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ABSTRACT

An underground nuclear explosion (UNE) generates radioactive gases that can be transported through fractures to the ground surface over timescales of hours to
months. If detected, the presence of particular short-lived radionuclides in the gas can provide strong evidence that a recent UNE has occurred. By drawing com-
parisons between sixteen similar historical U.S. UNEs where radioactive gas was or was not detected, we identified factors that control the occurrence and timing of
breakthrough at the ground surface. The factors that we evaluated include the post-test atmospheric conditions, local geology, and surface geology at the UNE sites.
The UNEs, all located on Pahute Mesa on the Nevada National Security Site (NNSS), had the same announced yield range (20-150 kt), similar burial depths in the
unsaturated zone, and were designed and performed by the same organization during the mid-to-late 1980s. Results of the analysis indicate that breakthrough at the
ground surface is largely controlled by a combination of the post-UNE barometric pressure changes in the months following the UNE, and the volume of air-filled pore
space above the UNE. Conceptually simplified numerical models of each of the 16 historical UNEs that include these factors successfully predict the occurrence (5 of
the UNEs) or lack of occurrence (remaining 11 UNEs) of post-UNE gas seepage to the ground surface. However, the data analysis and modeling indicates that es-
timates of the meteorological conditions and of the post-UNE, site-specific subsurface environment including air-filled porosity, in combination, may be necessary to

successfully predict late-time detectable gas breakthrough for a suspected UNE site.

1. Introduction
1.1. History of testing and containment of UNEs at NNSS

Underground nuclear explosions (UNEs) were performed at the
Nevada National Security Site (NNSS), formerly the Nevada Test Site
(NTS), between 1957 and 1992 when the U.S. unilaterally imposed a
moratorium on nuclear testing (U.S. DOE, 2015). Containment of
UNE-generated gases in the subsurface was a major goal during testing
to reduce the risk of transport in the atmosphere and subsequent
radioactive fallout (U.S. Congress, 1989). Despite careful experimental
planning and design, between 1963 when the Limited Test Ban Treaty
(LTBT) banning atmospheric tests went into effect and 1992 when the
US testing program ended, 105 of the 733 post-LTBT UNEs at the NNSS
produced radioactive gases at the ground surface. Gases were the result
of prompt release (0-2 days), either by containment failure and opera-
tion releases, or late-time gas seepage (>2 days, and up to several
months) following the UNE test date (Schoengold et al., 1996; Kali-
nowski, 2011). The radiation released between 1970 and 1989 from
testing resulted in relatively modest radiation releases in the
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atmosphere, increasing the cumulative exposure at the NNSS boundary
by the equivalent of only 1/1000 of a chest x-ray (U.S. Congress, 1989).
Although the impact of radioactive gas released by these UNEs to the
atmosphere is small with respect to human health risk, detection of
short-lived gaseous radionuclides from a suspected site can provide clear
evidence of recent underground nuclear testing (Carrigan et al., 1996;
Kalinowski et al., 2010), and thus is of interest from a national security
perspective. The history of radionuclide releases at the NNSS demon-
strates that atmospheric releases of radioactivity are likely, even by
experienced testing organizations with a strong motivation to prevent
such releases. Furthermore, based on data from Schoengold et al.
(1996), Kalinowski et al. (2010) concluded that there is no obvious
depth-to-explosive-yield ratio above which containment of radioactive
gases is always achieved, nor is there a strong relation between the total
release activity and depth of burial.

This paper focuses on one release mechanism - the release of ra-
dionuclides from barometrically-driven, late-time seepage. This paper
uses the term late-time seepage to describe the arrival of radioactive gases
at the ground surface at concentration above 1 mBq/m® based on
detection limit of 0.58 mBq/m3 from Dresel and Waichler (2004). Unlike
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uncontrolled releases from containment failure, which follow within
minutes to hours after an UNE, or operational releases, which typically
follow within days to a few weeks after an UNE (Kalinowski et al., 2010),
late-time seepage due to barometric pumping has a more broad release
window due to uncertainty in the many factors that influence it (Jordan
et al., 2014). Moreover, whereas uncontrolled and operational releases
have release durations of minutes to tens of hours, late-time seepage can
persist for months.

This study is the first to investigate details of the post-UNE gas
seepage histories for 16 moderate yield (20-150 kt) UNEs with similar
burial depths (475-675 m below ground surface - bgs) conducted by a
single organization, Lawrence Livermore National Laboratory (LLNL),
during the mid-to-late 1980s in volcanic rocks in the deep unsaturated
zone. All 16 UNEs were done at Pahute Mesa, located in the northern
portion of the NNSS, where 85 UNEs were conducted between 1965 and
1992 (U.S. DOE, 2015). Since 1970, late-time seepage has been a rare
event, with surface detection at only 5 UNE sites at the NNSS (Kappeli,
Tierra, Labquark, Bodie, and Barnwell), all of which are included in the
16 tests investigated in this study. These tests were chosen to minimize
the impacts of variability in containment designs and post-UNE gas
sampling strategies, which evolved over time and differed between
testing organizations.

