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Abstract

Observations of cosmogenic neon concentrations in feldspars can potentially be used to constrain the surface exposure
duration or surface temperature history of geologic samples. The applicability of cosmogenic neon to either application
depends on the temperature-dependent diffusivity of neon isotopes. In this work, we investigate the kinetics of neon diffusion
in feldspars of different compositions and geologic origins through stepwise degassing experiments on single, proton-
irradiated crystals. To understand the potential causes of complex diffusion behavior that is sometimes manifest as nonlinear-
ity in Arrhenius plots, we compare our results to argon stepwise degassing experiments previously conducted on the same
feldspars. Many of the feldspars we studied exhibit linear Arrhenius behavior for neon whereas argon degassing from the
same feldspars did not. This suggests that nonlinear behavior in argon experiments is an artifact of structural changes during
laboratory heating. However, other feldspars that we examined exhibit nonlinear Arrhenius behavior for neon diffusion at
temperatures far below any known structural changes, which suggests that some preexisting material property is responsible
for the complex behavior. In general, neon diffusion kinetics vary widely across the different feldspars studied, with estimated
activation energies (Ea) ranging from 83.3 to 110.7 kJ/mol and apparent pre-exponential factors (D0) spanning three orders of
magnitude from 2.4 � 10�3 to 8.9 � 10�1 cm2 s�1. As a consequence of this variability, the ability to reconstruct temperatures
or exposure durations from cosmogenic neon abundances will depend on both the specific feldspar and the surface temper-
ature conditions at the geologic site of interest.
� 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

In noble gas thermochronometry, the thermal histories
of geologic materials are inferred from the concurrent pro-
duction and thermally-activated diffusion of noble gases.
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These thermal histories can be used to understand geologic
processes occurring over a vast range of temperatures and
timescales, from erosion-driven exhumation of rocks over
millions of years (e.g., Herman et al., 2013, and references
therein) to near instantaneous high-temperature impact
events (e.g., Min et al., 2004; Cassata et al., 2010;
Jourdan et al., 2011). Feldspar minerals are frequently uti-
lized for noble gas thermochronometry because they are
abundant in silicic rocks and have compositions that permit
high noble gas production rates from both radioactive
decay (radiogenic noble gases) and in situ nuclear interac-
tions with secondary cosmic-ray particles (cosmogenic
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noble gases). Since its development nearly half a century
ago, feldspar 40Ar/39Ar thermochronometry, which utilizes
the production and diffusion of radiogenic 40Ar, has been
extensively used to study crustal and surface processes both
on Earth (e.g., Richter et al., 1991; Hodges et al., 2005) and
other planetary bodies (e.g., Turner, 1971; Shuster et al.,
2010). More recently, cosmogenic argon in feldspars has
been used to reconstruct planetary surface temperatures
(e.g., Shuster and Cassata, 2015). Cosmogenic neon in feld-
spars can, in theory, also be used for surface temperature
thermochronometry (Tremblay et al., 2014a; Garrick-
Bethell et al., 2017). If neon is quantitatively retained in
feldspars at planetary surface temperatures, cosmogenic
neon measurements can also be used to determine surface
exposure durations (e.g., Kober et al., 2005).

The production and diffusion systematics of a particular
noble gas–mineral pair must be known for thermochrono-
metric or geochronologic applications. Here, we focus on
empirical quantification of neon diffusion kinetics in feld-
spars, with the goal of examining whether cosmogenic neon
can be used for surface paleothermometry (Tremblay et al.,
2014a). The only existing constraints on neon diffusion in
feldspars were reported by Gourbet et al. (2012), who exam-
ined the diffusion kinetics of neutron-induced 22Ne in three
alkali feldspars through stepwise degassing experiments.
Orthoclase and Ca-rich anorthoclase exhibited relatively
simple neon diffusion behavior expressed as a linear rela-
tionship between the logarithm of diffusivity and inverse
temperature (although the linearity of the orthoclase exper-
iment has been questioned (Lovera et al., 2015)), while Fish
Canyon Tuff sanidine did not. The range in Arrhenius diffu-
sion parameters (activation energy, Ea, and pre-exponential
factor, D0) calculated by Gourbet et al. (2012) suggest that
neon can be quantitatively retained at Earth surface temper-
atures over millions of years, in the case of the orthoclase
studied, or diffusively lost on thousand year timescales, in
the case of anorthoclase and sanidine.

Several questions remain from these initial experiments
reported by Gourbet et al. (2012) that we aim to address.
First, what is the kinetics of neon diffusion in plagioclase
feldspars? Gourbet et al. (2012) studied three alkali feld-
spars; no experimental work has quantified the kinetics of
neon diffusion in plagioclases. To fill this gap, we present
results from stepwise degassing experiments on three pla-
gioclase feldspars. We also discuss results from a stepwise
degassing experiment on an endmember plagioclase feld-
spar from lunar sample 76535 (Garrick-Bethell et al., 2017).

Second, how do the kinetics and behaviors of neon and
argon diffusion compare? In contrast to neon, there is a vast
literature exploring the kinetics of argon diffusion in feld-
spars. Some of the earliest studies examining argon in geo-
logic materials (e.g., Reynolds, 1957; Fechtig et al., 1960;
Evernden et al., 1960; Gerling et al., 1963) found evidence
for complex diffusion behavior in feldspars, which has been
observed numerous times since (e.g. Lovera et al., 1997, and
references therein; Berger and York, 1981; Harrison and
McDougall, 1982; Cassata and Renne, 2013). The origin
and significance of complex argon diffusion behavior, which
is observed as both nonlinear Arrhenius arrays and age
spectra with multiple plateaus, has been discussed at length.
Multiple diffusion domain (MDD) theory (Lovera and
Richter, 1989; Lovera et al., 1991; Harrison et al., 1991)
posits that complex diffusion behavior results from argon
diffusing from multiple, non-interacting subgrain domains
of different sizes that are stable both during the geologic
history and laboratory heating of a feldspar. Others have
suggested that complex argon diffusion behavior may also
arise due to structural modifications, microtextural devel-
opment, fluid alteration, or some combination therein
(e.g., Parsons et al., 1999; Lovera et al., 2002; Villa, 2006;
McLaren et al., 2007; Villa and Hanchar, 2013; Cassata
and Renne, 2013). In these cases, the timing of various min-
eralogical changes with respect to the thermal history of a
feldspar matter greatly to the interpretation of complex
argon diffusion behavior.

