greater AT values and divergence of the surfaces
with increasing amplitudes.

In addition to heat conduction between rocks at the surface
and surrounding air, rocks are also directly heated by incident
solar radiation. The effects of radiative heating on rock temper-
ature are complex and depend on factors such as the short-
wave and longwave radiative fluxes, thermal properties of the rock
like albedo, and short-term variables like moisture content, snow
cover, and wind conditions (e.g. Deardorff, 1978; Hall et al., 2005;
McGreevy, 1985). Barring stochastic, transient variables like wind,
radiative heating has the same period as daily temperature oscilla-
tions and thus increases the magnitude of daily rock temperature
amplitudes relative to that of air. Except in extreme desert envi-
ronments, where the daily rock temperature amplitude can be as
large as 40°C (McFadden et al., 2005; McKay et al., 2003), 5-10°C
amplifications are typical, depending on albedo (Hall et al., 2005;
McGreevy, 1985). Daily temperature amplitudes this large have sig-
nificant effects on the AT, as shown in Fig. 2. Convolution of
diurnal radiative heating of rock surfaces with daily and annual
temperature oscillations can therefore result in large differences
between EDT and mean temperature at the surface that need to
be accounted for.

Since cosmogenic nuclide production occurs within a few me-
ters of the Earth’s surface and a typical sample moves with respect
to the surface due to either erosion or aggradation, the attenu-
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Fig. 3. Depth dependence of temperature perturbations originating at the surface
(A) and cosmogenic nuclide production rates (B). In (A), we use the thermal prop-
erties of granite from McGreevy (1985) and a density of 2.7 g/cm? to calculate with
Eq. (5) how thermal waves with diurnal, annual, and glacial-cycle periods with 5,
10, and 20°C amplitudes at Earth’s surface propagate with depth. The skin depth,
the depth at which the amplitude of the temperature perturbation is 1/e of the
surface amplitude, is noted for the different period oscillations. (B) Attenuation of
a spallogenic cosmogenic nuclide production rate with depth, with a surface pro-
duction rate of Pp. We assumed the same density as in (A) and an attenuation
coefficient of 160 g/cm?. The skin depth, the depth at which production equals
Po/e, is also shown. (For interpretation of the references to color in this figure,
the reader is referred to the web version of this article.)

ation of surface temperature variations with depth must also be
considered. The amplitude of any surface temperature oscillation
decreases with depth beneath the surface according to:

wpPCp . __ |wpcp
T )exp(z[a)t z T ]) (5)

where T is temperature, z is depth, A is the surface tempera-
ture amplitude, w is the surface temperature frequency, p is rock
density, ¢, is specific heat capacity, and k is thermal conduc-
tivity (e.g. Fowler, 2005). Fig. 3A shows solutions to Eq. (5) for
the typical thermal properties and density of granite and for dif-
ferent frequency and amplitude surface temperature oscillations.
Fig. 3A demonstrates that longer period temperature oscillations
will propagate to greater depths. The skin depth—the depth at
which the temperature amplitude decreases by 1/e—is 0.14 m for
daily and 2.8 m for annual oscillations; glacial cycle temperature
oscillations affect temperatures tens to hundreds of meters be-
neath the surface. For comparison, the skin depth associated with
the attenuation of cosmogenic nuclide production by spallation
reactions in the same density material is 0.59 m (Fig. 3B). This in-
dicates that cosmogenic nuclide production rates remain relatively
high at depths where daily air and rock temperature oscillations
are significantly diminished. The amplitude of the annual temper-
ature oscillation, however, is significant at all depths where cos-
mogenic nuclide production occurs.

