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ARTICLE INFO ABSTRACT
Keywords: Noble gas transport through geologic media has important applications in the prediction and characterization
Underground nuclear explosions of measured gas signatures related to underground nuclear explosions (UNEs). Retarding processes such
Diff“iof‘ as adsorption can cause significant species fractionation of radionuclide gases, which has implications for
Adsorption measured and predicted signatures used to distinguish radioxenon originating from civilian nuclear facilities
Zeolites . . Lo . .
Variable saturation or from UNEs. Accounting for the effects of variable water saturation in geologic media on tracer transport
Nonproliferation is one of the most challenging aspects of modeling gas transport because there is no unifying relationship
Noble gases for the associated tortuosity changes between different rock types, and reactive transport processes such as
adsorption that are affected by the presence of water likewise behave differently between gas species. In this
study, we perform numerical diffusive-adsorptive transport simulations to estimate gas transport parameters
associated with bench-scale laboratory diffusion cell experiments measuring breakthrough in zeolitic and non-
zeolitic rocks for a gaseous mixture of xenon, krypton, and SF, at varying degrees of water saturation (.S,,).
Counter-intuitive transport behavior was observed in the zeolitic rock experiments whereby breakthrough
concentrations were significantly higher when the core was partially saturated (S, = 17%) than under
dry (S, = 0%) conditions. Breakthrough of xenon was especially retarded in the dry core — likely due to
comparatively high affinity of xenon for zeolitic adsorption sites — and estimated effective diffusion coefficients
for all gases were approximately an order of magnitude lower than what is predicted by porosity-tortuosity
models. We propose the counter-intuitive behavior observed is because water infiltration of zeolite nanopores
reduces both the adsorptive capacity of the rock and the tortuosity of connected flow paths. We developed a
two-site competitive kinetic Langmuir adsorption reaction for the porous media transport simulator in order
to constrain transport parameters within zeolitic tuff, where differential adsorption to zeolite and non-zeolite
pores was observed. We determined that liquid saturation-dependent diffusive-adsorptive transport is affected
by subtle and at times competing processes that are specific to different gases, which have a significant overall
influence on effective transport parameters.
1. Introduction et al., 1991). Over multiple cycles of pressure variations, the fracture-
matrix exchange between rapid fracture flow and temporary storage
Gas transport through variably-saturated geologic media has impor- via diffusion into the rock matrix produces a ratcheting mechanism
tant applications for nuclear nonproliferation, as noble gas detection that can greatly enhance upward gas transport relative to advection
is one of the best candidates for the verification of clandestine un- and diffusion alone (Harp et al., 2018; Massmann and Farrier, 1992;

derground nuclear events (Auer et al, 1996; Bourret et al., 2019; Neeper and Stauffer, 2012a,b; Nilson et al., 1991; Takle et al., 2004;
Carrigan et al., 1996; Sun and Carrigan, 2014; Kalinowski, 2011). Ortiz et al., 2022; Avendafio et al., 2021; Stauffer et al., 2019). If
Underground nuclear explosions produce gaseous radionuclides (such

as xenon) via nuclear fission, which tend to migrate upwards from
the cavity to the surface. Vertical transport of subsurface gases can be
enhanced by barometric pumping, a mechanism whereby atmospheric
pressure fluctuations push and pull gases within fractured rock (Nilson

these gases release into the atmosphere, they can potentially be de-
tected via atmospheric monitoring, which makes them a key component
to compliance monitoring and treaty verification for the comprehen-
sive nuclear-test-ban treaty (CTBT) (Carrigan and Sun, 2014; Jordan
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et al,, 2014). Accurate prediction of subsurface noble gas transport
is challenging because of significant uncertainty and heterogeneity in
subsurface geological materials. In addition, we lack detailed under-
standing of certain key processes that control transport, including the
effects of variable degrees of water saturation in the rock on the ef-
fective diffusion coefficients of gas tracers, and the adsorption of noble
gases onto geological materials such as zeolites. The interaction of such
processes can sometimes lead to highly counter-intuitive behavior that
can confound efforts to characterize transport.

Gas transport within a porous medium behaves differently than
when the gas is in the presence of air alone. Within a porous medium,
such as rock or soil, the cross-sectional area available for diffusive
transport is reduced due to the presence of solids (i.e., the rock walls).
Transport takes place within interconnected pores inside the rock,
which adds varying degrees of tortuosity to the travel path of the gas
molecules. The presence of water in the pores additionally complicates
transport, as this further reduces the available volume of air in which
vapor-phase diffusion can occur. In partially saturated porous media,
the effective diffusion coefficient of a gas can be expressed as a func-
tion of volumetric water content because the random motions of the
gas tracer that cause diffusion are restricted to increasingly tortuous
pathways as water content increases (Stauffer et al., 2009):

(¢'(1_Sw):D09—“:D*0a o
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De =D, 0
where D, is the effective vapor diffusion coefficient [m? s717; D, is
the free-air diffusion coefficient [m? s~']; D* is the porous-medium
diffusion coefficient [m? s~1], a quantity defined as D* = % that
accounts for the tortuosity of the porous medium; 7 is the tortuosity [-;
m/m], the dimensionless ratio between the average length of a particle
streamline through porous media to the straight-line distance between
those points; 6, is the volumetric air content [-; m3/m?3], defined as
the volume of air divided by the total volume of rock (alternatively,
0, = (1-S,)¢, where S, is water saturation [-; m*/m?]); and ¢ is the
porosity [-; m?/m?]. Several theories have been derived to relate the
effective diffusion coefficient and water saturation (Conca and Wright,
2000; Millington and Quirk, 1961). Perhaps the one most commonly
used is the Millington-Quirk (hereafter MQ) model, a tortuosity-based
relationship originally reported in Millington and Quirk (1961) and
modified by Jury et al. (1991). Though originally written to relate
effective liquid-phase diffusion coefficients in variably saturated rock,
it is extended to vapor-phase diffusion as:

Dy

¢2
where DM is the MQ effective diffusivity [m? s~'1, and the other
variables have been defined previously in Eq. (1). The MQ model
has been shown to be in good agreement with data over a range
of soil/rock water content in a number of different studies (Stauffer
et al., 2009; Sallam et al., 1984; Jordan et al., 2014; Baehr, 1987)
when considering solute diffusion in liquid. However, the MQ model is
derived from theory using several assumptions, and therefore cannot be
expected to apply to every rock type and scenario. In fact, the existence
of a generalized, unique relationship between relative diffusivity in
soil/rock and volumetric water content has been rejected by some
researchers (Bruckler et al., 1989). MQ assumes an ‘“ideal” porous
medium; that is, there is a general absence of anisotropy or cemen-
tation, and that there is a complete distribution of pore sizes. Jin and
Jury (1996) found that for gases in soils, other models may provide a
better fit to experimental data. Despite its shortcomings, the MQ model
is widely used by the porous media flow and transport community as
the de facto model for transport parameters in variably saturated media.
Adsorption is a phenomenon in which gas or liquid tracer molecules
(the “adsorbate”) adhere to the surface of another material (the “ad-
sorbent”). Gas molecule transport through porous media is retarded
by adsorption onto the pore walls. Adsorption is aided by adsorbents
with high specific surface area, which have more sites onto which gas

DM = @)
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molecules can adsorb. Furthermore, adsorption reactions are generally
exothermic processes, meaning that lower temperatures facilitate the
adsorption of gas particles onto the adsorbent, while higher tempera-
tures favor desorption (Adamson, 1979; Pick, 1981). Adsorption of gas
molecules can occur to varying degrees on many different rock types or
surfaces, and laboratory studies have shown non-trivial xenon adsorp-
tion on rock types such as shale, dolomite, limestone, and sand Paul
et al. (2018a,b), Byers et al. (2019). The kinetics and total amount of
adsorption depend ultimately on the affinity of the adsorbate for the
adsorbent, the concentration of the adsorbate above adsorbent mate-
rial, and the availability of adsorption sites on the adsorbent (Breck,
1974).

One geologic material that is highly effective as an adsorbent is
zeolites. Zeolites are crystalline aluminosilicate materials that form
microporous frameworks resembling cages. Synthetic zeolites are com-
monly used as commercial adsorbents due to their effectiveness at
trapping and thereby separating molecules by size, but they also occur
naturally in some volcanic rocks and ash layers. Volcanic zeolites have
even been hypothesized as a potential reservoir for subsurface methane
on Mars because the zeolitic trapping could act as a fast sink that
may explain short-term atmospheric methane variations observed at
Gale crater (Holmes et al., 2015; Mousis et al., 2016; Ortiz et al.,
2024; Ortiz, 2024). A recent study found that natural zeolites in zeolitic
tuff can adsorb noble gases, and in particular, xenon (Feldman et al.,
2020). Understanding the degree to which certain gases are adsorbed
during subsurface transport is critical to understanding measured tracer
signatures, as retardation of some gases relative to others will lead to
signature fractionation (Johnson et al., 2019; Ackley et al., 2003; Dutta
and Bhatia, 2018). Many historical US underground nuclear tests were
conducted in zeolite-rich subsurface units (e.g., zeolitic tuff) within
Pahute Mesa at Nevada National Security Site (NNSS) (Moncure et al.,
1981). It is therefore important to understand the effects of zeolites on
gas subsurface transport to better interpret and model historical gas
transport data.

