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ABSTRACT

Noble gas transport through geologic media has important applications in the characterization of underground
nuclear explosions (UNEs). Without accurate transport models, it is nearly impossible to distinguish between
xenon signatures originating from civilian nuclear facilities and UNEs. Understanding xenon transport time
through the earth is a key parameter for interpreting measured xenon isotopic ratios. One of the most challenging
aspects of modeling gas transport time is accounting for the effect of variable water saturation of geological
media. In this study, we utilize bench-scale laboratory experiments to characterize the diffusion of krypton,
xenon, and sulfur hexafluoride (SFe) through intact zeolitic tuff under different saturations. We demonstrate that
the water in rock cores with low partial saturation dramatically affects xenon transport time compared to that of
krypton and SFe by blocking sites in zeolitic tuff that preferentially adsorb xenon. This leads to breakthrough
trends that are strongly influenced by the degree of the rock saturation. Xenon is especially susceptible to this
phenomenon, a finding that is crucial to incorporate in subsurface gas transport models used for nuclear event
identification. We also find that the breakthrough of SFe diverges significantly from that of noble gases within
our system. When developing field scale models, it is important to understand how the behavior of xenon de-
viates from chemical tracers used in the field, such as SFg (Carrigan et al., 1996). These new insights demonstrate
the critical need to consider the interplay between rock saturation and fission product sorption during transport
modeling, and the importance of evaluating specific interactions between geomedia and gases of interest, which
may differ from geomedia interactions with chemical tracers.

1. Introduction

monitoring for the comprehensive nuclear-test-ban treaty (CTBT) (Car-
rigan and Sun, 2014; De Geer, 1996; Jordan et al., 2014, 2015; Perkins

Gas transport through rock has important implications for the
detection of underground clandestine nuclear tests (Auer et al., 1996;
Carrigan et al., 1996; Kalinowski, 2011; Sun and Carrigan, 2014; Bourret
etal., 2019). Noble gases produced by nuclear fission are hard to contain
and tend to migrate to the surface where they can be detected via at-
mospheric monitoring, making them key components for compliance
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and Casey, 1996). In particular, radioxenon is an abundant fission
product important to nuclear test detection because the half-lives of its
isotopes are generally long enough to be detected at extended distances
from a detonation site (Ringbom et al., 2014). Accurate prediction of
noble gas subsurface transport is challenging because we lack under-
standing of key processes that control transport, including the sorption
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of noble gases to geological materials and the impacts of variable satu-
ration, making it difficult to discriminate environmentally fractionated
nuclear test signatures from background radionuclide sources (Bowyer,
2021; Lowrey et al., 2013b; Sun and Carrigan, 2014).

Following an underground nuclear explosion (UNE), gaseous radio-
isotopes, including xenon and krypton, are initially produced in known
ratios according to the independent yields of nuclear fission (Crouch,
1977; England and Rider, 1994). Decay of pre-cursor radionuclides, such
as the production of xenon (131m, 133, and 135) from antimony,
tellurium and iodine, can lead to a cumulative yield several orders of
magnitude higher than the instantaneous yield. Due to the varying
precursor half-lives involved, the time it takes to reach maximum fission
yield ranges from 10.7 h, 2.78 days, to 14.4 days for >°Xe, 1**Xe and
18lmye respectively, and signature discrimination utilizes ratios of these
xenon isotopes. It is therefore vital that we consider how diffusive
transport of both xenon and its precursors following a UNE will impact
barometric pumping efficiencies, as well as the potential impact of
diffusive transport differences on measured isotopic ratios at different
times, which will include varying degrees of ingrowth from parent
radionuclide decay. While diffusion is not expected to be the primary
transport mechanism for gaseous signatures following a UNE, it plays a
critical role in the rate at which barometric pumping occurs thanks to a
processes called “ratcheting” (Bourret et al., 2019; Carrigan et al., 2016;
Harp et al., 2019; Nilson et al., 1991; Sun and Carrigan, 2016). During
this process, gas which is transporting within fractures due to baro-
metric pumping will diffuse into the surrounding rock matrix, which
acts as relatively immobile storage during barometric cycles. Thus, ac-
curate quantification of diffusion rates and a thorough understanding of
matrix-gas interactions is needed to model gas behavior in the field.