Radioactive gas activities were measured over periods ranging from
days to years by noble gas samplers, located around surface ground zero
(SGZ) of each test site (Woodward, 1987; Schoengold et al., 1996).
However, although all 16 UNEs in the study had similar design attributes
(announced yield range and depth of burial), only 5 had late-time
seepage observed, raising questions as to what controls the variability
in seepage outcomes. Taking advantage of available historical datasets
for the 16 UNEs, factors have been identified that may explain why
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late-time seepage was observed following some UNEs while others were
successfully contained. Identifying and studying these factors, such as
characteristics of the barometric pressure records around the UNE date,
surface and subsurface hydrogeological conditions, surface damage, and
air-filled porosity above the working point (location of detonation), will
help in analyzing the potential for post-UNE late-time seepage at sus-
pected foreign sites, where general knowledge of site-specific meteoro-
logical and subsurface geologic data may be available.

1.2. Gases around UNEs

UNEs produce radioactive gases around the working point that can
migrate over short and long time-scales, and may potentially reach the
ground surface (Carrigan and Sun, 2012). Gas seepage is controlled by
advective and diffusive transport, and arrival time at the ground surface
depends on many variables, including rock and fracture properties,
detonation yield, depth of burial, water content, barometric pressure
history, and gas transport properties (Carrigan et al., 1997, 2016; Jordan
et al., 2014, 2015; Bourret et al., 2019). In addition to producing
radioactive gases, the detonation of an UNE will damage the subsurface
around the working point, with damage potentially reaching the ground
surface. An UNE can create 1) an underground void or cavity caused by
vaporization and mechanical compression of the nearby rock, 2) an
overlying-rubblized column of rock referred to as a chimney that forms
when rock collapses into the cavity, and 3) explosion-induced fractures
around the working point (Fig. 1). The UNE-damage structure may
interact with and link together with pre-existing fractures and faults to
form a continuous transport pathway to the surface. However, there is
evidence for decrease in permeability in the damage zones beyond the
cavity due to pore compression (Bear and Corapcioglu, 1991), but in
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Fig. 1. Conceptualization of subsurface damage and gas migration pathways to the ground surface by barometric pumping after an UNE (from Jordan et al., 2014).
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hard, brittle rocks new fractures form that may enhance permeability.
This study assumes UNE damage zones are areas of increased fracturing
and permeability.

UNE-related subsurface gases can migrate through preferential
pathways including the stemming column, pre-existing fractures, and
hydraulic fractures created by high initial gas pressures (Burkhard et al.,
1989). During early time (seconds to days), gas flow is driven by over-
pressure and heat-generated convection from the UNE (Sun and Carri-
gan, 2014). However, late-time gas seepage during the weeks to months
after the explosion is driven by barometric pumping (Carrigan et al.,
1996; Lowrey et al., 2013) after initial high temperature and pressure
have dissipated. With barometric pumping, air flows into and out of the
unsaturated zone during atmospheric pressure highs and lows, respec-
tively, with gases stored in the subsurface pulled toward the ground
surface during barometric pressure lows and pushed into the subsurface
during barometric pressure highs (Auer et al., 1996; Scanlon et al., 2001;
Massmann and Farrier, 1992; Neeper, 2002; Neeper and Stauffer, 2005,
2012; Harp et al., 2019). In fractured porous media, including many of
the volcanic rocks at Pahute Mesa, gas flow is primarily through large
aperture (i.e. high permeability) interconnected fractures. The rock
matrix has much lower pneumatic diffusivity and acts primarily to store
gases during their upward migration through the fracture network.
Based on numerical experiments, diffusion of gas from the fractures into
the rock matrix and its dissolution and subsequent release from the pore
back into the fracture water may either accentuate or delay upward
transport of the gases, depending on the water saturation, estimated
matrix gas diffusion coefficients, and rates of pore-water dissolution
(Harp et al., 2018, 2019). Asymmetry in the vertical displacement of
gases during rising and falling barometric pressure cycles due to matrix
diffusion and no-flow gas boundary conditions at the water table or
basement rock results in an upward net displacement of gases (Nilson
et al., 1991 a,b; Carrigan et al., 1996; Neeper and Stauffer, 2005; Car-
rigan et al., 2016; Harp et al., 2019).