For planetary surface paleothermometry using cosmo-
genic neon, any subgrain alteration during the geologic his-
tory of a feldspar will have occurred at higher temperatures
than those of interest, but will likely still affect the kinetics
of neon diffusion at low temperature. It is thus important to
distinguish complex neon behavior due to any existing crys-
tallochemical heterogeneities from that resulting from
potential structural changes during laboratory heating. In
previous work on noble gas diffusion in quartz (Tremblay
et al., 2014b), we made this distinguishment by examining
diffusion of both helium and neon in the same aliquots. If
structural alteration during laboratory heating changes dif-
fusion kinetics, we would expect deviations from a linear
Arrhenius array to occur at a common temperature for
both noble gases. On the other hand, if some stable sub-
grain property is responsible for complex diffusion behav-
ior, then we anticipate the temperature at which deviation
from Arrhenius linearity occurs to differ for different noble
gases.

In a similar manner, in this work we present neon step-
wise degassing experiments on a subset of the feldspars for
which Cassata and Renne (2013) conducted argon stepwise
degassing experiments. Cassata and Renne (2013) argued
that a combination of temperature-dependent structural
transitions and the presence of multiple diffusion domains
caused deviations from linear Arrhenius behavior in their
experiments. Here, we designed our experiments such that
the majority of the neon present was released at tempera-
tures lower than those used by Cassata and Renne (2013)
to characterize argon diffusion. As a result, all deviations
from linear Arrhenius behavior interpreted by Cassata
and Renne (2013) to be a result of structural transitions
should be absent from our neon experiments, if their inter-
pretation is correct. We also examined feldspars that exhibit
linear Arrhenius behavior for argon diffusion to determine
whether simple diffusion behavior is also observed for neon.
If simple diffusion behavior is observed for both noble gases
in a particular feldspar, it suggests that there is a single dif-
fusion domain with a single diffusion lengthscale, which
may equal the physical grain size of the aliquots analyzed.
In these cases, our experimental results and those of
Cassata and Renne (2013) can be compared with theoretical
calculations of argon and neon diffusivities.

In addition to addressing the questions outlined above,
we use our experimentally-determined diffusion kinetics to
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model the sensitivity of cosmogenic neon diffusion to tem-
perature and exposure duration amongst different feldspars.
We use the modeled sensitivities to evaluate the potential
for using cosmogenic neon in feldspar to constrain past
planetary surface temperatures.

2. METHODS

We conducted neon stepwise degassing experiments on a
suite of feldspar samples that span the full range of feldspar
compositions from orthoclase to anorthite. Brief sample
descriptions including compositions are provided in Table 1;
for more detailed information, see Cassata and Renne
(2013) and references therein. Samples were irradiated with
a 220 MeV proton beam for 5 hours at the Francis H. Burr
Proton Therapy Center at the Massachusetts General
Hospital. Numerous grains from a given sample were
packed together into an Sn foil in order to balance ejection
of proton-induced Ne with implantation (e.g., Shuster
et al., 2004). These Sn foils were packaged into HDPE cap-
sules (9.4 mm in diameter, 3.0 in mm height), which were
stacked into quartz tubes to form a �500 mm long cylindri-
cal target; the approximate range of 220 MeV protons in
HDPE is 300 mm. A 100 lm thick Pb foil in front of the
target stack, in conjunction with the target stack itself,
defocuses and scatters the proton beam intensity in attempt
to evenly distribute the cross-section flux (Shuster et al.,
2004; Shuster and Farley, 2005a). The target was flipped
halfway through the irradiation to ensure Ne production
in both ends of the target stack despite proton energy dissi-
pation; the feldspars examined here were located within
150 mm of either end of the target stack. Sample tempera-
tures do not exceed 45 �C during irradiation (Shuster and
Farley, 2005b). Proton irradiation of the feldspars exam-
ined here took place in April 2013 with a total proton flu-
ence of �8.5 � 1015 p/cm2, which was measured during
irradiation by a thin foil transmission ionization chamber
in front of the beam aperture.

This irradiation design should lead to spatially uniform
Ne production for crystal fragments < 500 lm in radius
(Shuster and Farley, 2005a) if the crystal fragments are
compositionally uniform. With the exception of Fish Can-
yon sanidine and Grass Valley anorthite, the feldspars stud-
ied here are compositionally homogeneous with respect to
these elements (Cassata and Renne, 2013) and we therefore
expect proton-induced Ne to be spatially uniform. The pro-
duction of uniform, high concentrations of neon isotopes
Table 1
Description of feldspar samples studied in diffusion experiments.

Sample Description

BMk Granitic pegmatite, Benson Mines, NY USA
FCs Rhyolitic ignimbrite, Fish Canyon Tuff, CO USA
GSs Rhyolitic ash, Gulf of Salerno, Italy
SURTp Basaltic lava, Surtsey, Iceland
OREGp Basaltic lava, Plush, OR USA
GV-09 Anorthosite, Grass Valley, CA USA
76535 Troctolite, Moon
from proton irradiation allows us to conduct stepwise
degassing experiments on single feldspar crystals (Shuster
et al., 2004; Shuster and Farley, 2005b; Tremblay et al.,
2014b). Implications for compositional zonation of Fish
Canyon sanidine and Grass Valley anorthite are detailed
in the discussion.

The effects of lattice damage from proton irradiation on
noble gas diffusion in feldspars has not been explicitly
investigated. Previous work empirically demonstrates that
lattice damage generated during proton irradiation with
the magnitude of fluence and energy used here does not sig-
nificantly modify noble gas diffusion kinetics in other min-
eral phases (Shuster et al., 2004; Shuster and Farley, 2005b;
Tremblay et al., 2014a). Although neutron irradiation,
which typically has 2–3 orders of magnitude higher fluence
than proton irradiation, has been shown to influence noble
gas diffusion in apatite (Shuster and Farley, 2009), several
studies have demonstrated that damage generated during
neutron irradiation minimally affects argon diffusion kinet-
ics (Foland and Xu, 1990; Lovera et al., 1993; Cassata and
Renne, 2013). Given this set of observations, we therefore
assume that damage produced during proton irradiation
does not significantly modify neon diffusion kinetics in feld-
spars, although this assumption should be tested with repli-
cate experiments on aliquots irradiated with different
proton fluences and energies.