Previous research has measured adsorption parameters and diffu-
sivity of Xe and SFg through zeolitic tuff via laboratory investiga-
tions using dry and partially-saturated rock cores (Paul et al., 2020;
Feldman et al., 2020). However, measurements of diffusivity for the
partially-saturated zeolitic tuff took place under nearly fully satu-
rated conditions (Paul et al., 2020). A recent study used molecular
dynamics simulations to quantify noble gas mobility and adsorptive
mass loading within zeolites under dry and partially saturated condi-
tions (Greathouse et al., 2023), though the analysis focused on nano-
scale processes in pure zeolites, which do not always scale cleanly to
micro- and meso-scale transport in non-pure zeolitized rock samples.
We therefore do not have any comprehensive previous studies measur-
ing the effects of multiple degrees of partial saturation on gas transport
through zeolitic tuff covering the range between 0% and 100% water
saturation. Recent work by our team (Neil et al., 2022a) measured
noble gas (Xe, Kr, SF¢) diffusion through variably saturated zeolitic and
non-zeolitic tuff cores using bench-scale diffusion cell experiments. In
zeolitic tuff, we observed unexpected gas breakthrough behavior; gas
transport was greatly retarded in the dry (S,, = 0%) core relative to the
partially saturated cases, most noticeably for Xe (Neil et al., 2022a).
From MQ theory, we would expect the opposite behavior. In non-
zeolitic tuff, we observed the expected behavior (progressively slower
gas breakthrough as water is added) for gas diffusion, which lead us to
hypothesize that the presence of water reduced the uptake of gases by
the zeolites by blocking adsorption sites as the pores were filled. This
hypothesis was partially corroborated by small-angle neutron scattering
(SANS) measurements performed on the zeolitic tuff samples (Fig. 5 in
Neil et al., 2022a). The SANS measurements showed preferential filling
of pore sizes suspected to be zeolite as small amounts of water were
added to the sample (Figures S1, S2), which implies that adding water
to the rock will block access to the zeolites and reduce gas adsorption,
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thereby resulting in reduced adsorptive retardation at higher liquid
saturation.

The goal of the current study is to interrogate the experimental
results and analysis reported in Neil et al. (2022a) using numerical
models of reactive gas transport in porous media. We couple reactive
transport simulations with an exhaustive parameter estimation ap-
proach to interpret relevant gas transport parameters through variably-
saturated zeolitic rock. We implement a dual-site kinetic adsorption
process in our diffusive transport simulations to account for retardation
within our conceptual model of zeolitic pore adsorption. We found such
a model to be the only way to reproduce the transport observed in our
diffusion cell experiments for variably-saturated zeolitic rocks.

The transport properties of porous geologic media with respect
to such gases are of fundamental importance in developing accurate
predictive transport models to determine the origin of detected nuclear
signatures in variably-saturated media. Our results demonstrate the
medium-specific nature of tracer transport in porous media, and the
relatively unique and counter-intuitive manner with which pore water
can affect transport in atypical substrates.

2. Materials & methods

This study uses numerical adsorption-diffusion modeling to estimate
gas transport parameters of xenon, krypton, and sulfur hexafluoride
(SF¢) within variably saturated zeolitic tuff cores (S, = 0%, 17%,
40%, and 85%). The models are informed by gas breakthrough results
obtained via bench-scale laboratory diffusion cell experiments that
were originally presented in our previous work (Neil et al., 2022a). Neil
et al. (2022a) also performed similar diffusion cell experiments with the
same setup for a non-zeolitic tuff (at S,, = 0% and 27%) and sandstone
(S, = 0%) for comparison. The experimental setup is described briefly
below, though the reader is referred to Neil et al. (2022a) for detailed
experimental methods.

2.1. Experiments

2.1.1. Rock core samples

Zeolitic tuff core samples were obtained from the UE-20az-NG-4
core hole on Pahute Mesa at the NNSS at a depth of 440.65 — 440.83 m.
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%. The
cores were cut to 5.1 cm in length and had a diameter of 6.2 cm. More
details about the core samples can be found in Neil et al. (2022b).

The non-zeolitic tuff core samples were from the Bandelier Tuff unit
(Qbt2) from Los Alamos, NM. Mean porosity was 36.0%. The core was
5.1 cm in length and had a diameter of 5.08 cm.

The sandstone core sample was obtained from the Castlegate sand-
stone formation. Mean porosity was 28.0%. The core was 11.9 cm in
length and had a diameter of 4.46 cm.

2.1.2. Diffusion cell setup

After the cylindrical rock core was cut into sections, the circular
faces were trimmed to ensure flat, uniform faces 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 escape or migration along
the radial edge of the samples, thereby ensuring primarily longitudinal
transport along the axis of the cylindrical core. This method for sealing
the rock core has been described previously by our group (Neil et al.,
2022a) and was shown to be impermeable to Kr, Xe, and SFq.

The core was buttressed on both ends by empty cylindrical reser-
voirs machined out of plexiglass. The large reservoir (which contained
the initial “spiked” gas mixture) has a volume of 500 mL, while the
smaller reservoir has a volume of 75 mL. When the experiment begins,
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the gas mixture diffuses from the large reservoir into the core and
subsequently enters the smaller reservoir. Both reservoirs have two
sampling ports that lead to the mass spectrometer.

Gas concentrations are measured using a Pfeiffer Vacuum OmniStar
GSD 320 mass spectrometer (Pfeiffer Vacuum, ARlar, 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. Sampling over the 20 h
period dilutes the gas concentration, which is accounted for in the
numerical model via specified flow-rate boundary conditions at inflow
and outflow nodes. In addition, regular monitoring of concentration in
both the spiked and sampled chambers provides a view of the changing
driving forces for diffusion with time as the system is sampled.

To begin the experiment, the large reservoir was spiked, which
contains ambient air, with 1 mL each of stable xenon (Xe), krypton
(Kr), and SF, tracers while measuring their ion current, which cor-
relates with their masses on the spectrometer. This injected volume
corresponds with a concentration of 2000 parts per million by volume
(ppmv) for each of the three gases.

The sampling process is automated 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 inlet concentration. A magnetic stirrer continually mixes the
spiked cell to maintain a homogeneous gas mixture and prevent gravity
separation of the gases. The zeolitic tuff diffusion cell experiments
were run separately for five different degrees of saturation: 0% (dry,
unsaturated), 17%, 40%, and 85%. The non-zeolitic tuff diffusion cell
experiments were performed at 0% and 27% saturation, while the
sandstone diffusion cell experiment was performed at 0% saturation
(dry). The reader is referred to Neil et al. (2022a) for a detailed
description of the saturation process, which was performed to ensure
uniform water distribution within the core sample.

2.2. Diffusion-adsorption modeling

We simulate gas tracer transport through the rock core with a
diffusion-adsorption model using a 1-D axially-symmetric geometry.
We then use a parameter optimization routine to determine the range
of transport parameters that minimize the error of the calculated break-
through concentrations compared to the experimentally derived values.

2.2.1. Kinetic dual-site Langmuir adsorption

The Langmuir adsorption model has been used to describe adsorp-
tion for a variety of tracers. In the simplest case — one adsorbing species
(adsorbate) onto a series of equivalent sites on the surface of the solid
(adsorbent) — the model is valid given the following assumptions: (1)
the surface with the adsorbing sites is perfectly flat and homogeneous,
(2) the adsorbing gas adsorbs into an immobile state, (3) all sites are
energetically equivalent, (4) each site can hold at most one molecule
of the adsorbing species (i.e., monolayer coverage only), and (5) no
interactions occur between adsorbate molecules at adjacent sites. In the
slightly more complex case of competitive adsorption between multiple
adsorbing species, assumption #4 is modified in that each site can
hold at most one adsorbing molecule, and cannot hold multiple species
simultaneously.