The arrows in Fig. 2A schematically demonstrate how daily and
annual temperature oscillations influence the EDT and AT of a
rock as it is brought to the surface by erosion for a constant
mean surface temperature. At depths > ~0.14 m, the amplitudes
of daily temperature oscillations (Fig. 3, dotted curves) are small
and only the annual temperature oscillation (Fig. 3, dashed curves)
will significantly affect AT. At these depths, AT (and EDT) evolves
according to the solid arrow in Fig. 2A as the sample moves to-
ward the surface and the amplitude of the annual temperature

T(z)=A exp(—z
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oscillation increases. At depths < ~0.14 m, the amplitude of the
daily temperature oscillation becomes significant, while the ampli-
tude of the annual temperature oscillation approaches its surface
magnitude; the AT will then evolve according to the dashed ar-
row in Fig. 2A. The reverse thermal history is expected for samples
that are progressively buried due to sedimentation.

To summarize, rocks at Earth’s surface are heated by sur-
rounding air, which experiences temperature oscillations of pre-
dictable frequencies and amplitudes, and by solar radiation, which
increases the amplitude of daily rock temperatures above that
the surrounding air. Calculating a mean temperature from an ob-
served diffusion temperature (i.e.,, EDT) of a cosmogenic noble
gas-mineral system therefore requires considering the depth inte-
grated effects of both diurnal radiative heating and short-term air
temperature oscillations on rock temperatures. These short-term
temperature oscillations should be predictable on long (>103 yr)
timescales, as they are primarily a function of solar insolation and
therefore latitude.

3. Methods
3.1. Assessing the sensitivity of cosmogenic noble gas paleothermometry

We present a series of calculations using the theory and math-
ematics outlined above to establish under what conditions cos-
mogenic noble gas-mineral pairs will record surface temperature
histories. All calculations utilize the diffusion parameters for He in
quartz reported by Shuster and Farley (2005) [Eq = 84.5 k]/mol;
In(Dg/a®) = 11.1 In(s~")]. We do not use the diffusion kinetics of
3He in quartz reported by Trull et al. (1991), as their results were
likely compromised by a nonuniform, unknown initial distribu-
tion of cosmogenic 3He in their experiment. Gourbet et al. (2012)
conducted diffusion experiments on multiple types of feldspars,
demonstrating that feldspars generally experience diffusive loss of
2INe at Earth surface temperatures but that diffusion parameters
are compositionally dependent. Since the diffusion experiment on
MadOr orthoclase (Ang2Abs50r943) yielded the most robust, sim-
ple Arrhenius relationship for Ne diffusion (Gourbet et al., 2012),
we use these parameters in our calculations [E; = 112.1 kJ/mol;
In(Do/a%) = 7.4In(s~")]. For quartz, we use a sea level high-
latitude (SLHL) cosmogenic production rate of 108 atoms/g/yr for
3He (Vermeesch et al., 2009). Production rates of cosmogenic 2! Ne
in feldspars vary depending on mineral composition. We use an
SLHL production rate of 22.4 atoms/g/yr for the composition of
MadOr orthoclase, calculated from the stoichiometric production
rates of Gourbet et al. (2012) and the model production rates of
Kober et al. (2005).

In the first set of calculations, we investigate the feasibility of
estimating the integrated temperature over a single exposure pe-
riod. We assume that production and the EDT are constant through
time and use Eq. (3) to model the effects of grain size, tempera-
ture, and exposure duration on cosmogenic noble gas retention.
Retention R, or the fraction of the cosmogenic noble gas produced
that has not diffused from the mineral grain, can be defined as:

-1
*= () (1) ©
Mg Pg

where A is a diffusive cosmogenic noble gas and B is a quantita-
tively-retained cosmogenic nuclide. Any cosmogenic nuclide that
does not diffuse from the mineral or decay over the timescale of
interest can be used as the quantitatively retained nuclide B; in
the example dataset discussed later we use 'Be. If both cosmo-
genic nuclides are quantitatively retained at the EDT, R=1.If A is
diffusively lost, R approaches zero over time as the concentration
of A reaches steady-state and ingrowth of B continues. As defined

in Eq. (6), R is readily calculated from laboratory measurements of
A and B and knowledge of their production rate ratio.