Burkhard et al. (1989) discuss several ways that gas transport is
dependent on properties of the rock type in which an UNE is detonated -
in particular, the permeability of the background rock and the fracture
properties, both pre-existing and explosion-induced. A few
large-aperture, vertical fractures in a low-permeability block will be
more likely to transport gases to the ground surface quickly than if more
abundant, minor fractures are present. This difference in gas transport
behavior is due to how the fracture and matrix properties affect pneu-
matic diffusivity and fracture/matrix gas exchange in fractured rock.
Additionally, a higher-permeability matrix allows for greater air flow
into available pore spaces and will slow upward gas migration through
fractures.

Pneumatic diffusivity controls the attenuation and phase lag of a
subsurface pressure signal, and depends on the ratio of gas permeability
to gas storage:

kapo
/’ta 9“

@

where « is the pneumatic diffusivity (mz/s), kq is the effective air
permeability (m?), p, is the average gas pressure (Pa), Uq is the dynamic
viscosity of air (Pa-s), and 6, is air-filled porosity (-). Fractures in vol-
canic rocks tend to have diffusivities 1 to 3 orders of magnitude higher
than the adjacent matrix (Burkhard et al., 1989; Bourret et al., 2019),
and thus provide a much more effective pathway for gas flow. The
UNE-damage structure also changes the pneumatic diffusivity, and may
even improve the likelihood of gas containment, depending on chimney
properties. Peterson et al. (1977a,b; 1978) conducted air-injection and
tracer tests in several cavity/chimney systems of UNEs in volcanic rocks
at the NNSS, which includes many of the same hydrostratigraphic units
(HSUs) associated with the 16 UNE sites chosen for this study. Their
results showed that the chimney had both a high permeability (1072 to
10 "' m?») aswellasa high air-filled porosity (5-12%) relative to most of
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the surrounding rocks. According to eq. (1), the higher permeability and
porosity created by the collapse of the chimney affect the pneumatic
diffusivity, and thus the barometric pumping efficiency, in opposite
ways. The large air-filled porosity of the chimney acts to slow upward
gas migration whereas the high permeability of the chimney acts to
accelerate upward gas migration. Similar relationships hold for the rock
matrix and fractures in other model layers and damage zones, and it is
important to bracket their possible ranges when estimating the potential
for late-time seepage.

1.3. UNE gas migration modeling

Gas migration models have been developed to simulate the effect of
barometric pumping and UNE late-time seepage using both two-
dimensional (2D - Carrigan et al., 1996; Sun and Carrigan, 2014; Jor-
dan et al.,, 2015; Carrigan et al., 2016) and three-dimensional (3D)
formulations (Mourzenko et al., 2014; Bourret et al., 2019). Carrigan
et al. (2016) included early-time UNE-related physics, such as thermal
convection and phase changes due to the heat of detonation. Bourret
et al. (2019) performed modeling of field-scale gas migration in a 3D,
two-phase system at the Barnwell UNE site to test the impact of topog-
raphy and asymmetric geologic structure on late-time seepage in the
presence of a simplified UNE damage structure. Using data sets from
post-UNE experiments and site-characterization, the Bourret et al.
(2019) Barnwell model was able to successfully reproduce experimental
observations of gas seepage from tracer injection tests (Olsen et al.,
2016) as well as the late-time seepage following the actual Barnwell
UNE in 1989. Of particular significance to the present work is the fact
that a high degree of agreement was achieved by Bourret et al. (2019)
between simulated and observed late-time seepage associated with the
Barnwell event using barometric pressure variation alone to drive gas
flow. The fact that it was not necessary to invoke high temperature and
pressure conditions to successfully model the post-UNE seepage obser-
vations at Barnwell led us apply this simplification to the other Pahute
Mesa UNEs considered in this paper.