The general competitive Langmuir adsorption rate law for the
change in concentration of vapor species j is given by:

9¢; 14 max < Oy
a_tl=_$km (KLcj (sj —Z{(xn.g_j))_sj) 3)

where C ' is the vapor-phase concentration of constituent j [mol kg:1 1,
t is time [s], k,, is the mass transfer rate constant [s711, K . is the
Langmuir distribution coefficient [kg, mol~1], s;."”x is the maximum
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adsorbed concentration of j on the rock [mol kgr‘l], 5; is the adsorbed
concentration (solid phase) of constituent j [mol kg;l], o;is the molec-
ular area [m?] of the adsorbed species j, and the summation term takes
place over all participating/competing gas species n. Assuming that the
maximum adsorbable concentration is a monolayer (surface coverage

S .
6 = = =1 = 0,,,), it can be calculated as: s7** = —]\?S? , Where
ACj

§max mono
SSA isjspecific surface area [m” kg-!] and N, is Avogadro’s constant.
From Eq. (3), it is evident that the sites available for adsorption (s”7%*)
of a given species j can be occupied by any/all of n total species (in the
present work: Xe, Kr, SF¢). The adsorption model presented in Eq. (3)
is used to simulate the diffusion cell experiments for the non-zeolitic
tuff and sandstone samples.

To represent separate adsorption processes occurring on the walls of
zeolitic pores in addition to normal rock pores (i.e., for the zeolitic tuff),
we require a more complex model. In the case of dual-site competitive
adsorption, the vapor-phase constituent partitions separately into the
adsorbed (solid) phase at both Type 1 and Type 2 sites. In our model,
we conceptualize the rate of vapor species j concentration change as:

JaC;

d_tl = —g [(net Type 1 desorption rate) + (net Type 2 desorption rate)]
(€3]
the equation for which can be written as:
G _ p max N . On
7=—$ kj| KJ]CJ Sjl _Z;S"].o'_j
n=
()

- o,
+kjp (szcj (s;."z"x - 25"2 . 6—") - sj2>]
n=1 J

which follows from Eq. (3), with the added consideration for type of site
indicated by either subscript 1 or 2. We add another stipulation that the
adsorption reaction at Type 1 sites (zeolites) is irreversible; i.e., once
adsorbed onto the zeolite, it is not released back into the mobile phase.
That is, for Xe, as an example:
Type 1 Sites
Xe, —— Xeg
Type 2 Sites
€y > A&

The monolayer is divided into Type 1 sites (©,) and Type 2 sites
(©,) such that ®, + 0, =0,,,,, = 1.

We chose to model adsorption to zeolitic sites as irreversible based
on the assumption that the zeolite cages do not readily relinquish
adsorbed molecules once taken into their structure. Similar behavior
was noted by Seoung et al. (2014) under relatively high pressures (~0.1
GPa). The relatively low temperature of the experiment likewise does
not promote desorption. That being said, the choice of reversible versus
irreversible kinetics proved inconsequential to the modeling results, as
the experiments proceed “forward” only (i.e., cores initially have zero
tracer concentration within, and are then exposed to tracers passing
through) and for only a relatively short time frame (20 h). Work
by Feldman et al. (2020) determined that irreversible bonds between
noble gases and zeolite adsorption sites is not expected — though they
note that the desorption is not instantaneous — and that desorption is
likely to occur if the rock is exposed to alternating high and low tracer
concentrations, such as in barometric pumping. This is an important
general consideration, although as previously noted, our experiments
proceed forward only, so the (ir)reversible kinetics assumption did not
affect our results.

Even the dual-site adsorption model described above is somewhat
idealized compared to the actual arrangement of adsorption sites that
may be available in zeolitic rock. For example, the zeolite present in
the our tuff sample (mordenite) has two channels, side pockets, and
external surfaces, some or all of which could be accessible to trace
gases. In the interest of simplicity and interpretability, we have chosen
to represent all possible zeolitic pore adsorption sites with a single site
type, and all non-zeolite adsorption sites with yet another single site

type.
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2.2.2. Governing equations
The governing equations for transport of a tracer gas with matrix
adsorption in the diffusion cell are given by:

% [(1=S)$C, + (1 = p)s] =V - [(1 = S,)pDVC,] + 1 (6)

where ¢ is time [s], C, is vapor-phase tracer concentration [mol kg;'],
s is the adsorbed (solid-phase) concentration [mol kg;l], S, is the
water saturation [<; m?/m?], defined as total water volume divided by
total pore volume, ¢ is the rock matrix porosity [-; m?/m?], and s is
the tracer sink term [mol m~3 s~1] which is prescribed as a boundary
condition at the sampling nodes connected to the mass spectrometer
(see Section 2.2.3). Vapor-phase concentration can also partition into
the aqueous phase according to Henry’s law assuming equilibrium

conditions: C, = =% —L_ where k3, is the so-called Henry solubility

kS, RTp,

constant in water }tmof/(kg- bar)], C,y is the concentration of the
species in the aqueous phase [mol kg7,'], R is the universal gas constant,
T is temperature [K], and p, is gas density [kg m~3]. Henry’s law
solubility coefficients are given in the Supporting Information (Table
S1). The transport of tracer that has partitioned into the aqueous phase

is given by:

% [Su'¢caq] =V-(S,6D,VC,) @

where D; is the liquid-phase diffusion coefficient [m? s~1] of the species
in an excess of water. We assume that no adsorption occurs in the aque-
ous phase, and note that the absence of the r term since the sampling
ports are located within the vapor-only chambers. Since concentrations
are measured in the vapor phase, and because we assume that no
adsorption occurs in the aqueous phase, C terms in the remainder
of this paper section refer to vapor-phase concentration of the given
tracer.
The total rate of formation of sorbed tracer of species j is given by:
o, 00 ®
ot ot ot
where the rates of formation of the sorbed tracer for each site type
follow from Eq. (5):

Bk mox _§ o O 9
o =k KnCy (S = Yoo ot ®

n=1 J

and

0s; had
J2 9
<5 = ke (szcj (s;"z”x - ,,—"> - 512> 10

n=1 J

where we again note that we have imposed the restriction that there
is no desorption of species once adsorbed to Type 1 sites (i.e., zeolitic
pores).

2.2.3. Initial and boundary conditions

The inlet chamber is spiked with an initial concentration of 2000
ppmv each of Xe, Kr, and SF¢. The initial gas tracer concentration
is 0 ppmv elsewhere. Initial pressure in the diffusion cell is equal
to the ambient atmospheric pressure everywhere (P = 0.08 MPa).
Exterior boundaries are all prescribed no-flux boundary conditions with
regards to both fluid flow and tracer transport. The exception is at
the sampling and inlet nodes, for which one of each is located in the
inlet and outlet chambers (Fig. 2). The sampling node removes air and
tracer mass from the chamber at a constant rate commensurate with
the average sampling rate being pulled to the mass spectrometer (0.8
mL/h in the inlet chamber; 2.4 mL/h in the outlet chamber). The inlet
node represents the needle valve in the experiment that prevents a
vacuum from forming (Fig. 1), and replaces air in the chamber at a rate
equivalent to the average sampling rate in the experimental procedure.
As in the experimental setup, the sampling procedure removes tracer
mass and air and replaces the mass with fresh air, the chambers become
diluted with air as the experiment proceeds. Simulated concentrations
are recorded at the sampling nodes.
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Fig. 1. Diffusion cell schematic.

2.2.4. Numerical model domain

The laboratory experiments were simulated using the Finite Element
Heat and Mass (FEHM) transport simulator (Zyvoloski et al., 1999,
2021, 2017). A simple 1-dimensional mesh was generated assuming
radial symmetry about the x-axis such that the 3-D volumes are pre-
served. A 1-D axially-symmetric geometry is ideal for representing the
experimental setup because it preserves the cylindrical shape of the
rock core sample and is dimensionally consistent in terms of volume
and length. In the numerical domain, the spike (inlet) chamber, rock
core, and sampling (outlet) chamber dimensions have the same radius,
and the lengths of each chamber is adjusted such that the total volume
is identical to the experimental setup. The mesh is uniformly discretized
such that Ax = Ar = 3.175 mm (Fig. 2).

2.3. Parameter estimation

We use the differential evolution algorithm (Storn and Price, 1997)
to find the transport parameters that produce a global minimum in
root mean squared error (RMSE) when comparing the modeled break-
through to the experimental results. Parameter estimation is performed
in serial, starting with S, = 0% and subsequently solving for param-
eters at progressively higher degrees of saturation. The optimization
routine is constrained using both bounds and linear constraints follow-
ing the approach by Lampinen (2002). The bounds for the parameters
are as follow:

107 < by <107 m? 57!
107® < K;; < 10* kg, mol™

107° < K;, <10* kg, mol™

Spiked chamber
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where the sampled porous media diffusion coefficient D;."' (= @;
Eq. (1)) translates to the implicit range of effective diffusion coeffi-

cients, D, ,:

10—9.52 < Dj,e < 10—5.69 m2 S_I.