For example, Lowrey et al. (2013a) modeled the impact of mass
transport-induced fractionation on gas seepage from a UNE. Their study
employs the previously established multi-isotope discrimination method
using xenon isotopic activity ratio relationships (Kalinowski et al.,
2010). According to this method, a xenon signature was considered
indicative of a nuclear test if it fell in an area bounded by the ratio of
xenon isotopes expected for a “fully fractioned” nuclear test, where there
is no contribution from parent decay, and by the ratio expected for a
“non-fractioned” test, where all isotopes which decay to xenon
contribute to the measured signal. They found that by incorporating
mass transport, xenon isotope ratios fell outside of this range 20% of the
time. However, these models did not account for the potential presence
of water in the bulk matrix medium, which can further complicate
transport due to partitioning between gas and liquid phases (Jordan
et al., 2015; Harp et al., 2018; Sleep and Sykes, 1989).

Because US UNEs are buried deeply enough to prevent radiation
containment failures, even tests carried out above the water table can
still contain a significant percentage of water (Hoffman et al., 1977).
Pawloski (1981) determined the total water content of different litho-
logic units at the Nevada National Security Site (NNSS), where many
historic US nuclear tests were conducted, and found that the average
total water content of volcanic tuff was 19 + 4% by mass, compared
with 14 £ 5% by mass for alluvium. For these measurements, the con-
fidence internal is the standard deviation. A UNE event itself can also
alter local hydrology (Wohletz et al., 1999; Knox et al., 1965). For
example, a 1962 UNE at NNSS in unsaturated tuff above the water table
increased the groundwater water level by 17 m in a well 307 m away
from ground zero and elevated hydraulic heads persisted in this area for
more than 15 months (Knox et al., 1965). Although this anomaly was
first measured 40 days after the explosion, it is hypothesized to have
occurred shortly after the explosion due to dynamic compaction of
water-containing pores. Such a large increase in the elevation of
groundwater in the vicinity of a UNE detonation site is expected to
greatly increase the saturation of surrounding rocks, and can thus alter
the transport conditions for fission products.

Bench-scale gas transport experiments have previously been used to
examine noble gas transport in the context of post-UNE signature
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Tablel
QXRD results for zeolitic non-welded tuff core indicates that the core is mainly
zeolites.

QXRD for Zeolitic Tuff

Feldspar Percent
Plagioclase 2.7
Alkali feldspar 13.5

Zeolite
Heulandite 30.8
Mordenite 38.9
Analcime 2.1

Silica
Cristobalite 2.0
Quartz 1.0
Clay
Montmorillonite 2.7
Amorphous 6.3
SUM 100.0

transport (Broome et al., 2016). Additionally, laboratory studies have
shown non-trivial Xe sorption on various geologic media including
shale, dolomite, limestone, and sand (Byers et al., 2019; Paul, 2017; Paul
et al., 2018). One geologic media of particular interest is zeolites. A
recent study found that natural zeolites in zeolitic tuff can sorb noble
gases, and this sorption is particularly significant for Xe (Feldman et al.,
2020). Many historical US tests were conducted in zeolite-rich subsur-
face strata, common within Pahute Mesa at NNSS, meaning this inter-
action can be important for understanding and modeling historic gas
transport data (Moncure et al., 1981). Both sorption and diffusivity of
gases, including Xe and SFe, have been explored through laboratory
investigations for dry and partially-saturated zeolitic tuff (Feldman
et al, 2020; Paul et al, 2020). However, diffusivity of
partially-saturated zeolitic tuff was measured at nearly fully-saturated
conditions (Paul et al., 2020). There is no comprehensive study
relating gas transport through zeolitic tuff to the level of rock saturation
at multiple intervals between dry and fully saturated. In particular, we
expect that the presence of water will impact reported noble gas sorption
by zeolites.