1.4. Study objectives

Fig. 2 shows a map of Pahute Mesa including the 16 UNEs discussed
in this paper. As previously mentioned, despite the overall similarities of
the UNE environments, only 5 of the 16 UNEs produced late-time
seepage around SGZ, as reported in gas seepage summaries taken from
a compilation of all UNE-related gas releases published by the U.S.
Department of Energy (Schoengold et al., 1996). Table 1 lists UNE at-
tributes. Given the concordance between predicted and observed
late-time seepage at the Barnwell site with only barometric pressure as
the driving mechanism, simplified flow and transport models were
created for 15 other Pahute Mesa sites, in addition to the Barnwell site,
to determine if the conclusions drawn from the intensively-studied
Barnwell site (Olsen et al., 2016; Bourret et al., 2019) can be extrapo-
lated to other UNE sites in similar hydrogeologic settings, but with
simpler models that include less site-specific information. Because this
group of UNEs have the same announced yield range, we assume that
similar high-temperature and high-pressure conditions were present
following each UNE, and therefore not a discriminator of why some
UNEs experienced post-test gas seepage while others did not. Detailed
modeling of the full Barnwell site (Bourret et al., 2019) suggests that a
combination of seasonal barometric pressure characteristics and differ-
ences in geology can explain where and when post-UNE gas seepage
occurred. This hypothesis is explored by analyzing several datasets
described later and performing 2D-radial numerical gas flow and
transport modeling. Using the available datasets and simulations, factors
were identified that hinder or promote late-time seepage at each of the
16 UNEs. Although detailed datasets may not be available for foreign
sites, remotely sourced information about geologic structure and units,
or observable surface damage might be used to inform gas breakthrough
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Fig. 2. Map of the surficial hydrostratigraphy of Pahute Mesa (NSTec, 2014) with UNE locations color-coded by the depth of burial. Black lines indicate faults and
white lines indicate NNSS boundaries and operational areas 20 (left) and 19 (right). Red boxes indicate UNEs where seepage was observed. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

predictions. Additionally, the use of historical or synthetic barometric
pressure conditions may be used to drive gas migration models, a
method previously shown to work for simple gas migration models
(Harp et al., 2019).

2. Methods and datasets

Several historical datasets were used in this study including (1)
surface damage maps following the UNEs; (2) surficial geology and
proximity of SGZ to nearby faults; (3) pre- and post-test barometric
pressure records; (4) characterization of the physical and hydrologic
parameters from pre-UNE core taken from the emplacement holes.

2.1. Analysis of post-UNE surface damage

Following each UNE, a surface damage map was created that
recorded new fractures and faults, fault displacement, and the creation
of subsidence craters and pressure ridges. These surface damage maps
were compiled and digitized by Grasso (2001) for Pahute Mesa and
examined as part of this study to determine if surface damage was a
possible discriminator of why some UNEs exhibited late-time seepage
and others were contained. The surface damage maps for each UNE were
rated on a scale of 0 (no surface damage) to 5 (severe surface damage) to
see if the severity of surface damage was an indicator of post-test
seepage. Criteria for assigning a given damage severity ranking are
given in Table 2 and examples are given in Fig. 3. As indicated in
Table 1, there is no clear relationship between late-time seepage and
damage severity.

2.2. Analysis of fault proximity

By virtue of their vertical continuity, faults provide potential

pathways from deeply buried UNEs to the ground surface. In general, it
would be expected that longer trace length faults, such as those included
in the map of the surface geology in Fig. 2, would also extend deeper.
Prothro et al. (2009a) notes that faults at the NNSS have an internal
architecture consisting of a slip plane, often containing a brecciated
gouge zone, surrounded by a damage zone of higher fracture intensity
that grades back with increasing distance from the slip plane to the
background fracture intensity. In the Non-Proliferation Experiment
(NPE) performed at the NNSS in the early 1990s, Carrigan et al. (1996)
found that the earliest and highest tracer concentrations at ground
surface following a 1 kt chemical explosion were measured along
pre-existing faults at distances up to 600 m from the tracer release point.
These observations, along with the results of the detailed Barnwell
model of Bourret et al. (2019) that showed preferential tracer movement
toward a nearby fault, suggest that proximity to faults might be affecting
whether or not an individual UNE results in late-time seepage. Unfor-
tunately, gas sampling post-UNE and following tracer injection experi-
ments at Barnwell were concentrated around SGZ and did not include
measurements from the fault areas, so this hypothesis could not be
evaluated at Barnwell. Based on this reasoning, we calculated the dis-
tance from SGZ of each UNE to the nearest mapped fault feature
(Table 1). Fault locations are based on a hydrostratigraphic framework
model (HFM) developed by NSTec (2014). As tabulated, proximity to
major faults is not an obvious factor affecting whether or not late-time
seepage occurred. Although Kappeli, Bodie and Barnwell are each less
than 425 m from any major faults and experienced late-time seepage,
Labquark and Tierra are more than 800 m from a major fault and also
experienced late-time seepage. Conversely, Serena is less than 200 m
from a major fault and had no observed late-time seepage. This analysis
assumes that each fault feature has a similar damage zone width and
permeability, regardless of whether it is a normal fault, caldera
boundary, or a vaguely defined “structural zone” identified from
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Table 2
Surface damage severity criteria and severity score.
Score  Criteria
0 Essentially no damage
1 Minor damage (some fracturing)
2 Minor to moderate damage (more fracturing)
3 Moderate damage (substantial fracturing plus fault movement or pressure
mounding)
4 Moderate to severe damage (Small collapse sink plus fault movement or
pressure mounding)
5 Severe damage (Large collapse sink plus fault movement and pressure
mounding)

geophysical surveys. All of these different types of features are repre-
sented in Fig. 2.