As the parameter estimation proceeds to scenarios with increasing
water saturation, we choose to force SSA to decrease as a direct result of
increasing S,,, which is consistent with the expectation that in zeolites,
increasing .S, decreases access to adsorption sites. The initial bounds
for SSA of zeolitic tuff under dry (S,, = 0%) conditions is 109 <
SSA < 10°* m? kg~!, consistent with the potential specific surface
area values found for some tuffs (Reddy and Claassen, 1994). After
S, = 0%, the bounds for SSA update such that the new upper bound
is the solved parameter value from the previous ,, and the lower
bound is 1 m? kg-!. The upper bounds on @, (0.30), the fraction of
the total SSA comprised of Type 1 sites (zeolites), is chosen based on
the approximate surface area of pores containing zeolites inferred in
Supporting Information section 1. The parameters and bounds differed
slightly for the non-zeolitic tuff and sandstone simulations, since a
single-site competitive Langmuir adsorption reaction (Eq. (3) was used
rather than a dual-site model (Eq. (5)). The parameters solved for in
these cases were: D;,, K;, k, SSA. The bounds for these parameters
were the same as their species-specific counterparts above, but we note
that the same mass transfer rate constant (k) was used for each gas
species.

To expedite the search through the solution space, we constrain
the effective diffusion coefficient of each gas j to be within 1 order
of magnitude (OOM) of each other species for a given S,,. This further
facilitates the parameter estimation by being a reasonable approxima-
tion of the expected physics: the binary diffusion coefficients (D,p)
for the gases are relatively similar to each other Table 1), as are the
effective diffusion coefficients predicted by (Eq. (2)) at varying degrees
of saturation (Table 1). The 1 OOM constraint on candidate values of
D, is conservative, and produces the expected result that the primary
difference in transport between the gas species is determined by their
relative affinity for the adsorbent rather than differences in diffusivity.

The global parameter space is quite large, and involves 7 free
parameters each for 3 different gas species. Despite this, the differen-
tial evolution algorithm does a reasonable job of arriving at a single
(though not unique) solution for the parameters that results in the
lowest error. That being said, due to the high dimensionality of the
problem, there may be many candidate solutions for the parameter

Samplin

(break-

Rock throu%h)
core chamber

! C,=2000 ppmv

(Xe, Kr, SFq)

500 mL

75mL

r
r=3.175um
| |

| 15.8cm |

51am — 24
m

#sampling (outlet) node
inlet node

Fig. 2. Schematic of the 1-D axially-symmetric numerical model domain.
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Table 1

Parameters used to calculate the binary diffusivity D/’:’BQ of each species with N, via
Chapman-Enskog kinetic theory (Bird et al., 1960). Note that the ¢ terms in this table
differ from o; in Egs. (3), (5), (9), and (10) representing the area on an adsorbed
molecule.

Gas Chapman-Enskog parameters D,p [m? s7]
Mg mol™'] o [A] o5 [A] Q5 [

Xe 131.293 4.009 3.838 1.087 1.58

Kr 83.798 3.675 3.675 1.030 1.91

SF¢ 146.06 5.205 4.436 1.096 1.16

N, 28.0134 3.667 - - -

choices that result in nearly identical errors. We want to examine such
a candidate solution space to determine the degree to which we are
confident in the estimated parameter values. To that end, we perform
a second parameter search after the initial, large global search. The
second search samples the subset of the initial global search containing
solutions with the smallest errors (the “candidate solution space”).
The second search is comparatively high-density in that the candidate
solutions for each parameter cover a much smaller range than in the
initial search. We again employ differential evolution within this space
to refine the initial global solution, while also preserving the errors of
all solutions en route for additional analysis. We call this second, refined
search of the candidate solution space the high-density sampling.

3. Results

We present our simulations of the diffusion cell experiment and the
derived diffusion and adsorption parameters estimated therein. Part
of this work aims at determining how well the results compare to
the commonly used MQ predictions of effective diffusivity (Eq. (2))
for variably saturated porous media. For comparison, we calculate the
predicted MQ effective diffusivity using the binary diffusivity with N,
from Chapman-Enskog kinetic theory (Bird et al., 1960):

M,+M
T3< A B) an
My Mp

_ 0.0018583
Paf\BQAB

AB

where D,p is the binary diffusion coefficient [m* s~1] of two gases
A and B in equal parts, P is the pressure [atm], o is the collision
diameter [A], Q,p is the dimensionless collision integral, T is the
temperature [K], and M, and My are the molecular masses [g mol~1]
of species A and B, respectively. The binary diffusion coefficient D, is
calculated for each of our gas species in equimolar quantities with N,.
The Chapman-Enskog parameters used as well as the resulting binary
diffusivity and tabulated free-air diffusivity are presented in Table 1.

The effective diffusivity (D,) we calculate is derived from the
flux calculations performed using Fick’s first law implemented within
FEHM:

J =6,D*VC 12)

assuming the volumetric air content is not changing locally, where
J is the solute flux [mol/(m? s)], C is concentration [mol kg;l], 0,
is volumetric air content, and D* is the porous medium diffusion
coefficient, a quantity defined earlier in Eq. (1) that accounts for the
tortuosity of the porous medium, which reduces the ability of a tracer
to diffuse through the water in the pore spaces (Clennell, 1997). FEHM
and other porous flow simulators generally use Eq. (12) for solute flux
rather than one expressed in terms of effective diffusivity (J = D,VC),
as it explicitly removes volumetric air content, isolating the diffusion
coefficient that is experienced by chemicals within the air-filled pores
(Ho and Webb, 1998). We therefore infer D, from our simulations
based on the sample porous medium diffusion coefficients (D*), by the
following relationship: D, = D*0, = D*¢(1-S ). We can therefore infer
the tortuosity = experienced by the gas tracers as they diffuse through
the porous medium from the following relationship: = = %, as we have
done in our Discussion of the results (Section 4).
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3.1. Zeolitic tuff

The zeolitic tuff diffusion cell experiments were simulated numer-
ically using the diffusive transport model with competitive dual-site
kinetic Langmuir adsorption. Free parameters for each gas were: ef-
fective diffusion coefficient D,, Langmuir distribution coefficients for
Type 1 (K;,) and Type 2 (K, ,) sites, reaction rate constants for Type
1 (k) and Type 2 (k,) sites, specific surface area (SSA), and fractional
coverage of Type 1 sites (©,). Sensitivity of the transport parameters
to the degree of water saturation, S,,, was tested for at 0%, 17%, 40%,
and 85% saturation.

Normalized breakthrough concentrations (C()/C,, where C(1) is
the concentration in the breakthrough chamber and C, is the initial
“spiked” concentration in the spiked chamber) of each gas are lower
in the unsaturated (S,, = 0%) case than at S,, = 17% (Fig. 3a,b).
This is especially pronounced for xenon, which had breakthrough
concentrations akin to those of the core when nearly fully saturated
(S, = 85%; Fig. 3d). Such behavior departs considerably from that
predicted based purely on porosity- and saturation-related tortuosity
variations such as the MQ model (Eq. (2)). We note that because of the
discrepancy of volumes between the inlet and outlet chambers, and that
both chambers are normalized to the initial concentration in the inlet
chamber only, the sum of normalized concentrations for both chambers
is not equal to 1.0.

Despite the suppressed breakthrough concentrations, spiked cham-
ber concentrations fall more rapidly and to a greater extent than
at higher saturations, and to a much greater extent than they do
for non-zeolitic tuff and sandstone. Relative concentration of Xe falls
drastically during the unsaturated experiment, and especially quickly
within the first 2-5 h. This implies that the gases (especially Xe) enter
the core quickly, which is in contrast to the suppressed breakthrough
concentrations in the sampling/breakthrough chamber.

Estimated parameter values are presented in Table 2, with estimated
D, summarized in Fig. 4. What is readily apparent from Fig. 4 is that the
effective vapor-phase diffusion coefficients are much smaller than what
is predicted based on tortuosity relationships, such as the MQ model.
At S, = 0%, estimated D, is less than D™C by at least 1 OOM. D,
also appears to increase slightly for Kr as saturation increases from 0
to 17%, which runs counter to the trend predicted by the MQ model. As
progressively more water is added to the core, D, begins to decrease.
Nonetheless, the decrease in diffusivity is somewhat less noticeable
than the nearly 2 OOM drop in diffusivity between .S, = 0% and 85%
predicted by the MQ model.

The relative affinity of the individual gas species for adsorption
to Type 1 sites (i.e., pores containing zeolites) is quantified by the
distribution coefficient K, in tandem with the reaction rate constant,
k, (Eq. (5)). Under dry conditions (S,, = 0%), the relative ranking of
the magnitudes of K;, went as: Xe > Kr > SF,. Similarly, &, went as:
Xe > Kr > SF,. These results are compatible with the previous results
of Feldman et al. (2020) reporting preferential adsorption of xenon
relative to other noble gases under dry conditions at field scale.