The goal of the current study is thus to investigate both the impact of
sorption by zeolites in zeolitic tuff on gas transport, as well as how pore
water impacts both transport and sorption. To achieve this goal, we
examine the diffusion of a mixture of gases through a zeolite-rich rock
core at varying degrees of saturation using a benchtop laboratory
experimental apparatus. Prior to experimentation, the core was char-
acterized using quantitative X-ray diffraction (QXRD) and helium
porosimetry. The gas mixture includes stable krypton and xenon noble
gases and SFg, a common tracer gas used in the field at NNSS to measure
geologic properties for simulation of noble gas transport (Carrigan et al.,
1995). Diffusion measurements are augmented by small-angle neutron
scattering (SANS) measurements, allowing us to infer how sorption
processes are impacted by variable saturation.

2. Methods
2.1. Rock core sample

Core samples were taken from the UE-20az-NG-4 core hole on Pahute
Mesa at the NNSS at a depth of 440.65-440.83 m. A map of the NNSS can
be found in Fig. S1 of the SI. The lithologic unit at this depth is zeolitic
non-welded tuff from the Calico Hills zeolitic composite unit (Bourret
et al., 2020). Porosity along this unit was measured using helium
porosimetry and was found to vary between 16.7% and 32.7%, with an
average porosity of 21.6%. These data can be found in Table S1 in the
Supporting Information (SI). The mineralogy of the core was further
examined using quantitative X-ray diffraction (QXRD) (Table 1). The
QXRD spectrum can be found in Fig. S2 in the SI. Samples were run on a
Siemens D-500 X-ray diffractometer using CuKo radiation (Bruker AXS,
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Fig. 1. Diffusion cell schematic.

Madison, WI, USA) with alumina powder (AlyO3) as an internal stan-
dard. Peak identification was accomplished using JADE software’s
search-match function (Materials Data, Inc., Livermore, CA, USA). Re-
sults indicated that the zeolites present in the rock were primarily
mordenite and heulandite, which combined make up nearly 70% of the
rock. Both are sodium and calcium aluminosilicate minerals frequently
associated with one another in nature and are assumed to be alteration
products of once abundant volcanic glass. (Meier, 1961). The main
difference between the two is that mordenite has a higher ratio of silicon
to aluminum. Other minerals detected using XRD include cristobalite,
quartz, plagioclase, alkali feldspar, and montmorillonite.

2.2. Diffusion cell set up

Prior to setting up the diffusion experiments, we cut the rock core
into two 5-cm sections and trimmed the circular faces to ensure a uni-
form, flat surface was in contact with either side of the diffusion cell. The
non-face radial edges of the core were coated with a UV-curable polymer
(UV15X-6NONMED-2, Master Bond, Inc., Hackensack, NJ, USA) to
prevent gas migration along the radial edge of the cylindrical samples.
After fully curing in sunlight, the rectangular faces were coated with a
silicone primer while the circular top and bottom faces of the core were
covered with tape to prevent contact with silicone. The core was placed
in a square mold and Room Temperature Vulcanization (RTV) silicone
(SILPAK, Inc. Pomona, CA, USA) was added. The core sections were left
overnight to allow the silicone to cure and form a molding around the
core.

The molded silicone acts as a gasket to seal off the two halves of the
diffusion cell, which consists of two cylindrical reservoirs machined out
of plexiglass (Fig. 1). The smaller reservoir has a volume of 75 mL and
the larger has a volume of 500 mL. Both reservoirs have two sampling
ports and an O-ring to help fully seal the chamber against the silicone
around the core. The core is placed between the two reservoirs and
secured tightly with screws. We tested the potential for preferential Xe
sorption to plexiglass and silicone by measuring the concentration loss
for the three gases in a sealed diffusion chamber, and found that there
was no preferential sorption (Fig. S3 in the SI).