In the second set of calculations, we evaluate the feasibility of
estimating the magnitude of past temperature changes. We use
the finite-difference scheme described by Ketcham (2005) to model
how retention evolves for two geologic scenarios involving a tem-
perature change. Production rates are scaled and passed to the
forward model using the code underlying the CRONUS-Earth on-
line calculator (Balco et al., 2008). In one scenario, we model cos-
mogenic noble gas retention for samples exposed since the last
glacial period that experience rapid warming at the beginning of
the Holocene. In another scenario, we model cosmogenic noble gas
retention for samples exposed over the past 4 Ma that experience
cooling across the Plio-Pleistocene climate transition. We allow the
pre-transition EDTs to vary in each scenario and hold the post-
transition EDT constant to evaluate whether the magnitude of a
temperature shift can be resolved as differences in retention. We
use both the modeled geologic scenarios and constant production
and EDT calculations to discuss potential applications and limita-
tions of cosmogenic noble gas paleothermometry for constraining
past Earth surface temperatures.

3.2. Cosmogenic 3He retention in Antarctic erratics

To evaluate whether the existing knowledge of diffusion kinet-
ics for the 3He—quartz system and the underlying theory are con-
sistent with geologic observations, we measured cosmogenic 3He
abundances in quartz from glacially transported erratic cobbles in
the Pensacola Mountains, Antarctica. While not originally collected
for this purpose, these samples are useful for the present study be-
cause their cosmogenic 19Be exposure ages define a monotonic ex-
posure age-elevation relationship recording progressive deglacia-
tion of this site between 10.6 and 4.8 ka. This relationship, which
is commonly observed in similar data sets throughout Antarctica,
indicates that each sample was emplaced during deglaciation and
has experienced only a single period of surface exposure, and that
the 1%Be exposure ages accurately record the duration of this pe-
riod (e.g. Balco, 2011; Stone et al., 2003). Thus, given an exposure
history determined from the '°Be measurements and an estimate
from present climatology of mean ambient temperatures in the
Pensacola Mountains (ca. —25 to —30°C; see discussion below),
we compare measured 3He concentrations with those predicted
by Eq. (4) to evaluate whether using the open-system behavior of
cosmogenic 3He to reconstruct past temperatures is viable with
natural samples.

4. Results and discussion

4.1. Effects of temperature, exposure duration, and grain size on
cosmogenic noble gas retention

Figs. 4A-B show predicted retention, calculated with Eq. (3),
of cosmogenic 3He in quartz and 2!'Ne in orthoclase as a func-
tion of time for constant-EDT exposure histories in 1 mm-diameter
grains. These figures summarize the respective conclusions of the
diffusion studies by Shuster and Farley (2005) and Gourbet et al.
(2012): cosmogenic 3He diffusion in quartz is significant at subzero
EDTs and relatively short (103 yr) timescales, while cosmogenic
21Ne diffusion in orthoclase is significant at EDTs in the 20-40°C
range on 10°-108 yr timescales. Importantly, the calculations pre-
sented in Figs. 4A-B highlight the time and temperature ranges
over which paleotemperature information could be constrained
by cosmogenic noble gas observations. For example, EDTs ranging
from —40 to 20°C could readily be distinguished with measure-
ments of cosmogenic 3He retention in 1 mm quartz grains with
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Fig. 4. Retention of cosmogenic 3He in quartz (A, C, E) and 2!Ne in orthoclase feldspar (B, D, F) using the diffusion kinetics of Shuster and Farley (2005) and Gourbet et
al. (2012), respectively. Retention refers to the fraction of the cosmogenic noble gas produced during exposure that has not diffused from the mineral grain. Curves were
calculated using the analytical solution of the production-diffusion equation (Eq. (3)) assuming a constant effective diffusion temperature (EDT). In (A) and (B), retention is
plotted as a function of EDT and exposure duration for 1 mm-diameter grains, assuming that the grain size defines the size of the diffusion domain. The line for quantitative
retention (i.e. no diffusion during exposure) is also shown in (A). (C) and (D) show retention as a function of EDT and grain size for an exposure duration of 10% yr. In (E) and
(F), retention is shown as a function of grain size and exposure duration. In (E), retention curves are plotted for an EDT of 0°C; in (F), the EDT = 40°C. (For interpretation
of the references to color in this figure, the reader is referred to the web version of this article.)