When the saturation was increased to 17%, D, increased slightly for
Kr and fell slightly for Xe and SF4. K, decreased significantly for all
gas species, though K| ; for xenon remained much higher than the other
constituents. This can also be observed in (Supporting Information
Figure S5), which shows greatly reduced adsorption to Type 1 and Type
2 sites. As progressively more water was added to the core (S, = 40%
and 85%), D, decreased for each gas.

3.2. Non-zeolitic tuff

The non-zeolitic tuff (Bandelier tuff, Qbt2) diffusion cell experi-
ments were simulated using the diffusive transport model with com-
petitive single-site kinetic Langmuir adsorption. Free parameters for
each gas were effective diffusion coefficient D,, Langmuir distribution
coefficient K, reaction rate constant k, and specific surface area SSA.
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Table 2
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Estimated transport properties of individual gases in zeolitic tuff. Effective diffusion coefficients predicted using the MQ model (Eq. (2)) are included for reference, calculated
using the binary gas diffusivity ( D’fﬂg). The right-most column contains normalized concentrations (C/C,) calculated for the breakthrough (outlet) chamber at ¢ = 20 hours for

experimental data and simulation.

Gas S, D¢ D, K;, K, k, k, SSA C/C, (@=20h)
[%] [m? s71] [m? s71] [kg, mol~'] [kg, mol~'] [1/h] [1/h] [m? kg-'] (exp., model)
Xe 0 2.05 % 1076 1.15-1077 6.84-10%3 4.88-10% 3.41- 107! 2261073 3000 0.085, 0.070
Xe 17 1.10x 1076 9.70 - 1078 2.09 - 10%2 3.17 - 10%! 5.62-1072 2.31-1072 2116 0.362, 0.367
Xe 40 3.73x 1077 7.08- 1078 9.33-1072 2231072 5.51-10%2 9.21-1072 1424 0.314, 0.328
Xe 85 3.67x 1070 1.76 - 1078 431-107! 9.87 - 10+2 4981073 7.90- 1072 240 0.130, 0.136
Kr 0 2.47x 1070 1.09 - 1077 2.14-10%3 2491075 2.51- 107! 9.79 - 10%0 3000 0.323, 0.303
Kr 17 1.33x 1070 1131077 6.71 - 10%! 7471072 2451072 3.09- 107! 2116 0.479, 0.497
Kr 40 4.51x 1077 7.18- 1078 6.61-1073 7.25-1073 2.01-10%3 1.88-107* 1424 0.414, 0.438
Kr 85 4.44x 107 1751078 1.71-107! 5.30 - 10%2 1.34.1073 8.61-1072 240 0.202, 0.207
SF 0 1.51x 1070 8.27-107% 4.21-10% 1.26-1073 1.89- 107! 8.76 - 10%0 3000 0.398, 0.398
SF¢ 17 8.09 x 1077 7.74-1078 8.05-10°¢ 3.05-10°¢ 4.98-1072 7.09 - 10+0 2116 0.501, 0.505
SF¢ 40 2.74x 1077 4421078 2.68 - 107! 4.71-10%° 2.84-1073 1.65 - 10%0 1424 0.402, 0.421
SF 85 270 x 107° 9.87-107° 5.06 - 1070 4.68 - 10*! 5.15- 107! 4.89 - 10%0 240 0.152, 0.152
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Fig. 3. Simulated concentration curves within the spiked and breakthrough chambers for each gas at each saturation in zeolitic tuff. Each panel letter corresponds to the titular

degree of saturation (S,,).

Sensitivity of the transport parameters to the degree of water satura-
tion, .S,,, was tested for at 0% (Fig. 5a) and 27% (Fig. 6b) saturation.
To simplify the analysis, we constrained the parameter search by fixing
the reaction rate constant to be the same value for each gas at each

saturation. We also constrained the Langmuir distribution coefficient
(K ) for each gas to be equal to the value estimated by the algorithm
for the initial degree of saturation .S,. Therefore, after estimating
parameters for S,, =0%, the only remaining free parameters were D,

and SSA. These constraints were found to not hinder convergence to a
candidate solution space (Figures S20-S25).

In order of descending magnitude, the effective vapor-phase diffu-
sion coefficients (D,) rank as Kr > Xe > SF,. This relationship was
consistent for all S,,. The relative ranking of D, between gases was
consistent with the effective diffusivity predicted by the MQ model
using estimated binary diffusion coefficients, DﬁdBQ (Eq. (11)).

As expected, D, decreases as S, increases. As S, increases from 0%
to 27%, the estimated D, of each gas decreases by 60%—-65%, depend-
ing on the particular species. The relative decrease in D, determined

in our simulations is approximately equivalent to the 65% decrease in
DﬁlBQ predicted by the MQ model using binary diffusion coefficients.
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Fig. 4. Estimated D, plotted against saturation, S, for zeolitic tuff experiments (solid
lines). Faded markers and dashed/dotted lines represent expected effective diffusivities
based on the MQ model. The vertical axis has been plotted in logarithmic space to
capture the large difference in magnitudes of expected D:”BQ and our calculated D,.

A recent study (Neil et al., 2024) performed similar diffusion cell
experiments testing temperature-dependence of diffusivity for Qbt2
cores. Calculating D, from their reported D* values yields D, for Xe
(1.01x107% m? s~1), Kr (1.21x 107% m? s71), and SF;, (7.74x 1077 m? s~1)
at 20 °C, which are relatively close to the values calculated in our study
(Table 3) under dry conditions (.S,, = 0%); our estimated D, values
were between a factor of 1.2 and 1.4 greater than those calculated
in Neil et al. (2024), which could be attributed to variations between
core samples.

The specific surface area, SSA, decreases substantially between .S,
0% and 27%. The decrease in available sorptive SSA was 24.2%, which
is roughly proportional to the increase in liquid saturation (27%) in
the pore space. This relationship was also noticed in our analysis of
surface area decrease with the addition of water observed in the SANS
experiments (Figures S3, S4), though only in an approximate sense, and
for a zeolitic sample. The percent decrease in pore surface area (SSA)
filled (30%) in the non-zeolitic tuff is slightly less than the percent
increase in S,, (27%). In terms of magnitude, while we do not have
prior estimates of SSA for Bandelier tuff, previous research (Reddy and
Claassen, 1994) of welded tuffs has found SSA values of about 2300
+200 m? kg, so the dry condition values in Table 3 appear reasonable.

In order of decreasing magnitude, K; ranked as Xe > Kr > SF.
Although K; and k were held constant between degrees of saturation,
because the SSA decreases (and, therefore, the number of free sites) as
water is added, the apparent adsorption likewise decreases as water
prevents access to free sites — this can be seen in the mass loading
(Figure S6).

The recent study (Neil et al.,, 2024) performed similar diffusion
cell experiments on dry Qbt2 cores with the goal of determining
temperature-dependent diffusion coefficients and adsorptivity for the
same gas tracers investigated in our study. Their modeling investigation
differed from ours in that they modeled tracer adsorption as a linear
isotherm with a single parameter in the equilibrium distribution coeffi-
cient, K, [kg,/kg,]. However, similar to the findings of our results, they
determined that all three gas species undergo non-negligible adsorption
at lower temperatures (20 °C), with decreasing magnitude of K, going
as Xe > Kr > SF,. All three gas species had K, of order 10~* [kg,/kg,],
where we note that values under 10~ represent essentially non-sorbing
conditions. Hence, our results corroborate other results for non-zeolitic
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Table 3
Estimated transport properties of individual gases in non-zeolitic tuff. Effective diffusion
coefficients predicted using the MQ model (Eq. (2)) are included for reference,

calculated using the binary gas diffusivity (D}'?).

Gas S, D¢ D, K, k SSA
[%]  [m?s™] [m? s7'] [kg, mol™']  [1/h] [m? kg~']

Xe 0 404-10  123-10°¢  3.11-10 288103 1527
Xe 27 142-10%  489-107  325-10° 2.88-103 1066
Kr 0 489-10°  1.66-107°  2.01-10° 2881073 1527
Kr 27 1.71-10°°  593.107  2.06-10° 2.88-1073 1066
SFy, 0 298-106  9.67-107  1.71-10° 288103 1527
SF, 27 1.04-106  372-107  1.77-10° 2.88-103 1066

Qbt2 tuff in that adsorption of these species is non-negligible (see
Figure S6a,b).