Gas concentrations are measured using a Pfeiffer Vacuum OmniStar
GSD 320 mass spectrometer (Pfeiffer Vacuum, ABlar, Germany). The
mass spectrometer (MS) is attached to one of the sampling ports of both
reservoirs through a Valco dead-end selector valve and a needle is
placed in the other port to prevent the formation of a vacuum while the
MS samples at a rate of approximately 0.40 mL/min. To minimize the
volume of gas sampled, the selector valve was programmed to allow
intermittent sampling of the diffusion cell. While sampling over the 20 h

period dilutes the gas concentration, modeling will account for this
dilution. In addition, regular monitoring of concentration in both the
spiked and sampled chambers gives an accurate view of the changing
driving forces for diffusion with time as the system is sampled.

The first experiment is run with a completely dry core. To begin the
experiment, we spike the large reservoir, which contains ambient air,
with 1 mL each of stable xenon (Xe), krypton (Kr), and SFg tracers while
measuring their ion current, which correlates with their masses on the
spectrometer. This injected volume corresponds with a concentration of
2000 parts per millions by volume (ppmv) for the three gases. Although
there may be some variation in concentration due to slight differences in
the injected gas amounts, we do not expect these differences to sub-
stantially impact the relative transport of the gases. Once the ion current
(i.e., concentration) reaches a constant value (within several minutes),
we record the concentration as the initial concentration, Cq (i.e., Co(t =
0)). Next, we automated the process of moving a selector valve to switch
between measuring the spiked and smaller reservoir, such that the small
reservoir is measured for 1 min every 10 min to monitor breakthrough
and the spiked reservoir is measured for 2 min every hour to monitor
changes in the Cy concentration (i.e., Co(t)). We found that running the
experiments for 20 h allows the breakthrough curve to level off. A
magnetic stirrer continually mixes the spiked cell (Fig. 1) to maintain a
homogenous gas mixture and prevent gravity separation of the gases.

The saturations used in the study are O (core which is dried in oven
until mass stops changing), 17, 40, 85, and 100% (fully) saturated.
Partial saturations of 17-85% were calculated as percentages of the total
water required for 100% saturation. To achieve as close to uniform
saturation as possible, different saturation methods were employed. To
achieve 17% saturation, air saturated with water vapor is pulled through
the core using a vacuum. The vacuum side is regularly switched and the
core is weighed to monitor uptake until it reaches 17% saturation. For
higher degrees of saturation (40%, 85% saturated), the core is put under
vacuum then submerged in water until the target water mass is gained
within the core (Veland, 2017). The core is then allowed to sit for 4
weeks while rotating regularly to more evenly distribute water in the
pore spaces. For the fully saturated rock, the core is submerged in water
and placed under vacuum, and saturation is monitored by measuring the
core weight until it stops increasing (Telfeyan et al., 2018). For all ex-
periments, Los Alamos County tap water is used to minimize rock
dissolution, as it contains dissolved silica, bicarbonate and other salts
(Neil et al., 2020a). The composition of the tap water and the masses of
the rock cores at different saturations can be found in Tables S2 and S3 in
the SL

Between runs, the cores are placed in a vacuum oven until their mass
stops changing, at which point they are assumed to be dry. While in the
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Fig. 2. Diffusion breakthrough curves for (A) Kr, (B) SFs, and (C) Xe, normalized to the initial measured Cy (Co(t = 0)); Changes in the spiked concentration with time

for (D) Kr, (E) SF¢, and (F) Xe.