Proton irradiated feldspars were inspected by binocular
microscopy to select individual crystals lacking penetrative
fractures and visible inclusions. Selected crystals were pho-
tographed to estimate crystal dimensions (Fig. S1) and then
placed under vacuum inside Pt-Ir alloy packets affixed to
K-type thermocouples. Packets were heated with either a
30 or 150 W diode laser in a feedback control loop with
the thermocouple via a PID temperature controller,
enabling us to maintain a setpoint temperature to within
2 �C. Samples were heated in fifty or more consecutive heat-
ing steps to temperatures between 100 and 1200 �C. Each
heating schedule contained at least two retrograde heating
cycles, and individual heating steps lasted between 0.5
and 4 hours. All measurements were made on an MAP
215-50 sector field mass spectrometer in the Noble Gas
Thermochronometry Lab of the Berkeley Geochronology
Center; gas purification and mass spectrometric measure-
ment techniques are detailed in Tremblay et al. (2014b).
For 21Ne, we made no isobaric interference corrections;
the MAP 215-50 cannot resolve 20Ne1H from 21Ne, and
we assume corrections due to this isobaric interference are
Phase Composition

An Ab Or

Orthoclase 0.0 3.0 97.0
Sanidine 1.0 27.0 72.0
Sanidine 3.7 30.5 65.8
Labradorite 59.6 39.6 0.8
Labradorite 63.9 35.4 0.7
Anorthite 94.2 5.2 0.6
Anorthite 96.2 3.5 0.3
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negligible. 21Ne background corrections were made by sub-
tracting the average of six or more room temperature pro-
cedural blanks measured over the course of each
experiment from measurement time-zero intercepts; the
average correction for 21Ne across all experiments was
0.06 x 106 atoms. 20Ne and 22Ne have isobaric interferences
from 40Ar++ and 44CO2

++, respectively, which the MAP
215-50 sector field mass spectrometer used for these exper-
iments also cannot resolve. Although these interferences
can be corrected for by introducing an 39Ar spike during
neon measurements and observing a linear relationship
between the Ar++/Ar+ and CO2

++/CO2+ ratios (Balco and
Shuster, 2009), we did not use the spike procedure during
these experiments. Instead, we assumed that all of the
22Ne signal observed during room-temperature procedural
blanks was entirely from 44CO2

++ and used the average
blank 44/22 ratio and measured 44CO2

+ signals to correct
measured 22Ne signals during heating steps. 20Ne was not
measured. Experiments were terminated when three or
more consecutive heating steps yielded 21Ne and 22Ne
time-zero intercepts at or below background level. We
determined total neon amounts by comparison with the
time-zero intercepts of a manometrically-calibrated air
standard. Measurement of different calibrated pipette vol-
umes of the air standard demonstrated that 21Ne sensitivity
was constant over the pressure range of the analyses in a
given experiment. Blank corrected 21Ne and 22Ne abun-
dances for each heating step are reported in Table S1.
The magnitude of the isobaric interference correction on
22Ne signals for individual heating steps varies between 5
and 100%, with an average correction of �50%. These gen-
erally large-magnitude corrections propagate into very
large 22Ne uncertainties; therefore we do not use the 22Ne
data further. The concentrations of 21Ne and 22Ne present
in the individual feldspar crystals analyzed (>1012 atoms/
g) are orders of magnitude greater than any likely combina-
tion of atmospheric, cosmogenic, and nucleogenic neon
components present prior to proton irradiation, which for
terrestrial samples are typically on the order of 106–108

atoms/g (e.g., Kober et al., 2005; Gourbet et al., 2012).
We therefore assume that contributions from these compo-
nents are negligible in comparison to the uniformly dis-
tributed, proton-induced neon, and that variations in the
21Ne/22Ne ratio between different heating steps reflect the
very uncertain isobaric interference correction made for
22Ne.

We used the equations of Fechtig and Kalbitzer (1966)
to calculate lengthscale-normalized diffusivities (D/a2) from
the fraction of 21Ne measured and duration of each heating
step for each stepwise degassing experiment. By using these
equations, we make several assumptions. First, we assume
that Ne diffusion is both Fickian and isotropic (Crank,
1975). Ar stepwise degassing experiments on cleavage flakes
with different lattice orientations indicate isotropic diffusion
in feldspars at the temperatures over which we conduct
neon step degassing experiments (Cassata and Renne,
2013). Second, we assume that the initial distribution of
the diffusant is spatially uniform; proton irradiation should
generate Ne uniformly, as discussed above. Third, we
assume that each feldspar crystal has a spherical, fixed
geometry. We approximate the spherically equivalent
radius of the samples used in our experiments as the radius
of a sphere whose surface area to volume ratio equals that
of the crystal analyzed. Previous work demonstrates that
this assumption is valid for materials with moderate aspect
ratios, even for crystals with realistic shapes or irregular
geometries (Meesters and Dunai, 2002; Gautheron and
Tassan-Got, 2010; Huber et al., 2011).

We first estimated the surface to volume ratio of the
crystals from optical microscopy measurements. Since feld-
spars do not have distinctive crystal habits and frequently
bear surface irregularities such as cleavage steps, we had
to make simplifying assumptions about the crystal geome-
tries to make these estimates. To overcome this limitation,
we obtained accurate surface area to volume ratio and size
determinations of the feldspar crystals by X-ray computed
tomography. X-ray computed tomography (CT) allows
for three-dimensional, nondestructive characterization of
geologic samples based on the variable attenuation of X-
rays as they travel through different materials (Ketcham
and Carlson, 2001). After the stepwise degassing experi-
ments, we extracted each crystal from its packet to look
for evidence of fracturing. Intact fragments were mounted
on double sided tape and scanned with 3.15 mm resolution
on the Xradia MicroXCT scanner at the University of
Texas at Austin High-Resolution X-ray CT Facility. Using
the software Blob3D (Ketcham, 2005), feldspar crystals
were segmented from mounting material using a grayscale
threshold and separated into individual crystal volumes.
We extracted numerous statistics about these volumes,
including surface area, volume, aspect ratio, and maximum
and minimum axis lengths, and calculated spherically
equivalent radii of the crystals for comparison with our first
estimates (Table S2).

3. RESULTS

Results of the neon stepwise degassing experiments are
reported in Table S1 and plotted in Figs. 1A–6A, where
the natural logarithm of calculated diffusivities (ln(D/a2),
where D is diffusivity and a is the diffusive lengthscale) is
shown as a function of inverse temperature. Figs. 1A–6A
also show the results from argon stepwise degassing exper-
iments on different grains of the same feldspars reported by
Cassata and Renne (2013). Additionally, in Fig. 7 we com-
pare the result of a neon stepwise degassing experiment on a
neutron-irradiated crystal of anorthite from lunar troctolite
76535 (Garrick-Bethell et al., 2017) to an 37Ar stepwise
degassing experiment on 76535 anorthite reported by
Cassata and Renne (2013). For both neon and argon data-
sets, we use the Monte Carlo approach described by
Tremblay et al. (2014b) to propagate uncertainties in gas
release fraction into calculated diffusivities. If the tempera-
ture dependence of noble gas diffusion is Arrhenian and the
feldspar analyzed is characterized by a single diffusion
domain, then we expect to observe a linear correlation in
this plotting space. In many cases we observe significant
deviations from linearity; however, for all stepwise degas-
sing experiments at least a subset of the data collected com-
prises a linear array. We fit least squares regressions to
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Fig. 1. Arrhenius plot (A) and residual plots (B and C) for diffusion of proton-induced 21Ne (green), neutron-induced 39Ar (blue; data from
Cassata and Renne, 2013), and neutron-induced 22Ne (purple; data from Gourbet et al., 2012) in different crystals of Fish Canyon sanidine.
For visual clarity, residuals are not shown for neutron-induced 22Ne. D/a2 values are normalized to s�1. Uncertainties in ln(D/a2) estimated
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2), assuming an Arrhenian dependence of
diffusivity on temperature (Eq. (1)). Residuals, defined as the difference between the calculated ln(D/a2) from a given heating step and the
expected ln(D/a2) from the linear regression at the same temperature, are plotted against temperature (B) and cumulative gas release fraction
(C). Filled symbols are the same as in (A). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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these subsets in Figs. 1A–7A, with the goal of including as
many temperature steps as possible in the regression while
minimizing the residuals between the regression and the
data. We used these regressions and the Monte-Carlo
derived uncertainties in D/a2 to estimate the activation
energy (Ea) and diffusion coefficient (D0/a