3.3. Sandstone

The sandstone diffusion cell experiments were simulated using the
diffusive transport model with competitive single-site kinetic Langmuir
adsorption. Free parameters for each gas were effective diffusion coef-
ficient D,, Langmuir distribution coefficient K, reaction rate constant
k, and specific surface area SSA. Transport parameters were estimated
only at S, = 0% (Fig. 6). Similar to the methods applied to the
non-zeolitic tuff case, we simplified the analysis by constraining the
parameter search by fixing the reaction rate constant at same value
for each gas. Although we initially begin the parameter search with
generically large range of values for SSA, in presenting the results be-
low, we select the best solution from a subset of the candidate solution
space (Figures S26-S27) where SSA is within the approximate range of
realistic values for Castlegate sandstone (SSA < 100 m? kgr‘l). Previous
work (Fredrich et al.,, 2006) reported values of SSA for Castlegate
sandstone between 13.4 and 21.1 mm™!, for which assuming a density
of ~ 2694 kg m~3 and the porosity of our sample yields a range of 49.7
to 78.3 m? kg .

In order of descending magnitude, the effective vapor-phase diffu-
sion coefficients (D,) ranked as Kr > Xe > SF, (see Table 4). The relative
ranking between gases was consistent with the effective diffusivity
predicted by the MQ model (Eq. (2)) using estimated binary diffusion
coefficients (Eq. (11)), DfBQ.

The recent study (Neil et al., 2024) performed similar diffusion cell
experiments testing temperature-dependence of diffusivity for Berea
sandstone, which had a porosity between 18%-20%. Our estimated
D, values were between a factor of 2.5 and 4.3 greater than those
calculated in that study (D,(Xe) = 6.59x10~7 m? s~1, D,(Kr)= 8.02x10~7
m? s71, D,(SFg)= 526 x 1077 m? s~!). Higher estimates of D, in
our sandstone experiments (Table 4) are primarily due to the use of
different rock units and the roughly 1.5 times greater porosity (¢ =
28%) in the Castlegate sandstone in our investigation.

In order of decreasing magnitude, K; ranked as Xe > Kr ~ SF¢. We
were unable to represent the transport observed in the diffusion cell
experiment for the Castlegate sandstone without enacting adsorption
in our model (see Figure S7). This is consistent with results reported
by Paul et al. (2018b), who found evidence for non-negligible adsorp-
tion of noble gases (including Xe) to Ottawa silica sand. Due to the
relatively low SSA, the apparent adsorptivity in our experiments was
fairly low overall (Figure S7).

4. Discussion

The experimental results reveal a clear and dramatic difference
in variably-saturated diffusive-adsorptive transport behavior between
rock types. Though one would not expect behavior to be universally
applicable to different rock types, there is a great divergence from
the behavior predicted by intuition and models such as MQ when
zeolites are present in the rock pores. We discuss the experimental and
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Fig. 5. Simulated concentration curves within the spiked and breakthrough chambers for each gas at each saturation in non-zeolitic tuff. Each panel letter corresponds to the

titular degree of saturation (S,,).

Table 4

Estimated transport properties of individual gases in sandstone. Effective diffusion
coefficients predicted using the MQ model (Eq. (2)) are included for reference,
calculated using the binary gas diffusivity (DfEQ).

Gas S, DAL D, K, k SSA
[%] [m? s71] [m? s71] [kg, mol~1] [1/h] [m? kgo']
Xe 0 28910 17210  8.84-10° 1.12-102 100
Kr 0 35010 223-10°  6.34- 103 1.12-1072 100
SF, 0 213-107°  134-10° 626103 1.12-102 100
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Fig. 6. Simulated concentration curves within the spiked and breakthrough chambers
for each gas in sandstone.

modeling results starting with the most conventional (i.e., intuitive)
results and progress to the most counter-intuitive behavior.

Diffusive transport through the Castlegate sandstone is very well
approximated by the MQ model, such that the estimated D, is within
a few percent of DﬁdBQ for Xe and Kr. Because there was no pore water
present, the pore tortuosity (z) inferred from the estimated D, (1) is
relatively low (5.6 < 7 < 11.3; Table 5), depending on the free gas
diffusivity used and can probably be entirely attributed to the porosity
and pore connectivity. The gases generally did not adsorb much onto
the pore walls, though it is worth noting that some adsorption was
required in order to produce a good model fit.

Table 5

Effective diffusion coefficients and tortuosity values inferred from Eq. (1) for sandstone.
Gas S, D, Tag

[%] [m? s71] [-]

Xe 0 1.72-107° 9.24
Kr 0 2231076 8.53
SF¢ 0 1.34-10°° 8.73

Table 6

Effective diffusion coefficients and tortuosity values inferred from Eq. (1) for non-
zeolitic tuff.

Gas S, D, Typ
[%] [m? s71] -1
Xe 0 1.23-10°° 12.87
Xe 27 4.89-1077 32.28
Kr 0 1.66 - 107¢ 11.53
Kr 27 5.93-1077 32.20
SF, 0 9.67-1077 12.01
SF 27 3.72-1077 31.23

Diffusive transport through the non-zeolitic tuff (Bandelier tuff,
Qbt2) is also fairly well approximated by the MQ model. The magni-
tudes of D, are smaller than those predicted by the MQ model using
binary diffusivity (DQ’IBQ) by a factor of ~ 3. The reduced diffusivity
imparted by adding pore water is also well approximated by MQ;
we observed a drop in D, between 60%—-65% depending on the gas
species, which is very similar to the 65% percent reduction predicted
by MQ. This decrease in D, with increasing S, is intuitive, as pore
water reduces the effective volume in which gases can diffuse while
also restricting travel to more tortuous pathways, as evidenced by the
increasing values of r in Table 6. As with the sandstone experiment,
some adsorption was necessary in the model to produce a good fit
to the data, though the number of moles adsorbed was relatively low
compared to that in the zeolitic tuff.

The zeolitic tuff experiments show clearly the counter-intuitive be-
havior of the gas breakthrough concentration variations with increasing
liquid saturation. Normalized breakthrough concentrations of each gas
are lower in the unsaturated (S,, = 0%) case than at S, = 17%
(Fig. 3a,b). This is especially exaggerated for Xe, which had break-
through concentrations akin to those of the core when nearly fully
saturated (S,, = 85%; Fig. 3d). Such behavior departs considerably from
that predicted based purely on porosity-saturation variations as in MQ.
Apparently, conditions within the unsaturated core have a greater effect
on diffusive transport of gaseous Xe than on the other gases studied.
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Fig. 7. Conceptual diagram showing how the addition of small amounts of water preferentially fills small pores containing zeolites, thereby reducing the adsorptive capacity of
the rock. (a) Under dry (unsaturated) conditions, the zeolitic pores are accessible. Xe adsorbs strongly, and Kr adsorbs to a lesser degree, which reduces their gas-phase (“free”)
concentrations in the pore spaces and retards transport; (b) when water is added, the zeolitic pores fill preferentially such that their adsorption sites become inaccessible to the

gases. This increases the relative gas-phase concentration of Xe, reducing retardation.

This suppressed breakthrough behavior is even less intuitive when
one considers the evolution of the spiked chamber concentrations in
time. Normalized spiked chamber concentration of Xe falls drastically
during the unsaturated experiment, and especially quickly within the
first 2-5 h. This would seem to imply significant mass flux away from
the spiked chamber into the rock core. However, as indicated by the
greatly suppressed breakthrough concentrations, if the tracer mass is
rapidly entering the core, the bulk of it is not passing through to
the breakthrough chamber. To explain this behavior, we propose two
phenomena that may be responsible: (i) very high adsorptive uptake
via zeolitic pores having preference for the noble gases (xenon and, to
a lesser extent, krypton), and (ii) high pore tortuosity resulting from
pore-geometry effects, restricting diffusive transport despite relatively
high total porosity.

4.1. Evidence for high adsorptive uptake by zeolitic pores

As previously stated in our conceptual model and discussion of the
experimental results, which also appears in Neil et al. (2022a), there
is experimental evidence implying that initial partial saturation up to
at least .S, = 17% in zeolitic rock cores greatly reduces the interaction
between zeolites and gas adsorbates. Our simulations indicate a sub-
stantial amount of adsorption of the noble gases (Xe, Kr) under dry
conditions as the gas mixture diffuses through the core (Supporting
Information Figure S5a). SFs mass loading is more than 2 OOM less
than for the noble gases. When water is added, there was a substantial
reduction in total mass adsorbed for each gas, pointing towards a
correspondingly-reduced accessible volume for gas adsorption to occur.
In contrast, in non-zeolitic tuff, we observed the expected behavior
(progressively slower gas breakthrough as water is added) for gas diffu-
sion, which lead us to hypothesize that the presence of zeolites greatly
affects transport, and that the presence of water reduced the uptake
of gases by the zeolites by blocking adsorption sites as the pores were
filled. We attempt to illustrate this conceptual model in Fig. 7. This
hypothesis was partially corroborated by small-angle neutron scattering
(SANS) measurements performed on the zeolitic tuff samples (Fig. 5 in
Neil et al., 2022a). The SANS measurements showed preferential filling
of pore sizes suspected to be zeolites as small amounts of water were
added to the sample (Figures S1, S2), which implies that adding water
to the rock will block access to the zeolites and reduce gas adsorption,
thereby resulting in reduced adsorptive retardation at higher liquid
saturation.