10 ka exposure durations. However, for the same grain size and ex-
posure duration, cosmogenic 2!Ne is quantitatively retained in or-
thoclase (R = 1) at all EDTs below 40 °C; this nuclide-mineral pair
would only display partial retention at typical Earth surface tem-
peratures for exposure durations >10° yr. The results of Gourbet
et al. (2012) imply that cosmogenic 2'Ne retention in other al-
kali feldspars (anorthoclase and sanidine) should be sensitive to
a lower temperature range over shorter exposure durations than
2INe in orthoclase. Available data predict complete retention of
cosmogenic 2'Ne in quartz at all EDTs and timescales shown in
Fig. 4, indicating that this nuclide-mineral pair is expected to al-
ways accurately record exposure duration.

Broadly, these results indicate that the ratio of cosmogenic 3He
to a quantitatively retained cosmogenic nuclide in quartz can con-
strain past surface temperatures in polar and high altitude envi-
ronments, where EDTs are consistently at or below 0°C. The con-
centration of the fully-retained nuclide (e.g., 2'Ne, 1°Be, or 26Al)
constrains the exposure duration, while the concentration of cos-
mogenic 3He can be used to determine the EDT. 2'Ne measure-
ments in orthoclase can constrain paleotemperature histories at
lower latitudes and elevations than the 3He-quartz system, where
EDTs are in the 20-40 °C range.

Retention, and hence the useful temperature range of a particu-
lar nuclide-mineral pair, depends on grain size; Figs. 4C-F show

this effect. Larger grains, corresponding to larger diffusion do-
mains, display higher retentivity at a given EDT and duration for
both systems. This is potentially advantageous for paleothermome-
try because of the possibility of selecting grain sizes to yield max-
imum sensitivity for particular geologic problems and temperature
ranges. For example, while cosmogenic 2!Ne is expected to be fully
retained in orthoclase at EDTs <40°C in 1 mm-diameter grains for
10* yr of exposure (Fig. 4B), significant temperature-retention dif-
ferences are predicted for the same scenario in 0.1 mm-diameter
grains (Fig. 4D). Additionally, observations of retention in different
grain sizes can provide an important test for internal consistency:
observed retentivities in different grain sizes with a common ex-
posure history should imply a common EDT.

4.2. Geologic scenarios involving temperature change

While constant EDT-exposure scenarios are useful for demon-
strating the temperature sensitivity of various nuclide-mineral
pairs, geologic applications of open-system behavior of cosmogenic
noble gases will most likely be aimed at reconstructing past tem-
perature changes. To explore this, we consider two hypothetical
geologic scenarios in which the timing of a temperature change is
well established but its magnitude in a particular location is not.
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Fig. 5. Example geologic scenario where cosmogenic noble gas retention is mod-
eled for different magnitude temperature changes at the transition between the last
glacial period and the Holocene Epoch. All calculations assume exposure began at
16 ka and warming occurred over a 1.2 ka period centered at 12 ka. Retention of
cosmogenic 3He in quartz (left, gray circles) is plotted against effective diffusion
temperature (EDT) before the increase centered at 12 ka (bottom). The predicted
3He retention corresponds to 2 mm-diameter quartz grains that have experienced
an EDT of 0°C over the Holocene. Retention of cosmogenic 2!Ne in orthoclase
feldspar (right, black circles) is plotted against EDT before the increase centered at
12 ka (top). The predicted 2!Ne retention corresponds to 0.2 mm-diameter ortho-
clase grains that have experienced an EDT of 60°C over the Holocene. We assume
an average erosion rate of 5 m/Ma for both systems, although the results are rela-
tively insensitive to erosion rate on this timescale.