2) from the slope
and intercept of the linear regression, respectively, assum-
ing an Arrhenius dependence of diffusivity on temperature:

D
a2

¼ D0

a2
exp

�Ea

RT

� �

where R is the gas constant and T is absolute tempera-
ture. These calculated diffusion parameters are reported in
Table 2. While the significance of these calculated diffusion
parameters is in some cases uncertain, as will be discussed
below, fitting these regressions allows us to compare the
temperatures and gas fractions over which linear Arrhenius
behavior is observed. These comparisons are shown in
Figs. 1B–7B and 1C–7C as residuals, which we define as
the difference between the calculated diffusivity from a
given heating step and the expected diffusivity from the lin-
ear regression at the same temperature.

The two neon stepwise degassing experiments we con-
ducted on Fish Canyon sanidine exhibited single linear
Arrhenius arrays over the duration of the experiment,
which was also observed in replicate argon stepwise degas-
sing experiments (Fig. 1). Deviation from linearity occurs at
the end of neon experiment A; however, this deviation com-
prises less than 7% of the cumulative 21Ne released
(Fig. 1C), and the remaining steps do not form any clear
additional linear arrays (Fig. 1A). Interestingly, our step-
wise degassing experiments using proton-induced 21Ne dis-
agree significantly with the experiment using neutron-
induced 22Ne reported by Gourbet et al. (2012), which
showed complex neon diffusion behavior (Fig. 1A). Neon
and argon stepwise degassing experiments on Gulf of Sale-
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Fig. 2. Arrhenius plot (A) and residual plots (B and C) for diffusion of proton-induced 21Ne (green) and neutron-induced 39Ar (blue; data
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rno sanidine likewise exhibit simple, linear Arrhenius
behavior (Fig. 2). Although several of the high-
temperature steps in the neon stepwise degassing experi-
ment deviate from a linear Arrhenius array (Fig. 2B), these
steps constitute less than 10% of the cumulative 21Ne
released (Fig. 2C) and do not form any clear additional lin-
ear arrays (Fig. 2A).

Feldspars other than sanidine exhibit disparate neon
and argon Arrhenius behavior. The neon experiment on
Benson Mines orthoclase shows a clear downward devia-
tion from linear Arrhenius behavior at �70% of the cumu-
lative 21Ne release fraction (Fig. 3A and C). A second linear
Arrhenius array, which includes a retrograde heating cycle,
is observed at higher 21Ne release fractions (Fig. 3A). For
comparison, we show the results of an 39Ar stepwise degas-
sing experiment reported by Cassata and Renne (2013) on
an equant crystal of Benson Mines orthoclase with an esti-
mated spherical radius equal to that in the neon experi-
ment. The 39Ar experiment appears to comprise a single
linear Arrhenius array (Fig. 3A). There is a slight down-
ward deviation in diffusivity between 50 and 70% of the
cumulative 39Ar released as well (Fig. 3C). However, the
steps following this downward deviation occur at tempera-
tures exceeding 1100 �C (Fig. 3B), at which point the crystal
used in the 39Ar experiment is melting (Schairer, 1950;
Parsons, 2010). The two labradorite samples studied from
Surtsey, Iceland and Plush, Oregon, both exhibit upward
deviations from linear Arrhenius behavior in 37Ar stepwise
degassing experiments at temperatures between 600 and
800 �C and at gas release fractions <10% (Figs. 4 and 5;
Cassata and Renne, 2013). Essentially all of the 21Ne in
our stepwise degassing experiment on Surtsey labradorite
was released during steps below 600 �C (Fig. 4C) and com-
prises a single linear Arrhenius array (Fig. 4A). The 21Ne
step degassing experiment on Plush labradorite, on the
other hand, shows a significant downward deviation from
an initial linear Arrhenius array at 350 �C and 25% of the
cumulative 21Ne released (Fig. 5). Lastly, we compare neon
and argon degassing experiments on two samples of anor-
thite, the calcium endmember of plagioclase feldspar. In
Grass Valley anorthite, neon and argon both show down-
ward deviations from linear Arrhenius behavior, but at dif-
ferent temperatures and gas release fractions (Fig. 6).
Anorthite from lunar sample 76535 shows linear Arrhenius
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Fig. 3. Arrhenius plot (A) and residual plots (B–C) for diffusion of proton-induced 21Ne (green) and neutron-induced 39Ar (blue; data from
Cassata and Renne, 2013) in different crystals of Benson Mines orthoclase. Units, uncertainties, linear regressions, and residuals are as
described for Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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behavior for 97% of the 21Ne measured but downward devi-
ation from linear behavior at 30% of the cumulative 37Ar
and 1000 �C.

For the subset of each dataset comprising a linear
Arrhenius array, we find that 21Ne activation energies range
from 83.3 to 110.7 kJ/mol and apparent pre-exponential
factors (D0) range from 2.4 � 10�3 to 1.99 � 102 cm2 s�1.
These diffusion parameters are within the range of those
calculated by Gourbet et al. (2012) for three alkali feld-
spars. Activation energies and apparent pre-exponential
factors for 21Ne diffusion in plagioclase feldspars are gener-
ally greater than those in alkali feldspars, although a larger
number of neon stepwise degassing experiments are neces-
sary to determine if this trend is systematic. Roughly the
opposite trend was observed for the activation energy of
argon diffusion as a function of composition (Cassata and
Renne, 2013).

4. DISCUSSION

While argon diffusion in feldspars has been studied at
length over several decades, this is only the second work
to examine neon diffusion in feldspars and the first work
to study neon diffusion in plagioclase feldspars. As such,
these neon stepwise degassing experiments provide insight
into the potential noble gas diffusion mechanisms in feld-
spars. Below we discuss evidence for both structural modi-
fications and multiple diffusive lengthscales affecting noble
gas diffusion in feldspars. For feldspars that exhibit com-
plex neon diffusion behavior, we construct multiple diffu-
sion domain (MDD) models. We use the diffusion
parameters from these MDD models as well as the diffusion
parameters determined for feldspars exhibiting simple
Arrhenius behavior to explore the temperatures and expo-
sure durations over which cosmogenic neon-in-feldspar
paleothermometry can be applied to study past surface
temperatures.