The reduction of adsorptive capacity with saturation is reasonably
well documented in previous studies of nanoporous materials (Lungu
and Underhill, 1999; Hu et al.,, 2018a,b; Breck, 1974; Greathouse
et al., 2023). Measurements of radioxenon adsorption on activated
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carbon demonstrate that Xe adsorbed by saturated media decreases
substantially, but does not diminish to zero (Lungu and Underhill,
1999). Nuclear Magnetic Resonance measurements performed using
129%e on nanoporous silicates during water adsorption and desorption
have shown that some surface adsorption sites remain accessible even
at high degrees of saturation, though in some cases the structure of the
zeolite causes nearly all adsorbed xenon to be competitively displaced
by water (Hu et al., 2018b). A study using molecular dynamics simula-
tions and kinetic diffusion models determined that water molecules in
zeolitic pores reduces gas loading and significantly slows the adsorption
process (Greathouse et al., 2023). In general, the presence of water
in zeolite pores will reduce the accessible volume for gas adsorption,
which in turn reduces the mass that can be adsorbed by the zeolite.
High adsorptive uptake by zeolites could explain the rapid depletion
of gas concentrations (and especially xenon) in the spiked chamber dur-
ing the unsaturated core experiment. The rapid drop in concentrations
within the spiked chamber is suggestive of high diffusive flux into the
core. However, as is plainly evident in Fig. 3, concentrations in the
breakthrough chamber are slow to build and highly suppressed relative
to those at S, = 17%. Our model estimates D, for each gas well below
DMOQ_ which serves to explain the low breakthrough chamber concen-
trations, but not the rapid depletion in the spiked chamber. Strong
adsorption, which is expected and apparently observed in this case,
can cause similar behavior in fracture-matrix systems (Paul, 2017).
In such systems, tracer gases are predicted to more rapidly diffuse
into a highly adsorbent matrix, depleting the fracture of adsorbent
tracers. The adsorption, which retards transport, does not increase
diffusivity per se, however the diffusive flux is nevertheless enhanced
by the preponderance of adsorption sites near the interface. This type of
behavior is helpful in explaining the rapid depletion of concentrations
in the spiked chamber despite relatively low D, under dry conditions.
It is compatible with the result that SF had the fastest breakthrough,
yet experienced the least amount of depletion in the spiked chamber.
Krypton had the next fastest breakthrough, yet it experienced greater
and more rapid depletion in the spiked chamber than SF¢ because it
is expected to have greater adsorptive affinity for zeolites. With xenon
having the highest adsorptive loading, its concentration in the spiked
chamber decreases most rapidly, yet did not result in high breakthrough
concentrations. When a small amount of water is added (S,, = 17%),
thereby reducing the adsorptive capacity of the rock, concentration
depletion in the spiked chamber is reduced for all gases, though only
marginally so for SFy due to having the lowest adsorptivity.
Adsorption is required to explain the observed behavior of the
spiked chamber concentration depletion, and the greatly retarded trans-
port of xenon despite its relatively high D,. However, we require some
other phenomenon to explain why still the estimated D, of each gas
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Table 7
Effective diffusion coefficients and tortuosity values inferred from Eq. (1) for zeolitic
tuff.

Gas Sy D, Tup
[%] [m? s71] -1
Xe 0 1.15- 1077 29.55
Xe 17 9.70- 1078 29.18
Xe 40 7.08-1078 28.89
Xe 85 176 - 1078 29.03
Kr 0 1.09- 1077 37.84
Kr 17 1.13-1077 30.36
Kr 40 7.18-1078 34.46
Kr 85 1.75-1078 35.38
SFs 0 8.27-1078 30.35
SF, 17 7.74-1078 26.92
SF¢ 40 4421078 34.09
SF¢ 85 9.87-107° 38.15

is much lower than that predicted by MQ. Added to this question is
why krypton — which as the smallest molecule should have the highest
diffusion coefficient according to the kinetic theory of gases — was
estimated to have the lowest D, under dry conditions, and the highest
D, at all other degrees of saturation. For this, we look to pore geometry
effects as potentially influencing the relative tortuosity experienced by
each gas.

4.2. Influence of pore-geometry effects on effective diffusion coefficient

After isolating the effects of adsorption in our model, we were able
to estimate D, for each gas to reasonable degree of certainty. The
candidate solution space for adsorptive parameters (e.g., K, kj,)
generally is not well constrained (Supporting Information section 3;
Figures S8-S19) since there are many combinations that can produce
similar responses in terms of adsorptive mass loading. It is encouraging
that despite this, the range of values of D, for each gas at each
saturation is relatively well-constrained within this space. That is to
say, for adsorption, we have a good idea of the overall adsorptive
behavior of each gas, but not the values for each individual parameter.
For D,, on the other hand, we have a reasonably high confidence in
the values obtained for each gas at each saturation.

What is apparent about the effective diffusivity within this zeolitic
tuff is that it is much smaller than expected based on the MQ porosity-
tortuosity relationship. At .S, = 0%, where the difference is greatest,
D, is more than 1 OOM slower than DM@ (Table 2). Another way
of comparing the D, estimated in our model with predicted DM?
is to analyze the inferred tortuosity (z) derived from Eq. (1). Recall
from Eq. (1) that ¢ = D/D,. For sandstone, r ranged from 5.6-11.3
(Table 5), and for non-zeolitic tuff, r ranged from 7.8-15.5 at S,, = 0%
and from 19.6-40.3 at S,, = 27% (Table 6). In zeolitic tuff, r ranged
from 18-39.2 at S, = 0% to 17.6-49.3 at S, = 85% (Table 7).
Therefore, the inferred tortuosity within zeolitic tuff is higher than for
non-zeolitic tuff and sandstone, and much greater than that implied by
porosity-saturation relationships such as MQ.

Another point made apparent in the results from the zeolitic tuff
experiments is that under dry conditions, the estimated D, for the gases
no longer preserve the relative ranking that follows from kinetic theory
of gases. The relationship of kinetic diameters for each gas goes as:
SFs (5.5 A) > Xe (3.96 A) > Kr (3.6 A) (Breck, 1974; Marrero and
Mason, 1972). So whereas D, in both sandstone and non-zeolitic tuff
follows this relationship, the estimated D, for dry zeolitic tuff goes
as Xe > SFg > Kr. It is notable that the gas with the smallest kinetic
diameter (Kr) goes from having the highest diffusion coefficient (as
follows from kinetic theory of gases) to having the second smallest
effective diffusivity. Once water is added, however, Kr has highest D,.
An explanation may lie in the effect of pore size and geometry.

Variations in pore geometry and connectivity may contribute to
increased tortuosity. The presence of very small pores or dead-end
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pores can effectively increase the tortuosity of the pore space as long as
gas molecules are able to access them. Previous research by Wu et al.
(2019) found that porosity is not a reliable indicator of D,, especially in
porous structures with low D,, because transport is hindered by dead-
end or trapped pores and other complex features. They found that the
net transport through samples with these types of complex features was
dictated by a few of the narrowest pore throats along long, tortuous
pathways. It is quite possible that the zeolitic tuff sample used in our
experiments has just such a distribution of pore sizes and dead-end
pores as to create highly tortuous conditions.

Zeolites have been documented as having a high proportion of
nanopores and micropores (Greathouse et al., 2023; Feldman et al.,
2020). Some of these contain the zeolite cages themselves, while others
exist as crystallographic structures from related minerals within the
rock. Mordenite, the type of naturally-occurring zeolite present in
our zeolitic tuff sample, has several pore types, but pores along the
primary diffusion pathways have consistent diameter (6.5 A;Simoncic
and Armbruster (2004)) larger than the noble gases (dx, = 3.6 10\;
dy. = 3.96 A) and generally larger than SF, (dggs = 5.5 A) (Breck,
1974). Other mordenite pores have smaller pore diameters at the cage
window, and still other non-zeolite pores exist in the natural rock
sample. Dead-end pores contribute to the total porosity of the rock,
but not to the connectivity between pores. The presence of dead-end
pores increases the tortuosity within porous media because tracers can
become temporarily entrapped within them before finding their way
back out to the main connected pore volume. If such pores have pore
throats with diameter smaller than the kinetic diameter of certain gas
molecules, those molecules will be not be admitted, and the effective
length of travel paths will consequently be shorter than molecules able
to access the dead-end pores (Table 7). We illustrate this conceptual
model in Fig. 8a, wherein the smallest gas species (Kr) is able to access
the tight dead-end pores while larger species (Xe, SF¢) are blocked
due to the pore-limiting windows. Consequently, the rate of passage
of Kr is slowed due to the added tortuosity of its aggregate travel path,
resulting in a lower inferred D,. When water is added (Fig. 8b), it fills
the small pores and prevents any gas from accessing the dead-end cul-
de-sacs, reducing the effective tortuosity of the smaller gases. Under
these conditions, the higher relative D, for the smaller Kr is correctly
predicted by kinetic theory of gases.