2.3. Data and analysis of barometric pressure

Historical barometric pressure data were downloaded from the
Weather Underground website (https://www.wunderground.com/histo
ry) at hourly intervals between 1984 and 1990 at Mercury, NV, located
just outside the southern entrance to the NNSS. Although the Mercury
weather station is at a lower elevation than the average elevation of the
top of Pahute Mesa, similar regional weather changes and pressure
variations are present in the barometric pressure record at both Mercury
and Pahute Mesa. Because it is the pressure changes, and not the
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absolute pressure, that drive barometric pumping, the unadjusted his-
torical data from Mercury are adequate to compare the records
following the UNEs and apply boundary conditions to the 16 gas seepage
models at Pahute Mesa (see Fig. 4 for examples).

The barometric pressure record was analyzed to identify character-
istics and patterns in the record that might promote high rates of sub-
surface gas seepage. Multi-day barometric pressure drops (~100 h) of
several kPa (>0.002 MPa) have been identified as the dominant changes
that drive barometric pumping, as those frequencies and amplitudes
occur sufficiently often and have the potential to penetrate the subsur-
face to depths of the cavity and chimney where radioactive gases are
present (Burkhard et al., 1989; Harp et al., 2019). The magnitude of
multi-day pressure changes varies throughout the year, with larger
amplitudes associated with storms during the fall and winter months,
and smaller amplitudes during the spring and summer. For each UNE,
the largest multi-day barometric-pressure decrease within the first 90
days following the test date was identified, and reported in Table 1 along
with the day following the test that the pressure change began. These
seasonal differences are evident in the barometric pressure records for
the 30 days prior to and 90 days following the Bodie and Serena UNEs
(Fig. 4). The Bodie UNE was detonated on Dec. 13, 1986 and the baro-
metric pressure change amplitude is much larger than for the barometric
pressure record for the Serena UNE detonated on July 25, 1985. These
two barometric pressure records highlight the seasonal difference in the
barometric pressure record for a UNE that has late-time seepage (Bodie)
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Fig. 4. Comparison of barometric pressure records for UNEs Bodie (late-time
seepage detected) and Serena (contained). The vertical dashed line represents
the time (to) of the detonation.

and a contained UNE (Serena).

2.4. Barometric pressure decomposition

In this section, we summarize an analytical barometric-pumping
efficiency analysis applied to the data from the 16 UNEs presented in
a companion paper, Harp et al. (2020), due to its relevance to the current
research. The analytical approach is based on analytical solutions
derived by Nilson et al. (1991a) and described in detail in Harp et al.
(2019). The barometric-pumping efficiency quantifies the ability of a
barometric component (frequency/amplitude pair) to extract gas
through fractured rock to the ground surface, and we refer readers to
Harp et al. (2020) for further discussion.

The barometric records collected from the Mercury, NV weather
station associated with each UNE were decomposed into frequency/
amplitude pairs using a Fast Fourier Transform algorithm. As in the
analysis in the previous section, the barometric records include 30 days
prior and 60 days after each UNE. The top plot in Fig. 5 presents the
period/amplitude pairs, where period = (2n)/frequency. The compo-
nents associated with tests with late-time gas seepage to the ground
surface are in red and those without seepage are in blue to indicate
differences in barometric components between leaked (late-time
seepage observed) and contained tests. Additional analysis of the
barometric decomposition for the 16 UNEs is presented in companion
paper Harp et al. (2020).

Red - Leaked test
Blue- Contained test

P - N
o o =3
<3 =] S)
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o
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We used geologic and hydrologic data discussed below to assign air-
filled porosity, matrix permeability, and depth of burial for each UNE.
Using these decomposed period/amplitude pairs and properties, we then
calculated the barometric pumping efficiency using equation 14 in Harp
et al. (2019). We present these efficiencies in the bottom plot of Fig. 5,
where the barometric components associated with leaked UNEs are in
red and contained UNEs are in blue. By inspecting the locations of red
versus blue points, it is apparent that for periods longer than a few days,
both the amplitudes and efficiencies for leaked tests are generally higher
than for contained tests.