A variety of paleoenvironmental and geochemical proxies from
marine or lacustrine sediments and ice cores have been used to
estimate the magnitude of local and globally-averaged warming at
the end of the last glacial period (e.g. Clark et al., 2012; Shakun et
al., 2012). In continental settings, these proxies often only provide
qualitative estimates of temperature change (Bartlein et al., 2011;
Farrera et al., 1999). Quantitative estimates of continental temper-
atures for the last glacial maximum have been made from plant
macrofossils and pollen records; however, in many cases these es-
timates cannot be reconciled with sea surface temperature prox-
ies and climate models to better than 4-8°C (Annan and Har-
greaves, 2013) despite nominally having an uncertainty of only
1-2°C (Farrera et al., 1999, and references therein).

In Fig. 5, we show model calculations that evaluate whether
cosmogenic noble gas paleothermometry could be used to deter-
mine the magnitude of continental temperature increases at the
onset of the Holocene. We assume that a sample has been contin-
uously exposed for 16 ka at an erosion rate of 5 m/Ma. A single
warming event occurs over a 1.2 ka period centered at 12 ka. We
consider two cases that are suited to the 3He-quartz and 2'Ne-
orthoclase pairs, respectively: Holocene EDTs of 0°C are typical of
high elevations in low to mid-latitude mountainous regions, while
EDTs of 60°C occur in arid deserts where radiative solar heating is
significant.

Fig. 5 demonstrates that retention of >He in quartz and 2'Ne in
orthoclase is sensitive to the magnitude of Holocene warming in
both scenarios. However, for scenarios such as this one in which
temperatures increase through time, the sensitivity is relatively
small, as the increase in diffusivity caused by climate warming
acts to speed up the loss of information about the prior colder pe-
riod. Retention varies by <20% between scenarios in which EDTs
during the last glacial period equaled the Holocene EDT and were
15°C cooler. Assuming that measurements of retention can be re-
solved with £2.5% precision, one could determine pre-Holocene
EDTs (and infer mean Holocene temperatures) to within £2.5°C.
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Fig. 6. Example geologic scenario where cosmogenic noble gas retention is modeled
for different magnitude temperature changes at the Pliocene-Pleistocene transi-
tion. All calculations assume exposure began at 4 Ma and cooling occurred over a
0.25 Ma period centered at 2.5 Ma. Retention of cosmogenic >He in quartz (left, gray
circles) is plotted against effective diffusion temperature (EDT) before the decrease
centered at 2.5 Ma (bottom). The predicted 3He retention corresponds to 2 mm-
diameter quartz grains that have experienced an EDT of —40°C over the Quaternary
Period. Retention of cosmogenic 2! Ne in orthoclase feldspar (right, black circles) is
plotted against EDT before the decrease centered at 2.5 Ma (top). The predicted
21Ne retention corresponds to 0.2 mm-diameter orthoclase grains that have experi-
enced an EDT of 15°C over the Quaternary. An average erosion rate of 0.1 m/Myr is
assumed for both systems.

In some cases, this would improve upon existing estimates, or
provide quantitative constraints where only qualitative estimates
presently exist. Measurements of retention across multiple grain
sizes could in principle provide greater temperature resolution in
this scenario.

Our second scenario involves the Pliocene-Pleistocene climate
transition, which is marked by cooling and the onset of northern
hemisphere continental glaciation at ~2.5 Ma (Balco and Rovey,
2010; Haug et al., 2005; Raymo, 1994). Paleotemperature estimates
for the Pliocene are scarce and frequently qualitative, particularly
on continental settings and at low latitudes. Cosmogenic noble
gas concentrations in rocks in very slowly eroding landscapes that
have resided at or near the surface since before ~2.5 Ma should
record the magnitude of cooling across this transition. Rock sur-
faces with apparent exposure ages exceeding 2.5 Ma are common
in the polar deserts of the Transantarctic Mountains (Schdfer et
al., 1999) and the low-latitude deserts of Australia (Fujioka et al.,
2005), Chile (Dunai et al., 2005; Evenstar et al., 2009), and Namibia
(Bierman and Caffee, 2001), and likely exist in other arid and tec-
tonically quiescent regions.