4.1. Comparison of neon and argon diffusion

4.1.1. Neon and argon diffusion in alkali feldspars

Of the samples we examined, Fish Canyon and Gulf of
Salerno sanidine exhibited the simplest Arrhenius behavior
for argon diffusion (Figs. 1 and 2; Cassata and Renne,
2013). A single linear Arrhenius array characterizing all
of the 39Ar released during these experiments is consistent
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Fig. 4. Arrhenius plot (A) and residual plots (B and C) for diffusion of proton-induced 21Ne (green) and neutron-induced 37Ar (blue; data
from Cassata and Renne, 2013) in different crystals of Surtsey, Iceland labradorite. Units, uncertainties, linear regressions, and residuals are as
described for Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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with a single diffusion lengthscale, which we assume is equal
the grain size analyzed (in which case a � 213, 332, and
407 lm for Fish Canyon sanidine 1, Fish Canyon sanidine
2, and Gulf of Salerno sanidine respectively, which we esti-
mated from the total amount of 39Ar, the duration of the
neutron irradiation, and the stoichiometry of each feld-
spar). Cassata and Renne (2013) also attribute simple
behavior to the fact that sanidine has monoclinic crystal
symmetry at room temperature and does not undergo a dis-
placive transition during heating. Consequently, thermal
expansion proceeds linearly in all three unit cell directions
(Brown et al., 1984; Hovis et al., 1999). Our proton-
induced 21Ne stepwise degassing experiments on Fish Can-
yon and Gulf of Salerno sanidine also exhibit simple diffu-
sion behavior, with �90% of the 21Ne degassed plotting on
a single linear Arrhenius array and no additional arrays
formed from the few high temperatures steps that deviate.
The neutron-induced 22Ne stepwise degassing experiment
on Fish Canyon sanidine reported by Gourbet et al.
(2012) seemingly conflicts with our observation of simple
neon diffusion behavior (Fig. 1A). One possibility is that
the crystal fragment used in the neutron-irradiated experi-
ment was fractured before or during the stepwise degassing
experiment. Another possibility is that heating to >250 �C
during neutron irradiation caused some diffusive loss of
neon. This latter possibility seems likely given the diffusion
kinetics we determined for Fish Canyon sanidine; however,
we would expect the initial neon data from the neutron-
irradiated experiment to plot below the linear Arrhenius
array in the proton-irradiated experiment if this were the
case. Gourbet et al. (2012) suggest that production of
22Ne from the spallation reaction 23Na(n,np)22Ne during
neutron irradiation may have been spatially variable due
to core-to-rim zonation of Na in Fish Canyon sanidine
(Bachmann et al., 2002). Spatially variable 22Ne production
violates the assumption of a uniform initial 22Ne distribu-
tion and could lead to curved Arrhenius arrays. However,
if spatially variable production of 22Ne from 23Na was the
cause of nonlinear behavior, we would expect to observe
nonlinear behavior in the argon experiments as well, given
that 39Ar is produced from 39K and K is also zoned in Fish
Canyon sanidine (Bachmann et al., 2002). Curvature in the
proton-irradiated neon experiments might also be expected
if this were the case, although spatially variable production
from 23Na would be buffered by reactions on Al and Si with
similar cross sections (Koning et al., 2015). Given these
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Fig. 5. Arrhenius plot (A) and residual plots (B and C) for diffusion of proton-induced 21Ne (green) and neutron-induced 37Ar (blue; data
from Cassata and Renne, 2013) in different crystals of Plush, Oregon labradorite. Units, uncertainties, linear regressions, and residuals are as
described for Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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numerous potential complications with the Fish Canyon
sanidine experiment reported by Gourbet et al. (2012), we
suggest that our stepwise degassing experiments using
proton-irradiated Fish Canyon sanidine more accurately
characterize neon diffusion in that sample. Our 21Ne results,
when paired with the 39Ar stepwise degassing experiments,
strongly support the case for these sanidine samples having
a single diffusion domain with a single diffusion lengthscale,
which we assume is defined by the physical grain size. Addi-
tionally, the diffusion parameters (Ea and D0) for Fish Can-
yon and Gulf of Salerno sanidine are in good agreement
with one another for the respective noble gases examined.
The diffusion parameters reported in Table 2 for Fish Can-
yon and Gulf of Salerno sanidine can therefore be straight-
forwardly compared to theoretical calculations (e.g.,
density functional theory or molecular dynamics simula-
tions) of interstitial neon and argon diffusion through the
monoclinic sanidine crystal structure.

The Arrhenius behavior of 21Ne diffusion in Benson
Mines orthoclase is somewhat surprising, as monoclinic
orthoclase is also expected to undergo linear thermal expan-
sion. Cassata and Renne conducted five argon stepwise
degassing experiments on Benson Mines orthoclase, one
on an equant fragment (Fig. 3) and four on sheet-like cleav-
age fragments (Fig. S2). All five experiments exhibit devia-
tions from a linear Arrhenius array at high temperatures
and 39Ar release fractions; however, in all experiments these
deviations occur near the melting point of orthoclase
(Schairer, 1950; Parsons, 2010), making it difficult to assess
its origin. The 21Ne stepwise degassing experiment on Ben-
son Mines orthoclase, on the other hand, shows a clear
downward deviation from linear Arrhenius behavior begin-
ning at 70% of the cumulative 21Ne released and at 500 �C,
hundreds of degrees below the melting temperature of
orthoclase (Fig. 3). There was no visible evidence for frac-
turing or other alteration when we unpacked the crystal
for X-ray CT analysis, indicating that no change in the
physical grain size occurred before or during the experi-
ment. Additionally, a second linear Arrhenius array
observed at higher temperatures and gas release fractions
in the 21Ne experiment includes a retrograde heating cycle
(Fig. 3A). If nonlinear Arrhenius behavior resulted from a
reversible, temperature-dependent structural transforma-
tion, we would expect diffusivities in the retrograde heating
to approach diffusivities observed at the same temperatures
in the preceding prograde heating, which was not observed.
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Fig. 6. Arrhenius plot (A) and residual plots (B and C) for diffusion of proton-induced 21Ne (green) and neutron-induced 37Ar (blue; data
from Cassata and Renne, 2013) in different crystals of Grass Valley anorthite. Units, uncertainties, linear regressions, and residuals are as
described for Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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These observations leave two potential explanations for the
nonlinear Arrhenius behavior. It is possible that the crystal
of Benson Mines orthoclase we analyzed was fractured in a
way that was not detected by either optical microscopy or
X-ray CT, in which case replicating the neon step degassing
experiment on a different crystal of Benson Mines ortho-
clase would result in different Arrhenius behavior. Alterna-
tively, these results could indicate that nonlinear Arrhenius
behavior of 21Ne reflects a preexisting material property
(sub-grain domain distribution) of Benson Mines ortho-
clase. This latter possibility suggests that the same intrinsic
property of Benson Mines orthoclase ought to cause non-
linear Arrhenius behavior for argon. Deviations from lin-
earity observed in argon experiments reported by Cassata
and Renne (2013) occur between 15 and 80% of the Ar
released, which at first appears to suggest that sub-grain
features defining the diffusion lengthscale vary from grain
to grain. However, these deviations all occur near the melt-
ing temperature of orthoclase, making the origin of these
deviations ambiguous. A straightforward test of this
hypothesis would be to conduct another 39Ar stepwise
degassing experiment on Benson Mines orthoclase with a
revised heating schedule, such that all of the 39Ar is released
at temperatures significantly below the orthoclase melting
temperature.