2.5. Emplacement hole core data

Measurements from core of the emplacement holes for each of the 16
UNEs were used to estimate the hydrostratigraphy, matrix properties
and pneumatic diffusivity (Wood, 2007). The core data records the
undamaged, pre-UNE rock and moisture conditions. Example datasets
from the Egmont and Barnwell emplacement holes (pre-shot core) are
shown in Fig. 6 (Burkhard and Wagoner, 1989; Wood, 2007). The fig-
ures highlight essential differences between UNEs located in areas
where the Thirsty Canyon Volcanic Aquifer (TCVA) forms the uppermost
unit versus those UNEs located in areas where the Timber Mountain
Welded Tuff Aquifer (TM-WTA) forms the caprock (see Table 3 for HSU
descriptions). The TCVA and uppermost part of the TM-WTA typically
have total porosities of approximately 40-50% and air-filled porosities
averaging around 20%. Where these zones are present in the shallow
subsurface, the large air-filled porosity provides storage to buffer the

15

20

Period [days]

Fig. 5. (Top) Frequency decomposition of 16 barometric signals during un-
derground nuclear tests presented as amplitudes as a function of period. (Bot-
tom) Barometric pumping efficiency analysis of period/amplitude pairs from
top plot. Red dots correspond to 5 UNEs with gas leakage at late times. Blue
dots correspond to 11 contained UNEs. (From Harp et al., 2020). (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 6. Comparison of measured saturation, porosity, and air-filled porosity
from the Barnwell (top) and Egmont (bottom) emplacement holes. The eleva-
tion of the contacts between HSUs (NSTec, 2014), the water table and working
points of the UNEs are also shown. Additional details for HSU depth are given
on Table 3.
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overlapping media at each computational node, one representing frac-
tures and one representing porous media (Jordan et al., 2012), and is
applied in the model to simulate flow and transport in both matrix and
fracture nodes. With the GDKM approach, fluid can move quickly
through permeable, small-porosity fractures while still diffusing tracer
gas into the more porous, low-permeability matrix. The GDKM approach
is consistent with the conceptual models of previous investigations that
consider natural and UNE-induced fractures to be the dominant path-
ways for gas migration due to their high permeability and small air-filled
porosity (Carrigan et al., 1996, 2016; Jordan et al., 2014; Bourret et al.,
2019).

Sixteen numerical models were built to evaluate gas seepage obser-
vations at deep, unsaturated-zone UNEs on Pahute Mesa. Each of the 16
sites are represented by a simple 2D-orthogonal computational mesh
generated using the LANL developed software GRIDDER (https://gith
ub.com/lanl/gridder, 2018) and are solved assuming radial symmetry.
The computational mesh is rectangular with radial and vertical di-
mensions of 500 m by 700 m, respectively. Grid spacing is uniformly 10
m in the vertical direction, and varies laterally from evenly spaced (Ar =
10 m) near the emplacement hole to logarithmically-spaced toward the
outer lateral boundaries, where Ar = 98 m. Although the computational
mesh is the same for all sites, the details of the emplacement hole
hydrostratigraphy presented in Table 3 are assigned to distribute the
flow and transport parameters for each HSU. Borehole data from NSTec
(2014) was used to identify contacts between HSUs at each emplace-
ment hole for each UNE site. Then, the average porosity, saturation, and
air-filled porosity of each HSU at each emplacement hole was calculated
using data compiled in Wood, 2007, and assigned to individual HSUs in
each of the 16 UNE gas migration models. Permeability was assigned to
the HSUs according to rock type to have consistent parameters between
each site. The HSUs present at Pahute Mesa were grouped into four rock
types, which include welded tuff, zeolitic tuff, vitric tuff, and rhyolitic
lava. While porosity, air-filled porosity and saturation were assigned
based on the emplacement-hole specific core measurements, assigning
the average measured value (Fig. 6) to each HSU in each model, hy-
draulic properties for the fracture and matrix permeability within each
of the four rock categories are assumed to be the same across the 16
models. Individual layers within each model were further assumed to be
homogeneous and isotropic.

In addition, the depth of the water table and working point vary in
each model. Because the measurements represent pre-shot conditions, a
damage structure is overlaid on the background HSUs to represent the
cavity and collapse chimney. Following the Barnwell model (Bourret
et al., 2019), this inner damage zone is surrounded by an additional
damage structure radiating out to 2 cavity/chimney radii to incorporate
the effects of testing-induced fractures beyond the cavity and chimney.
Additional damage zones between the top of the chimney and the
ground surface are included to represent permeability increases associ-
ated with uplift and collapse of the ground surface due to the upward
propagation of the blast wave. Properties of the damage structure zones,
including porosity, fracture spacing, and permeability, are based on the
calibrated damage structure parameters determined from the earlier
modeling of the Barnwell site (Bourret et al., 2019). Flow parameters are
reported in Table 4. An example grid for the Belmont UNE site is shown
in Fig. 7.