Fig. 6 shows predicted retention of cosmogenic *He in quartz
and 2'Ne in orthoclase for an exposure scenario in which sam-
ples are continuously exposed for 4 Ma at a constant erosion rate
of 0.1 m/Ma. A single cooling event occurs over a 0.25 Ma pe-
riod centered at 2.5 Ma. We assume the same grain sizes as in
the previous example, but EDTs of —40°C for quartz (typical of
the Transantarctic Mountains) and 15 °C for orthoclase (typical of
moderate elevations at temperate latitudes) during the Quaternary.
In contrast to the previous example, a scenario in which tempera-
ture and therefore diffusivity decreases over time tends to increase
the preservation of past temperature information. The same con-
ceptual model could be applied to samples exposed at the surface
during the Pliocene and subsequently buried in a sedimentary de-
posit at depths where cosmogenic production is negligible.
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4.3. An initial test of cosmogenic noble gas paleothermometry with
geologic samples

While diffusion experiments enable predictions of retentivity
for a particular cosmogenic noble gas-mineral pair as in Sec-
tions 4.1 and 4.2, these predictions have yet to be tested directly
with geologic samples. To do this, we measured cosmogenic 3He
and '%Be in nine quartz samples from an elevation transect of
glacially transported cobbles in the Pensacola Mountains, Antarc-
tica (Table 1; see Tables S1-S3 for additional sample, site, and
analytical information). As previously mentioned, all samples have
10Be exposure ages younger than 11 ka that define a monotonic
age-elevation relationship, suggesting a single period of surface
exposure for each sample as deglaciation progressed during the
Holocene (e.g. Stone et al., 2003).

Our goal in presenting these data is not to reconstruct a de-
tailed Holocene temperature history for Antarctica. Rather, we use
these data to examine whether the temperatures inferred from
cosmogenic noble gases agree with the relatively simple clima-
tological and surface exposure histories that we expect for these
samples. Thus we make several simplifying assumptions in our
analysis and interpretation of this dataset. First, we assume that
the 3He diffusion kinetics determined by Shuster and Farley (2005)
apply to the quartz samples we analyzed and do not take into
account uncertainty in the diffusion kinetics. Second, we do not
incorporate production rate uncertainties of either 3He or 'Be
into our analysis. And lastly, although we analyzed quartz grains
between 0.25 and 0.85 mm in diameter (representative of the
range of quartz grain sizes in the samples, which are medium
to coarse grained sandstones), we assume a representative grain
size of 0.5 mm in our calculations. We then use apparent 3He and
10Be exposure ages and these assumptions to calculate an average
EDT for all samples and compare this EDT to that expected from
the climatology of the sample location. For future quantitative pa-
leotemperature reconstructions, sample-specific diffusion kinetics
and more rigorous quantification of grain size and the 3He/'Be
production rate ratio will be necessary, since each of our assump-
tions affects the calculation of an EDT and potentially introduces
non-trivial uncertainty into our analysis.

Apparent 3He exposure ages are systematically younger than
10Be exposure ages of these samples (Fig. 7A), consistent with dif-
fusive loss of 3He at surface exposure temperatures and resulting
in 3He retention of ~28-63% (Fig. 7B). In calculating apparent 3He
exposure ages, we assume that the 3He observed in our samples
is cosmogenic 3He produced solely during the most recent period
of exposure, which is consistent with the simple exposure history
inferred from the 1°Be exposure ages. Given the diffusion kinetics
of 3He in quartz (Shuster and Farley, 2005), any non-cosmogenic
3He present at the time of mineral formation (e.g. from magmatic
gases or hydrothermal fluids) is expected to be rapidly lost by dif-
fusion. We applied the finite difference scheme used in Section 4.2
to iteratively calculate the EDT that best predicts the observed 3He
retention for each sample; the average EDT for all samples, ac-
counting for measurement uncertainty only, is —13+£4°C (Fig. 7C).