vacuum oven, the temperature is maintained below 40 °C to prevent
mineral phase transformation (Feldman et al., 2020), therefore some
residual or tightly-bound water could still exist. Pawloski (1981) found
that free water accounted for 60-90% of the total water content in tuff
samples taken from the NNSS, while tightly bound water accounted for
2-33%. Although some water may remain in the rock core sample, this
quantity is assumed to be constant between runs, as the drying method
was consistent, and masses of the dried samples did not vary signifi-
cantly. Replicate measurements of dry diffusion were carried out for the
two core sections to confirm reproducibility and ensure the sections
behaved similarly. These breakthrough graphs can be found in Fig. S4 in
the SI. Replicate measurements showed nearly identical trends in gas
breakthrough, however the C/Cy at 20 h varied slightly between runs
from 0.3 to 0.4 for SFe, 0.25-0.35 for Kr and 0.05-0.1 for Xe. Possible
sources for this variation include instrumentation error, as well as small
changes in environmental conditions such as temperature and atmo-
spheric pressure, which can occur in the laboratory. However, we are
confident that the changes observed with varying saturation exceed this
error because (1) changes are mostly larger than the 0.5-0.1 variance
observed between dry replicates; (2) changes to the shape of the
breakthrough curve occur, which was not seen between replicates; and
(3) gas breakthrough trends relative to each other change dramatically
with saturation, where trends were nearly identical between replicates.

2.3. Nanoporosity measurement with small-angle neutron scattering
(SANS)

When porous media becomes saturated with water, not all pores will
be filled to the same extent due to differences in pore size, connectivity
and/or their chemical nature. To investigate this effect for the zeolitic
non-welded tuff used in our transport experiments, we conduct small-
angle neutron scattering (SANS) experiments on the NG7 30-m SANS
instrument (Glinka et al., 1998) at the NIST (National Institute of
Standards and Technology) Center for Neutron Research (NCNR).

During SANS, a beam of neutrons is passed through a sample of in-
terest, where it is elastically scattered by interactions with nuclei in the
sample. Neutron scattering and spectroscopic techniques, including
SANS, are sensitive to the isotopic composition of the sample (Xu et al.
2020). The scattering length varies with isotope, and the scattering
length density (SLD) of a material can thus be calculated from the sum of

scattering lengths of atoms in a given volume using its isotopic and
elemental composition and density. SLD can vary drastically between
isotopes of the same element. For example, the SLD of D50 is 5.8 x
1071% cm ™2, while the SLD of H,0 is —0.56 x 107'° cm™2. The positive
sign for deuterium implies a repulsive interaction potential resulting in a
spherical scattering wave that is out of phase with the incident beam
plane wave function, whereas the negative sign for hydrogen implies an
attractive potential and a scattering in phase (Shull et al., 1948).

Scattering differences between hydrogen and deuterium allow the
technique of contrast matching to be applied. According to this tech-
nique, a mixture of D;0 and Hy0 can be used as the pore filling fluid,
with their ratios adjusted such that the average SLD is equal to that of
the rock matrix. We first determine the SLD, p, of the matrix by
measuring the SANS spectra for the tuff powder saturated with various
D,0/H30 ratios. The spectra are compared and the one with the lowest
intensity is considered to match the contrast of the rock matrix. For our
sample, this ratio is 70/30 D20/H30 (SLD = 4.31 x 1071% ¢cm™2). The
use of powder rather than intact core for SANS experiments is not ex-
pected to significantly impact the underlying pore size distribution
(Kuila and Prasad, 2013). However, the increased exposed mineral
surface area of power versus intact rock can lead to more extensive in-
teractions with water (Al Hinai et al., 2014), as more pores will be
exposed to the water than what may be accessible through the pore
network of the intact rock. While such an effect may lead to more
extensive interactions, we expect observed differences in pore accessi-
bility to hold for intact rock samples where nanopores are exposed to
water.

Scattering intensity is proportional to the average contrast squared,
Ap?, over the volume sampled by the neutron beam. Here, Ap = Pp = Prmos
where the subscript p refers to the SLD of the pore and m refers to the
SLD of the surrounding matrix. The SLD of an empty pore is approxi-
mately 0, meaning that scattering is maximized when pores are empty, i.
e., Ap is at its highest value. When the contrast matching fluid is
introduced, the scattering intensity from accessible pores becomes
negligible. Scattering from pores inaccessible to the fluid is not affected.
Thus, the method provides a means to discriminate between accessible
and inaccessible pores. More information on SANS theory can be found
in previous publications (Neil et al., 2020b; 2020c).