4.1.2. Neon and argon diffusion in plagioclase feldspars

Our neon stepwise degassing experiments on plagioclase
feldspars highlight how the effects of both structural modi-
fication during laboratory heating and preexisting material
properties can be convoluted to result in nonlinear Arrhe-
nius behavior. Cassata and Renne (2013) conducted a num-
ber of experiments on labradorite samples, all of which
exhibit upward deviations from initial linear Arrhenius
arrays at temperatures between 600 and 800 �C. They argue
that in labradorite and other Ca-rich feldspars, upward
deviations are the result of an increase in the rate of thermal
expansion above 600 �C, which has been observed experi-
mentally (Tribaudino et al., 2010; Hovis et al., 2010). This
interpretation is consistent with our neon stepwise degas-
sing experiments on Surtsey and Plush labradorite, as we
observed no upward deviations from an initial Arrhenius
array and degas >99% of the 21Ne below 600 �C in both
experiments (Figs. 4 and 5). However, in the case of Plush
labradorite, we observe a downward deviation from an ini-
tial linear Arrhenius array when �25% of the 21Ne had
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Fig. 7. Arrhenius plot (A) and residual plots (B and C) for diffusion of neutron-induced 21Ne (green; data from Garrick-Bethell et al., 2017)
and 39Ar (blue; data from Cassata and Renne, 2013) in different crystals of lunar 76535 anorthite. Units, uncertainties, linear regressions, and
residuals are as described for Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 2
Summary of neon diffusion parameters. 1r uncertainties are reported.

Sample Spherical equiv. radius (lm)a Ea (kJ/mol) ± ln(D0/a
2) ± Apparent D0 (cm

2/s)b

BMk-D 283, 271 91.7 2.1 4.32 0.44 5.52 � 10�2

FCs-A 308, 276 83.6 1.8 1.14 0.34 2.38 � 10�3

FCs-C 327, 328 86.3 1.4 1.90 0.24 7.19 � 10�3

GSs-A 178, 205 83.3 1.5 3.88 0.32 2.04 � 10�2

SURTp-B 307 94.3 1.2 4.72 0.24 1.06 � 10�1

OREGp-A 320, 336 102.1 1.9 6.28 0.46 6.03 � 10�1

GV-09-A 230 103.3 3.5 12.84 0.89 1.99 � 102

76535-Bc 296, 244 110.7 1.6 0.73 0.32 8.86 � 10�1

a Spherically equivalent radii were calculated in several different ways. In the first instance, the radius was calculated from the surface area to
volume ratio (SA/V) of the crystal analzyed using optical microscope measurements. For some of the 21Ne stepwise degassing experiments, a
second radius is listed that was calculated from the SA/V determined from X-ray computed tomography measurements (Table S2).
b Calculated assuming the spherically equivalent radius of the crystals analyzed defines a, the diffusive lengthscale.
c Stepwise degassing experiment data presented in Garrick-Bethell et al. (2017).
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been released and at 350 �C (Fig. 5), a temperature for
which no changes in the rate of thermal expansion are
expected. Like our neon degassing experiment on Benson
Mines orthoclase, retrograde heating steps in the Plush lab-
radorite experiment do not overlap with the initial linear
Arrhenius array, confirming that this behavior is not a
result of a reversible structural change. If we assume that
the crystal of Plush labradorite was not fractured, these
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results instead suggest that complex neon diffusion behavior
reflects a preexisting material property of Plush labradorite.
A very small fraction (<10%) of the total gas is released
below 600 �C in argon stepwise degassing experiments;
therefore the effects of this preexisting material property
are likely obscured by the coincident changes in rate of
thermal expansion. Without the observation of
temperature-independent complex Arrhenius behavior
from the neon stepwise degassing experiment on Plush lab-
radorite, simple down-temperature extrapolation of the ini-
tial linear Arrhenius array in the argon stepwise degassing
experiment to geologically relevant temperatures may have
seem justified. However, doing so would likely result in
inaccurate thermal history reconstruction. In contrast to
Plush labradorite, with Surtsey labradorite we observe a
single linear Arrhenius array for 21Ne (Fig. 4), suggesting
this labradorite is characterized by a single diffusion
domain with a single diffusion lengthscale, which may be
defined by the physical grain size (a � 307 lm). Further-
more, this implies that nonlinear behavior for Ar diffusion,
manifest as upward curvature on Arrhenius plots at
�600 �C, followed by downward curvature at higher tem-
peratures, is likely related to structural modifications of
the feldspar in response to heating (Cassata and Renne,
2013). Accurate geologic thermal history information could
therefore be inferred for Surtsey labradorite by downward
extrapolation of initial linear Arrhenius arrays.

Unlike the other feldspars we studied, anorthite under-
goes a structural transition during neon stepwise degassing
experiments. Between 225 and 300 �C, anorthite transitions
from a P1 to T triclinic crystal symmetry (Smith and Ribbe,
1969; Van Tendeloo et al., 1989). The P1–T transition is
accompanied by an increase in unit cell volume and in the
rate of thermal expansion (Tribaudino et al., 2010), both
of which ought to decrease the energy barrier to interstitial
diffusion and increase noble gas diffusivities. Therefore we
expect to observe upward deviations from initial linear
Arrhenius arrays associated with this transition in neon
stepwise degassing experiments but not in argon stepwise
degassing experiments, as the latter take place at tempera-
tures above the P1–T transition. In the 21Ne stepwise degas-
sing experiment on Grass Valley anorthite, we observed the
opposite: downward deviation from an initial linear Arrhe-
nius array occurred at 300 �C (Fig. 6). However, we do not
find this surprising given the crystallochemical complexity
of Grass Valley anorthite, which is characterized by two
phases of anorthite separated by antiphase boundaries, as
well large muscovite inclusions, plagioclase subgrains, and
Na-rich feldspar alteration patches (McLaren and
Marshall, 1974; Rainey and Wenk, 1978). Thus we antici-
pate both the diffusion kinetics and initial distribution of
neon to be spatially variable in this sample. Given this
heterogeneity, it is also expected that the argon and neon
diffusion experiments on different aliquots of Grass Valley
anorthite are not reconcilable with one another. A neon
stepwise degassing experiment on neutron-irradiated anor-
thite from lunar sample 76535 (Garrick-Bethell et al.,
2017) exhibits linear Arrhenius behavior between 170 and
800 �C for essentially all of the gas released (Fig. 7). There
appears to be a slight upward deviation in the diffusivities at
�300 �C, which may be associated with the P1–T transi-
tion. However, fitting a linear regression to only the data
collected below 300 �C yields indistinguishable diffusion
parameters from those calculated using all the data. Linear
Arrhenius behavior at temperatures below 800 �C in the
neon experiment is also consistent with the downward devi-
ation from an initial linear Arrhenius array above 800 �C in
the argon experiment being caused by the transition to an
I1 symmetry (Megaw et al., 1962; Foit and Peacor, 1973).