The curves in Figs. 7A-B show the expected relationship be-
tween apparent 3He exposure age and 3He retention with ex-
posure duration for several constant EDTs. Although there is an
apparent structure in the 3He retention-exposure age relation-
ship that varies from the expected relationship for a constant
EDT of —13°C, the reduced chi-squared misfit between the ob-
served 3He retention and that predicted for an EDT of —13°C is
1.04, suggesting that most of this variability can be explained by
uncertainty in the 3He measurements. Additional variability may
also result from differences in sample-specific diffusion kinetics
(Tremblay et al., 2013), the grain size distribution of 3He analy-
sis aliquots, site-specific differences in radiative heating, or some

Table 1

Cosmogenic '°Be and 3He concentrations in quartz, apparent surface exposure ages, and implied 3He retention for glacially transported cobbles from the Pensacola, Antarctica. Analytical details appear in supplementary Tables

$1-S3. To calculate exposure ages, we used version 2.2 of the CRONUS-Earth online calculator (Balco et al., 2008) with the scaling scheme of Stone (2000), the production rate calibration dataset of Balco et al. (2009) for '°Be, and

the production rate estimate of Vermeesch et al. (2009) for 3He. We also assume a rock density of 2.5 g/cm?, an attenuation coefficient of 160 g/cm?.

3He retention

Apparent exposure ages

(yr)

(103 atoms/g)

[*He]

(10% atoms/g)?

[1OBe]

Elevation

Longitude
(m)

(DD)

Latitude
(DD)

Sample name

[3He]b

[IOBe]b

0.54+0.14
0.37 £0.21
0.36£0.12
0.63+0.13

2622 + 664
2139+1197
2349 +763
2584 + 544
4614+ 672
3134+ 743
3278 +783
1920 £ 731
2169 + 638

4837 +£144
5757 £281
6512+£176
4114+£132
10612 £226

569+ 106
502+116
541+282
627+ 115
1551+132
886+ 134
892+ 106
520+130
575+94

39.2+1.2
50.5+2.5
56.1+£1.5
373+1.2

132.4+2.8

488

—59.0117
—58.9552
—58.9785
—58.8613
—58.8309
—59.0759
—59.0739
—59.0778
—59.0778

—83.6368
—83.6420
—83.6394
—83.8094
—83.7455
—83.7596
—83.7608
—83.7589
—83.7589

10-MPS-077-CRK
10-MPS-095-CRK
10-MPS-099-CRK

10-MPS-120-IBR

576
565
632
996
812

0.435 1+ 0.064
0.378 +0.090
0.382 +0.092
0.28 £0.11

10-MPS-123-HBS
10-MPS-124-LNK
10-MPS-126-LNK
10-MPS-128-LNK
10-MPS-129-LNK

8287+210
8592 +213
6853+ 198
6859+ 169

87.3+2.2
87.1+£22
69.2£2.0
67.7+£1.7

806
755
755

0.316 +£0.093

4 Concentrations normalized to ‘07KNSTD’ standardization (Nishiizumi et al., 2007). See supplementary data.

b Uncertainties are ‘internal’ uncertainties including measurement uncertainty only.
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Fig. 7. Retention of cosmogenic >He in glacial erratics with simple Holocene ex-
posure histories from the Pensacola Mountains, Antarctica. '°Be concentrations in
quartz constrain the exposure duration of each sample, and we estimated appar-
ent exposure ages from measurements of 3He in quartz from the same samples and
assuming all >He was cosmogenic. (A) shows the relationship between the appar-
ent 3He exposure age and the 'Be exposure age; if no >He diffusion occurred, all
data points would plot on the line labeled ‘quantitative retention’. (B) shows the re-
lationship between retention of cosmogenic >He (apparent He exposure age/!°Be
exposure age) and '°Be exposure age. Uncertainties shown in (A) and (B) include
measurement uncertainties only. Uncertainties in '°Be exposure ages are in most
cases smaller than the symbol plotted. Curves in (A) and (B) show how apparent
3He exposure age and retention evolve with time for different effective diffusion
temperatures (EDTs), respectively. In (C), we calculated the EDT from the 3He re-
tention and exposure duration (from the '°Be measurements) of each sample. If
we assume that the EDT for all samples is equal and has been invariant over their
respective exposure histories, we find an average EDT in the Pensacola Mountains
during the Holocene of —13 4 °C. This corresponds to a mean annual temperature
between —25 and —30°C (see text).