We measured the SANS spectra for zeolitic tuff powder that is dry,
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Fig. 3. Diffusion of Kr, SFe, and Xe were measured through a tuff core which did not contain zeolites under (A) dry and (B) 20% saturated conditions.

and rock powder with 10 pL or 20 pL of contrast matching water added.

The partial saturations are calculated by measuring water uptake, to be

46% for 10 pL and 93% for 20 pL. We use NCNR’s data reduction

package to reduce the raw SANS data to differential cross section per

radian per unit volume (em™1) as a function of momentum transfer, Q

(A’l), known as the scattering function (Kline, 2006). Q is defined as:
sinf

Q=4nr—

A(A) W

Here, 1 (f\) is the incident neutron beam wavelength and 20 is the
scattering angle. Structural information such as pore size and internal
surface roughness were determined by model fitting the scattering
functions (Ilavsky and Jemian, 2008). Comparison between these dis-
tributions indicates which pore sizes are being filled as saturation
increases.

3. Results and discussion
3.1. Zeolites impact gas breakthrough trends

Trends in the breakthrough and fractionation of gaseous species
through the rock core give preliminary insight into the impact of satu-
ration on transport. In Fig. 2A-C, we present experimental break-
throughs for Kr, SFg, and Xe at different saturations, normalized to the
initial measured Cy value, Co(t = 0). Fig. S5 in the SI contains graphs
showing breakthrough differences for the three gases within each
saturation system. Under dry conditions, SF¢ has the fastest break-
through, while Kr is slightly slower and Xe is the slowest. Increasing
saturation from dry to 17% unexpectedly results in faster breakthrough
for all three gases. This trend in breakthrough behavior is not observed
in the absence of zeolites (Fig. 3). However, when saturation is increased
further to 40%, breakthrough for the three gases drops relative to the
17% saturation system, but remains faster than in the dry system. Once
saturation is increased again to 85%, breakthrough for Kr and SF¢ is

slower than that in the dry system, but for Xe, breakthrough at 85%
saturation remains faster than in the dry system. 85% is also the satu-
ration point where Xe and SF¢ begin to transport similarly. Finally, for
the fully saturated system, breakthrough is slowest for all three gases,
with slightly faster breakthrough of Xe and Kr relative to SF¢ (Fig. S5F in
the SI).

To analyze these experiments, we first explore whether these trends
can result from differences in water partitioning. Xe has the highest
Henry’s Law constant (liquid concentration (mol of tracer/kg of water)
divided by gas concentrations (in partial pressure, bar 1)) at 0.0043 mol
kg~ !-bar !, compared to 0.0025 mol kg~ !-bar ! for Kr and 0.00024 mol
kg 1-bar! for SFe (Sander, 2000). Thus, we might expect that under
higher partial saturations, Xe would break through more slowly due to
increased interactions with water. However, we find that this is not the
case, as Xe breakthrough in the dry system is slower than that in the
17%, 40%, and 85% saturated systems. On the other hand, for the fully
saturated system, higher Henry’s law constants promote transport,
which is expected to occur primarily in the water phase. The relatively
faster breakthroughs of Kr and Xe compared to SFg in the fully saturated
system make this apparent.

Although our study only considered diffusive transport through
intact rock, a small scale field experiment by Stroujkova et al. (2020)
also showed faster transport of Xe than SFg in the absence of advective
transport from a cavity below the water table. Stroujkova et al. (2020)
suggest that due to the higher Henry’s Law constant of Xe, transport
within the aqueous phase may allow Xe to transport faster than SFg.
Direct comparison between our results and this study are hard because
of the absence of barometric pumping effects and induced fracture flow.
However, diffusion is one piece of the puzzle which can be incorporated
to explain some of the observed trends in more complex natural systems.