It is important to note that the presence of dead-end and nano-
pores is merely a part of the story in inferring the tortuosity of the
porous medium. This is apparent in that for the zeolitic tuff, the highest
calculated r is experienced by SFy, followed by Kr. Based on our
conceptual model (Fig. 8), if the effect of nano-pores and dead-end
pores was the only contributor to the total tortuosity, we would expect
Kr to experience the greatest values of . However, what is noticeable is
the relative difference in 7 for Kr compared to Xe within the zeolitic tuff
(Table 7) in contrast with the non-zeolitic tuff (Table 6) and sandstone
(Table 5). The ratio of zX"/zX¢ in non-zeolitic tuff and sandstone is
approximately 1.04 and 1.07, respectively. In zeolitic tuff this ratio is
~ 1.49, which suggests that there are additional factors contributing to
a nearly 50% greater tortuosity for Kr compared to the similiarly-sized
Xe beyond merely the differences in air-filled porosity.

There is some evidence in the literature supporting this type of
pore-limiting behavior as causing higher D, for smaller gas molecules.
Molecular dynamics simulations in bulk mineral models have revealed
that gas-adsorbent interactions and pore size can significantly re-
duce gas diffusion relative to that of the bulk gas (Dutta and Bhatia,
2019), and that these effects are pronounced within zeolites in par-
ticular (Dutta and Bhatia, 2018). A computational screening study
of siliceous zeolites showed that zeolites containing narrow pores
with tortuous diffusion pathways were effective at separating Xe/Kr
from mixtures (Lawler et al., 2016). An in-depth study by Greathouse
et al. (2023) used experiments and molecular dynamics simulations
to quantify gas adsorptive loading and mobility in bulk zeolite slab
models. That work found that smaller gases (Ar and Kr) were able



J.P. Ortiz et al.

upstream

b

Journal of Environmental Radioactivity 282 (2025) 107608

upstream

@ krypton (3.
@ xenon (3.

[ HAK £

downstream

ole
®.
P

Fig. 8. Conceptual diagram of the effect of small dead-end pores increasing the effective tortuosity experienced by smaller gases (i.e., Kr) able to fit through the tight pore
windows relative to larger gases (i.e., Xe and SF¢). (a) Under dry (unsaturated) conditions, the dead-end pores are accessible to Kr, causing it to have a low D, relative to the
larger gases despite having a smaller kinetic diameter; (b) when water is added, small pores fill with water and become inaccessible to the gases. Note that this diagram describes
this tortuosity phenomenon which may effect the effective diffusion coefficient D, of the gases, but does not describe the effects of adsorption of gases to zeolites or pore walls.

to access the zeolite interior, whereas larger gases (Xe and Rn) were
effectively blocked from entering the bulk region of the zeolite by pore-
limiting windows. In that study, the smaller gases were consequently
reported as having increased mobility relative to the larger gases
within pure zeolite slabs. An important distinction must be made,
however, between definitions of “mobility” between the nano- and
micro-scale characterization in Greathouse et al. (2023) and what
we would consider as mobility at the meso-scale of our study. In
molecular dynamics studies of zeolite slabs, mobility connotes greater
access of gases to the interior of the bulk zeolite, which contains
nano-scale pores and tortuous pathways — well within the regime of
Knudsen diffusion. In our meso-scale model, we expect such mobility
to decrease the overall rate at which mass can be delivered through the
porous medium due to the aforementioned increase in access to highly
tortuous pore volumes. Larger gas molecules (Xe and SF¢) with less
ability to access interior nano-pores consequently have higher D, under
these conditions. When Greathouse et al. (2023) introduced water into
their model, not only was there reduced gas loading onto zeolites via
adsorption, but mobility by their definition was reduced as well, which
fits the narrative illustrated in Fig. 8.

On the topic of Knudsen diffusion, we acknowledge the potential rel-
evance of Knudsen diffusion and transition regime effects. While we do
not have measurements of the full pore and pore-throat size distribution
across nano- to meso-scale for this tuff, the implied preponderance of
nanopores and the much lower than predicted D, values could indicate
that diffusion is taking place in the transition regime, which marks an
intermediate regime between pure Knudsen diffusion and bulk diffu-
sion. In such a regime, gas-solid interactions may dominate. Models
such as dusty gas models calculate the effective diffusivity explicitly
based on contributions from both the bulk diffusivity and the Knudsen
diffusivity. Our choice of flow and transport simulator (FEHM) does
not currently have the capability to explicitly separate bulk diffusion
from Knudsen diffusion; as such, a detailed analysis using the dusty
gas model or similar framework falls outside the scope of the present
study. Nonetheless, the effective diffusion coefficient derived in our
simulations can be interpreted as implicitly accounting for both bulk
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and Knudsen diffusion effects. Future work could build on this study
by incorporating more sophisticated models to explicitly resolve these
contributions, which would provide a more detailed understanding of
the transition flow regime.

5. Conclusions

This study investigates counter-intuitive transport behavior ob-
served for gases in a variably-saturated rock core containing zeolites.
A series of diffusion cell experiments measuring breakthrough for a
gaseous mixture of Xe, Kr, and SF¢ were performed with progressively
greater water saturation. Despite having high total porosity (¢ ~ 22%),
tracer breakthroughs and estimated effective vapor diffusion coeffi-
cients were found to be much smaller than what would be predicted
by porosity- and saturation-based models such as the Millington-Quirk
model. Breakthrough in dry conditions was exceptionally low for Xe
even compared to the other gas species, despite the observation that
Xe concentration in the inlet chamber dropped much faster than for
the other gas species, which implies rapid entry into the core. We
attribute this to preferential adsorption of Xe by zeolites, which has
been documented in other studies. Furthermore, tracer breakthrough
actually increased when the core saturation was increased from 0% to
17%, again deviating from typically predicted behavior. We propose
two phenomena responsible for these counter-intuitive results: the
addition of small amounts of water to the core (1) preferentially fills
pores containing zeolites, reducing the adsorptive capacity of the rock,
and also (2) preferentially fills dead-end nano-pores, which reduces
the very high pore tortuosity. We found support for (1) in a marked
decrease in adsorptive loading as .5,, increased from 0% to 17% (Figure
S5) — especially at zeolitic sites — though this phenomenon alone was
insufficient to explain the increased breakthrough concentrations and
small effective diffusion coefficients. We found support for (2) by
observing that, under dry conditions, the species with the smallest
kinetic diameter (Kr) had a smaller effective diffusion coefficient than
the larger species, which contradicts behavior predicted by kinetic
gas theory and our observations of transport in non-zeolitic tuff and



J.P. Ortiz et al.

sandstone. We attribute this behavior to the presence of nano-scale
dead-end pores, a significant proportion of which have throat diam-
eters that create entry barriers to the larger gas molecules, effectively
increasing the relative tortuosity for Kr. When S, was increased to 17%
the smallest pores filled preferentially, reducing tortuosity and causing
Kr to have the highest effective diffusivity as expected.

We developed a competitive two-site kinetic Langmuir adsorption
process within a diffusive transport model in order to constrain relevant
transport parameters associated with the experimental diffusion cell
results. Using a parameter estimation algorithm, we constrained the
individual effective vapor-phase gas diffusion coefficients for each gas
species to within a reasonable degree of certainty. We also character-
ized bulk changes in adsorptive behavior in zeolitic tuff with increasing
water saturation, though the confidence in individual adsorption pa-
rameters (e.g., K;, k) is comparatively lower. Our results reiterate
previous findings (Greathouse et al., 2023; Lungu and Underhill, 1999)
that adsorptive capacity of zeolites is greatly reduced upon partial
saturation with water. These findings can be applied to historical UNE
tracer test data and predictive transport models of mixed-gas transport
in variably saturated zeolitic rock.

Future work will aim to further constrain the individual adsorption
parameters contributing to the observed behavior using a physics-based
approach. Due to the very large initial parameter space included in
the search and comparatively lengthy computation time for the dual-
site competitive adsorption simulations, candidate solutions for the
adsorption parameters are still not well-constrained. Insights provided
by the candidate solutions explaining adsorptive behavior provided by
this research in conjunction with physical intuition will allow us to
more rigorously constrain individual adsorption parameters and assist
in the application of our model to predictive transport simulations.
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