combination therein. Because retention in each sample integrates
over its thermal history, it is very unlikely that the apparent struc-
ture in the 3He dataset results from several degree temperature
changes over short time intervals (i.e. several hundred years) dur-
ing the Holocene. This variability is also unlikely caused by a local
lapse rate, as katabatic winds prevent typical lapse rates in places
like the Pensacola Mountains (Nylen et al., 2004).

Numerous ice core paleotemperature reconstructions for Antarc-
tica show that Holocene temperature changes in inland regions
were small (e.g. Jouzel et al., 2001; Masson et al., 2000). Given
that mean temperatures in the Pensacola Mountains remained
relatively constant over the Holocene, we can compare this av-
erage EDT of ~ —13°C to mean temperature using the reasoning
outlined in Section 2.3. The automated weather stations (AWS)
from the University of Wisconsin-Madison AWS Program nearest
the Pensacola Mountains in latitude and elevation are Elizabeth
(82.6°S, 137.1°W; 549 m), Erin (84.9°S, 128.8°W; 990 m), and
Harry (83.0°S, 121.4°W; 954 m). In addition to daily and annual
oscillations, temperatures at these sites vary sub-annually, and
the amplitude of daily oscillations decreases dramatically from
the austral summer to winter. These short-term oscillations and
the average mean annual temperature (MAT) at these AWS sites
of —23 +2°C are likely very similar to those occurring in the
Pensacola Mountains. The average EDT for the three AWS sites,
calculated from three-hour temperature data collected from 2009
to 2012, is —16 & 1°C. This EDT is consistent with the Holocene
EDT estimated from our 3He retention measurements. Because
we have not accounted for the effects of radiative heating on
rock temperatures during the austral summer, the difference be-
tween MAT and EDT in the Pensacola Mountains may be even
greater, suggesting colder MATs in the Pensacola Mountains. This
is consistent with MAT estimates from 10m firn temperatures
on the Ronne Ice Shelf (adjacent to the Pensacola Mountains)
of —30°C (Graf et al., 1999). Overall, an estimated modern MAT
in the Pensacola Mountains between —25 and —30°C is con-
sistent with the Holocene EDT calculated from cosmogenic 3He
measurements in quartz. This result demonstrates that, when com-
bined with the theory and principles applied to radiogenic noble
gases, our current knowledge about the production and diffusion
of cosmogenic 3He in quartz are consistent with observations of
cosmogenic >He in geologic samples exposed at surface tempera-
tures.

5. Conclusions

The open-system behavior of cosmogenic noble gases in com-
mon minerals like quartz and feldspars can be interpreted using
the theory and mathematics applied to radiogenic noble gas ther-
mochronometers and used to reconstruct past Earth surface tem-
peratures. Calculations based on published diffusion kinetics pre-
dict that the cosmogenic 3He-quartz system is sensitive to subzero
temperatures characteristic of high elevation and/or high altitude
environments, while the 2!'Ne-orthoclase system is sensitive to
moderate to high temperatures on geologic timescales. Both sys-
tems can potentially resolve temperature changes associated with
climatic events during the past few million years. Applications
of cosmogenic noble gas thermochronometry will require careful
consideration of the fundamentally noisy thermal histories rocks
experience near Earth’s surface, but we demonstrate that short-
term temperature fluctuations can be accounted for with effective
diffusion temperatures. This new technique should be valuable for
corroborating existing paleotemperature proxy records where they
exist and expanding their spatial and temporal resolution where
they do not.
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