To summarize our comparison of neon and argon step-
wise degassing experiments, we often see different Arrhe-
nius behavior for neon diffusion than was observed for
argon diffusion in the same feldspars. The origin of these
differences depends on the feldspar in question. In several
cases, the effects of a preexisting material property of a par-
ticular feldspar and the effects of a structural transforma-
tion during laboratory heating are conflated in argon
stepwise degassing experiments; neon stepwise degassing
experiments conducted at lower temperatures make such
conflations apparent. It would be valuable to measure neon
and argon isotopes simultaneously in future stepwise degas-
sing experiments on neutron-irradiated feldspars in order to
discern between such effects.

4.2. Multiple diffusion domain (MDD) model for neon

diffusion in feldspars

At present, we cannot ascribe a specific intrinsic prop-
erty or mechanism to nonlinear Arrhenius behavior that
is not associated with a temperature-dependent structural
transformation. Identifying the origin of this complex
Arrhenius behavior in argon stepwise degassing experi-
ments is critically important, because crystallochemical
changes that could potentially be responsible for this
behavior (e.g., strain-induced microtextural development,
fluid alteration) may have occurred during the portion of
a sample’s geologic thermal history that is relevant to 40-
Ar/39Ar thermochronometry. For cosmogenic noble gas
thermochronometry using neon in feldspars, wherein pro-
duction and diffusion are only happening at planetary sur-
faces where feldspars are exposed to cosmic ray particles,
we expect any major crystallochemical changes to have
occurred at much higher temperatures than are relevant
to the system of interest. In other words, all crystallochem-
ical heterogeneities are present throughout the thermal his-
tory recorded by cosmogenic neon in feldspars, with the
possible exception of those generated by shock during
impact events. Thus although we do not have a mechanistic
explanation for the nonlinear, temperature-independent
Arrhenius behavior observed in some neon experiments,
we think this complex behavior characterizes cosmogenic
neon diffusivity and therefore must be accounted for to
accurately reconstruct temperatures using cosmogenic neon
in feldspars.

In order to account for complex neon diffusion in feld-
spars, we modeled the results of stepwise degassing experi-
ments exhibiting complex Arrhenius behavior using
multiple diffusion domain (MDD) theory (Lovera and
Richter, 1989; Lovera et al., 1991; Harrison et al., 1991).
MDD theory explains nonlinear Arrhenius behavior as
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the result of diffusion from multiple, non-interacting sub-
grain domains of varying sizes. Our modeling approach is
similar to that described in Tremblay et al. (2014b), wherein
diffusivities are calculated for the experiment heating sched-
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ule using the equations outlined by Fechtig and Kalbitzer
(1966) for a spherical geometry and for a given diffusion
domain distribution. The number of subgrain domains
was allowed to vary, and the models were designed to
search over a large number of combinations of activation
energy (Ea), pre-exponential factor (D0/a

2), and gas fraction
(f) attributed to each domain; activation energy was held in
common for all domains. For a particular number of diffu-
sion domains, we determined the combination of diffusion
parameters and gas fractions that best agreed with the step-
wise degassing experiments by calculating a misfit statistic
M:

M ¼
Xn

j¼1

jf p;j � f m;jj

where fp,j is the modeled cumulative 21Ne released at heat-
ing step j, fp,j is the observed cumulative 21Ne released at
heating step j, and n is the total number of heating steps.
This misfit statistic is analogous to the reduced chi-
squared misfit statistic used in Tremblay et al. (2014b) in
that the same set of diffusion parameters minimizes both
quantities. However, the cumulative difference in predicted
and observed gas fractions used here has more physical
meaning. For example, a misfit statistic of 0.15 can be
thought of as not predicting 15% of the observed 21Ne
released with our MDD model. We continued to add diffu-
sion domains until the minimized misfit statistic with x + 1
domains was within 0.03 of the minimized misfit statistic
with x domains. In Fig. 8, we show the best fit MDD mod-
els for the neon stepwise degassing experiments on Benson
Mines orthoclase, Plush labradorite, and Grass Valley
anorthite; best fit diffusion parameters, gas fractions, and
misfit statistics are reported in Table 3. By assuming that
this model framework can be extrapolated over time and
to lower temperatures, we use the MDD model fits for these
feldspars in the remaining discussion to assess the sensitiv-
ity of cosmogenic neon-in-feldspar paleothermometry to
exposure temperature and duration.

4.3. Implications for neon retentivity in feldspars

The seven neon stepwise degassing experiments reported
here, combined with the experiments reported by Gourbet
et al. (2012) and Garrick-Bethell et al. (2017), demonstrate
that neon diffusion kinetics and behavior vary widely
amongst feldspars of different compositions and geologic
origins. This is perhaps not surprising, given the vast
range of diffusion kinetics and behavior observed in argon
Fig. 8. Arrhenius plots comparing calculated diffusivities from
multiple diffusion domain (MDD) models (black) to calculated
diffusivities from neon stepwise degassing experiments (green) for
Benson Mines orthoclase (A), Plush labradorite (B), and Grass
Valley anorthite (C). Lines correspond to diffusion parameters
characterizing each diffusion domain, which are listed in Table 3
along with the fraction of gas comprising each domain and the
misfit statistic of the models shown. (For interpretation of the
references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Table 3
Best fit multiple diffusion domain model parameters.

Sample Domain Ea (kJ/mol) ln(D0/a
2) f Misfit

BMk-D 1 91.5 4.0 0.45 0.17
2 5.6 0.30
3 1.2 0.25

OREGp-A 1 96.9 2.4 0.74 0.16
2 7.4 0.26

GV-09-A 1 108.4 14.9 0.76 0.33
2 19.2 0.08
3 8.0 0.08
4 4.3 0.08
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stepwise degassing experiments (e.g., Lovera et al., 1997,
2002; Cassata and Renne, 2013). Nonetheless, the variabil-
ity of neon diffusion kinetics and behavior has important
implications for the applicability of laboratory-determined
diffusion kinetics to applications of cosmogenic neon pale-
othermometry (Tremblay et al., 2014a). Specifically, these
results indicate that sample-specific diffusion kinetics will
be necessary to quantitatively reconstruct temperatures
using cosmogenic neon in feldspars.