3.2. Water uptake reduces sorption by tuff rocks

Since water partitioning cannot explain the different breakthrough
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Fig. 4. Diffusion breakthrough curves for (A) Kr, (B) SFe, and (C) Xe, normalized to the measured C, at each time point, Co(t).
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off at 25 nm because ratios become skewed as the distribution approaches zero.

trends, we instead explored whether these differences could be related
to interactions between natural zeolites and gases, as observed previ-
ously for zeolitic tuff (Feldman et al., 2020). Fig. 2D-F presents the
changes in the spiked concentration in the large diffusion chamber,
monitored through hourly measurements and presented as the ratio of
Co(t) to Co(t = 0). These graphs clearly demonstrate interactions be-
tween the zeolitic tuff core and gases. Of note, for the dry xenon system,
the Cy concentration drops to nearly 30% of the initial spiked value after
the 20-h transport period. This drop is larger than that of Kr (47%
remaining) and SFg (64% remaining), indicating preferential sorption of
Xe, in line with previous observations (Feldman et al., 2020). Upon
partial saturation to 17%, there is a dramatic decrease in Xe uptake by
the core, although there is still a larger Cy decrease for Xe (52%
remaining) relative to Kr (59% remaining) and SF¢ (69% remaining).
This trend continues, with increasing saturation leading to a smaller
drop in Cp for all three gases, although this drop is always most signif-
icant for Xe. Thus, trends such as the faster breakthrough for gases in the
17% saturated system are likely related to the stronger concentration
gradient in that system, as a result of decreased sorption.
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To further understand how uptake by zeolitic tuff alters the driving
force for diffusion, we normalize the diffusion curves to the changing
reservoir chamber concentration, Cy(t), rather than Cy(t = 0), by fitting
the concentration curves using a polynomial function (Fig. 4). Inter-
estingly, the diffusion curves for SFg and Xe are nearly identical for all
saturated systems when normalized in this manner, while for the dry
system, breakthrough remains significantly lower for Xe. This is in line
with the similar masses and reported diffusivities of Xe and SFg (Byers
et al., 2018). The faster diffusion of Kr (Fig. 4A) is also consistent with
the reported higher diffusion coefficient for Kr (107%77° ¢cm?/s) in ni-
trogen compared with Xe and SFe (107%8 cm?/s and 1079939 cm?/s,
respectively) and is in line with differences in their molecular size, as the
kinetic diameter of Kr is less than that of Xe and SFg (Breck, 1973;
Marrero and Mason, 1972).

3.3. Zeolite pores fill preferentially upon water exposure

Although adjusting for changes in Cy leads to more logical break-
through trends under partial to fully saturated conditions, for all three
gases, the dry breakthrough is still significantly slower. This observation
indicates that initial partial saturation up to at least 17% greatly de-
creases interactions between zeolitic tuff and gases, as observed in Cy
changes (Fig. 2D-F). SANS results give some insight into this observed
phenomenon. Fitted pore size distributions (Fig. 5A) show that when
water with SLD matching that of the tuff matrix is introduced to a
zeolitic tuff powder sample, a significant portion of the smallest pores
are filled, as indicated by the decrease in their abundance relative to
larger pores. Fig. 5B shows the fraction of pores that are filled. While
logically it may seem easier to fill larger sized pores, results show that at
both saturations, greater than 10% more of the smaller pores are filled.

These pores have a radius of approximately 3 nm, consistent with the
previously reported peak pore size of naturally-occurring zeolites, be-
tween 2 and 4 nm in radius (Mili¢evi¢, et al., 2013). While zeolite
framework channel diameters are typically 3-8 A, and thus below the
SANS detection limit, these pores fall into the mesoporous range, re-
ported for zeolites to be characteristic of slot pores formed due to the
existence of zeolite cleavage planes (Mansouri et al., 2013). This finding
suggests that small pores, possibly belonging to natural zeolites, pref-
erentially fill upon partial saturation with water, supporting the dra-
matic change in gas transport behavior upon partial saturation to 17%.
This behavior is also supported by a reported water retention curve for
zeolite, which indicates that water saturations below 20% require a
suction pressure such that this water is unavailable to plants (Szata-
nik-Kloc et al., 2021). Reduced SANS scattering spectra (Fig. S6) and a
comparison between Irena size distribution fitting using maximum en-
tropy (Fig. 5) and total non-negative least squares (Fig. S7B) can be
found in the SI. Both methods show that upon partial saturation, the
most significant drop in pore abundance occurs for the 3 nm radius
pores. More information on the SANS fitting procedure can be found in
our previous publications (Neil et al., 2020b; 2020c¢).