An initial condition for each model is created by performing a
simulation to establish steady-state pressure conditions at depth. Then,
pre-shot conditions are simulated using the 30-day barometric pressure
record prior to the UNE date to establish the transient subsurface pres-
sure. Lastly, a radionuclide transport simulation is run using the
measured barometric pressure conditions for at least 80 days, and up to
2 years following the test date for each UNE. The simulated gas activities
of different radioisotopes at various distances from SGZ during this last
period are recorded for comparison to the late-time seepage observa-
tions. Gas samplers and radiation detectors were deployed at each site in
the mid-to-late 1980s to measure radioactive gases at the ground surface
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Table 4
Parameters assigned to each HSU and damage zone, including permeability for
both fracture and matrix, as well as fracture spacing. Parameters based on
detailed calibration performed for the Barnwell site, described in Bourret et al.
(2019).

continuum HSU Permeability (m?) fracture spacing (m)

matrix rhyolitic lava 1.05e-16 -
vitric tuff 1.44e-13 -
welded tuff 4.14e-15 -
zeolotic tuff 1.80e-17 -
chimney material 1.00e-16 -

fracture background 4e-12 1.5
chimney/cavity (1r) 3e-10 0.5
chimney/cavity (2r) 4e-11 1
damage zone (1r) 8e-11 1.5
damage zone (2r) 8e-12 1.5
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Fig. 7. Example 2D computational grid used for gas migration modeling
(Barnwell). The variable grid spacing (connectivity of the mesh), contacts be-
tween HSUs, and the damage zones can be seen in this figure. The different
colors represent log matrix permeability, with low permeability units shown in
blue, and high permeability units shown in red. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version
of this article.)

following the UNE. For the vertical shaft-type tests considered in this
paper, the typical surface monitoring layout consisted of 8 sensors ar-
ranged in a ring centered around SGZ, as well as at SGZ itself (U.S.
Congress, 1989). As mentioned elsewhere, elevated temperature and
pressure conditions in the cavity and its surroundings that are generated
by an UNE are not considered in these single-phase, gas flow
simulations.

3.2. Transport assumptions

For computational efficiency, it is assumed that both water and gas
are present in the models, but only gas is able to flow due to pressure
gradients. Liquid water is precluded from moving by use of a relative
permeability function that ensures virtually no liquid flux. This is an
acceptable approximation for Pahute Mesa where low infiltration rates
(~5 mm/yr) limit the importance of water flow for gas transport during
the relatively short simulation period (80-700 days). However, the
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immobile pore and fracture water participates in the transport solution
by storing tracer gases through Henry’s Law partitioning, and effectively
slows all tracer migration to the ground surface (Neeper and Stauffer,
2012; Harp et al., 2018, 2019). Iodine, in particular, is about 800 times
more soluble than xenon, and thus relatively immobile until it decays to
xenon. Table 5 lists the isotope-specific half-lives, Henry’s Law co-
efficients and free-air and free-water diffusion coefficients. The FEHM
code adjusts the free-air and free-water diffusion coefficients to account
for the total and air-filled porosity in both the matrix and fracture
continua based on the Millington-Quirk algorithm (Millington and
Quirk, 1961).

3.3. Source term

To simulate the radionuclide inventory associated with each histor-
ical UNE in an unclassified setting, an initial mass of radioactive gas is
calculated using the maximum announced yield (150 kt) of each test, as
listed in U.S. DOE (2015), and the moles per kt yield of individual ra-
dionuclides listed in England and Rider (1994). It is assumed that
UNE-generated gases are evenly distributed in the fracture nodes of the
cavity, so that the initial concentrations of individual radioactive gases
in the models reflect the cavity volume and porosity. Likewise, the cavity
volume itself is based on the maximum of the announced yield range in
U.S. DOE (2015) and an empirical relation between cavity radius and
yield, burial depth and average overburden density reported in Pawloski
(1999).

The nuclear device designs and explosive yields associated with the
UNEs included in this analysis are classified and unknown to the
modeling team. However, to compare the different UNEs in an unclas-
sified setting, we make the unsubstantiated assumption that explosive
yield of each UNE was generated solely by fission of 2*°U. The 2%°U
fission products from a UNE include a 133 chain starting with 3%In, and
eventually decays to radioactive daughter products 33, 1*3™Xe, and
133%e (Sun et al., 2014; England and Rider, 1994). By 0.1 days, '*°I is the
dominant isotope in the 133-chain, so the moles of all parents in the 133
chain above %3 produced by the fission yield are summed to find the
initial masses of '2%I, 133™Xe, and 133Xe at the start of the gas transport
simulation. This simplification of the decay chain reduces the compu-
tation time for the transport simulations. Simulated concentration re-
sults are reported for 33Xe concentrations because it is the most
abundant isotope for the time-period typical for gas detection (2-30
days). &Kr and ¥ Ar, with half-lives of 10.7 yr and 35.04 days, are other
activation product isotopes that were detected following some Pahute
Mesa UNEs; however, the source terms for the 85- and 37-chains were
not simulated in this study because of recent emphasis for treaty
monitoring on xenon-isotopes ratios as evidence for nuclear tests (e.g.
Kalinowski et al., 2010). Radioactive decay information is given in
Table 5.