To illustrate this point, in Fig. 9 we show how cosmo-
genic neon retentivity will evolve as a function of exposure
duration for a constant exposure temperature of 20 �C
using the different diffusion parameters obtained in neon
stepwise degassing experiments. Retentivity refers to the
amount of cosmogenic neon produced during exposure to
cosmic ray particles that has not diffused out of the feld-
spar; thus a retentivity of one indicates no diffusive loss,
while a retentivity asymptoting to zero indicates that steady
co
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Fig. 9. Demonstration of the variability of neon retentivity in feldspars
(Gourbet et al., 2012; Garrick-Bethell et al., 2017), we calculate how neo
constant exposure temperature of 20 �C after Wolf et al. (1998). In (A)
relatively simple linear Arrhenius behavior. Simple linear Arrhenius b
lengthscale for these feldspars; therefore we normalized the diffusion lengt
we show neon retention curves for exhibiting complex Arrhenius behavio
Arrhenius array (solid curves) observed in stepwise degassing experiments
text, we use the grain size analyzed in the stepwise degassing experiment fo
the diffusion lengthscale for feldspars exhibiting complex diffusion behav
state between production and diffusion has occurred. For
feldspars exhibiting linear Arrhenius behavior, we assume
that the physical grain size defines the diffusion lengthscale
of a single diffusion domain and scale diffusivities to a com-
mon diffusion lengthscale of 500 lm; retention curves for
these feldspars are shown in Fig. 9A. Having normalized
the diffusion lengthscale, we can see in Fig. 9A that differ-
ences in diffusion parameters (Ea and D0) amongst different
feldspars results in significant variability in retentivity. For
example, while lunar 76535 anorthite is expected to retain
all of its cosmogenic neon over 10 Ma of exposure at 20 �
C, Easy Chair Crater anorthoclase would retain <10%
given the same exposure history. In cases where we used
MDD models to infer neon diffusion parameters, we do
not know the diffusion lengthscale of the different domains
as this cannot be separated from the preexponential factor
D0 without making additional assumptions. Furthermore,
it is likely that the domain size distributions in feldspars
exhibiting MDD-like behavior would depend on macro-
scopic grain size in a way that we cannot quantify. We
therefore did the calculations in Fig. 9B using the spheri-
cally equivalent radius of each feldspar crystal analyzed in
the stepwise degassing experiment. Fig. 9B highlights the
difference in cosmogenic neon retentivities that would be
expected for simple extrapolation of initial linear Arrhenius
arrays versus MMD model calculated diffusion parameters
in feldspars exhibiting complex Arrhenius behavior. For
some feldspars such as Benson Mines orthoclase, the differ-
ences are small until very long exposure durations are
reached (>1 Ma); for others such as Grass Valley anorthite,
the differences become important on much shorter time-
scales (>0.01 Ma).
Exposure duration (yr)

102 103 104 105 106 107

  One domain
  MDD

OREGp
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. Using the neon diffusion parameters reported here and elsewhere
n retention evolves as a function of exposure duration assuming a
, we show neon retention curves for the six feldspars that exhibit
ehavior suggests that the physical grain size defines the diffusion
hscale to a common spherically equivalent radius of 500 lm. In (B),
r using diffusion parameters calculated both from the initial linear
as well as using an MDDmodel (dashed curves). As discussed in the
r these calculations, as there is no straightforward way to normalize
ior.
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In previous theoretical calculations on the sensitivity of
cosmogenic neon-in-feldspar paleothermometry (Tremblay
et al., 2014a), we used the diffusion kinetics for Madagascar
cryptoperthite reported by Gourbet et al. (2012). However
as can be seen in Fig. 9, we predict lower cosmogenic neon
retentivity using neon diffusion kinetics from most of the
feldspars we examined than when using Madagascar cryp-
toperthite kinetics. This means that the applicability of cos-
mogenic noble gas paleothermometry to geologic problems
will vary depending on the specific feldspar and surface
temperature environment. For example, Kober et al.
(2005) measured cosmogenic 21Ne abundances in sanidine
from a welded tuff in the Atacama Desert that were indis-
tinguishable from what would be expected given theoretical
21Ne production rates for sanidine and the known exposure
duration, suggesting that no diffusive loss of cosmogenic
21Ne occurred. Complete cosmogenic 21Ne retention sug-
gests that the sanidine studied by Kober et al. (2005) is sig-
nificantly more retentive to neon than the two sanidine
samples we conducted stepwise degassing experiments on
here, especially given the high amplitude temperature vari-
ations and peak temperatures that rocks experience in
extreme environments like the Atacama Desert (McKay
et al., 2003; McFadden et al., 2005). Similarly, the lunar
surface experiences extreme variations in temperature dur-
ing a lunar day cycle, with peak temperatures in excess of
100 �C and temperature minima less than �150 �C
(Keihm and Langseth, 1973). However, because lunar
76535 anorthite is so retentive, Garrick-Bethell et al.
(2017) were able to measure cosmogenic neon abundances
in multiple anorthite grains and calculate an accurate esti-
mate of the effective lunar surface temperature (75.5
± 4.2 �C) over the 142 Ma exposure history of sample
76535. For any of the diffusion parameters we obtained
for the other feldspars, we would predict substantially lower
and incorrect effect lunar surface temperatures.

5. CONCLUSIONS

We present stepwise neon degassing experiments on feld-
spars of various compositions and geologic origins. This
suite of experiments reveals that neon diffusion behavior
and kinetics vary significantly amongst different feldspars.
Comparison with argon stepwise degassing experiments
on the same feldspars provides insight into the source of
complex noble gas diffusion behavior. For some feldspars,
the absence of nonlinear Arrhenius behavior in neon exper-
iments conducted at lower temperatures suggests that the
nonlinear behavior observed in argon experiments resulted
from temperature-dependent structural transformations.
For other feldspars, nonlinear Arrhenius behavior observed
in both neon and argon experiments suggests that some
sample-specific material property is contributing to com-
plex diffusion behavior. When extrapolated down to plane-
tary surface temperatures, the set of available neon
diffusion kinetics predicts a wide range of temperatures
and exposure durations over which cosmogenic noble gas
paleothermometry may be applicable. This wide range indi-
cates that (1) sample specific diffusion kinetics will be neces-
sary for quantitative applications, and (2) the temperature
sensitivity of cosmogenic noble gas paleothermometry will
depend greatly on a combination of the specific feldspar
and surface thermal environment of interest.
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