This observation provides critical new insight into how the presence
of zeolites and water can impact the transport of nuclear signature gases
in the field. In particular, increased retardation of Xe during subsurface
transport due to sorption by zeolites at low water saturations will lead to
signature fractionation, altering the elemental ratios expected from a
subsurface test. To determine how large of an effect the sorption
mechanism will have on field scale transport, we are now incorporating
these new findings into models which also include pressure-driven
advective transport away from the cavity and barometric pumping to
pull gases to the surface. Understanding this process and properly
incorporating it into subsurface transport models is crucial to accurately
constraining the expected elemental ratios utilized to discern a nuclear
test from other radioisotope sources. In addition, these results show the
importance of experimentally investigating specific interactions be-
tween the rock matrix and gases of interest and characterizing how these
interactions may be different from chemical tracers used in the field.
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Fig. 6. Ratio of Kr/Xe breaking through core over the 20 h diffusion study. A
much higher ratio is present in the dry core due to low Xe diffusion and more
significant Xe sorption.

4. Conclusions

Transport models that are accurate enough for use as diagnostic tools
to interpret nuclear signatures must include the physical processes and
geochemical reactions controlling transport in subsurface environments.
We show that transport of Xe, a key nuclear event signature, will be
significantly impacted by sorption to zeolites, and that the extent of
sorption greatly depends on the saturation state of the media. More
significant sorption of Xe during transport can explain observed trends
in field measurements of SFg and Xe transport. In 2013 and 2016, large
scale transport experiments were conducted at the NNSS wherein Xe and
SFe were injected into a UNE chimney in the U20az testbed (Johnson
et al., 2019; Olsen et al., 2016). Both migration studies found that
following subsurface transport, SF¢ was enriched relative to Xe. As
zeolitic tuff is present in this testbed (Heath et al., 2021), sorption in-
teractions observed in this study may contribute to SF¢ enrichment.

As a result of this sorption interaction, transport of Xe in dry zeolite-
rich formations will be significantly slower than that of Kr (Fig. 6),
leading to fractionation between Xe and Kr. Additionally, fractionation
can occur between Xe isotopes due to the different half-lives of these
isotopes, altering the isotopic ratios used to discriminate between UNEs
and background sources. Through neutron scattering, we observe that a
small amount of water greatly reduces sorption, enhacing transport due
to the preferential uptake of water by small pores, likely natural zeolites,
upon saturation. These results indicate the important role of saturation
in predicting both the overall transport and fractionation of signatures,
and highlights the urgent need to accurately measure in situ saturation in
the subsurface during future field scale transport experiments. As vol-
canic tuff at the NNSS contains 19 + 4% water by mass on average
(Pawloski 1981), Xe will likely not adsorb to the extent observed for dry
zeolite tuff. However, sorption effects were still observed at partial
saturations. Additionally, it is important to consider how saturation will
vary with depth, and how it may change as a result of the UNE itself.

The collected data are being used to improve current models by
quantifying both sorption and effective diffusion coefficients of these
signature gases through zeolitic tuff. As historical tests have taken place
in similar strata, our improved understanding of signature gas transport
for these scenarios will allow us to make inferences which can be applied
in support of nonproliferation science. Furthermore, this study can be
expanded to examine interactions of gases with different rock types and
explore fractionation and potential sorption differences between
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different gas species and isotopes, supplying critically-needed data on
nuclear signature gas transport.
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