Table 5
Transport and radioactive decay parameters assigned to simulated tracers in
simulations.

Transport parameter 1331 133mye 1335

Half-life (days) 0.87 2.19 5.24

Branching factors (—) - 0.028 0.972

Henry’s Law coefficient 3.1 0.0043 0.0043
(K3;), mol kg~! bar™'*

Molecular diffusion coefficient 7.20 x 107° 1.24 x 107° 1.24 x 107°
in air (D), m? 1P

Molecular diffusion coefficient 1.2 x 107 1.5 x 107 1.5 x 107

in water (D), m?s!

2 From Sander, 2018.

> From Smith and Loyalka (2010).
¢ Cantrel et al. (1997).

4 From Carrigan et al. (1997).
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4. Results
4.1. Effects of air-column height and pressure drop

The APgy/h ratios presented in Table 1 are plotted against the day the
pressure drop began in Fig. 8. The APgy/h ratios of UNEs with observed
late-time seepage show a different range in values compared with the
APggp/h ratios of contained UNEs. The timing of the largest pressure
swing is also a relevant variable, with four of the five tests with observed
late-time seepage tending to have a large pressure swing within 30 days
of detonation, before the xenon isotopes decay below their detection
threshold (1 mBq/rng). As illustrated in Fig. 8, the ratio of APgy/h has
some discriminatory power in identifying which UNEs are likely to have
late-time seepage, but there is a narrow range in the APgy/h ratio
(0.3-0.4) that includes sites both with and without seepage detection at
the ground surface. It should be noted, however, that after 50 days,
133%e concentrations are probably too low to be detected, given that
only 8Kr was detected at Kappeli at 61 days (Table 1). Therefore, the
absence of detectable radionuclides for UNEs with maximum APgy/h
after 70 days at Belmont, Cybar and Serena may have as much to do with
the decay of radionuclides to undetectable levels as to the APgp/h ratio
of these UNEs.

4.2. Simulation results

133X e was the dominant isotope observed during the typical late-time
seepage and was thus chosen to identify if the detection limit was
reached during simulation. The criterion for >*Xe detection is that the
simulated 33Xe activity exceeds 1 mBq/m? at the ground surface. Other
isotopes in the 133 decay chain, including ***™Xe and %3 have lower
activities than '33Xe due to differences in half-lives and branching fac-
tors on radioactive decay rates, and would be expected to be detectable
only if 133Xe was detected.

Table 1 shows the simulation results for each UNE. For the 5 UNEs for
which late-time seepage was observed, the simulations predict gas
breakthrough above the detection limit. Similarly, simulations of all
contained UNEs do not show 133Xe activity exceeding the detection limit
at the ground surface. Although we do not directly simulate 57 Ar or 8K,
it is reasonable to expect that given their long half-lives (Table 5), they
will eventually seep during winter months where geologic conditions
are favorable. The simulations confirm that upward gas migration is
highly tied to the timing of barometric pressure lows and the air-filled
porosity above the working point. Although the simulations do a good
job of predicting the occurrence of late-time seepage, they have variable
degrees of success in predicting the timing of '3*Xe activity surpassing
the detection limit. Typically, the late-time seepage was measured
earlier than predicted by the simulation. In addition, there are several
UNEs in which radioactive gases were not detected at the ground sur-
face, but where simulated gas activities at SGZ came close to the
detection limit.
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0.02
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0.00

seepage detected
no detection
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40 60
Days since test date

Fig. 8. Ratio (APgo/h) of the largest pressure change within 90 days following
each UNE (APgp) to the thickness of the air-column above the working point
(h), plotted against the day of the start of the largest pressure decrease.
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The discrepancies in late-time seepage timing may be the result of
the over-simplification of physical features in the subsurface. We
assumed that all of the 16 UNEs had the same geometry for the cavity,
chimney, and outer damage zonation. This may not be realistic when the
HSU and rock mechanical properties vary, which may change the size
and shape of the UNE-damage structure from UNE to UNE. The models
also do not include mapped fractures, faults, or engineered features,
such as the emplacement hole or other drill-back holes, where a poor
seal could produce a preferential connection from the chimney to the
ground surface. Additionally, the simulations do not include the heat
and pressure associated with the detonation; only atmospheric pressure
changes drive gas flow in the simulations. Sun and Carrigan (2014) show
that the heat and pressure of detonation can be an important driver of
early-time UNE-related gas flow, and ignoring this effect may be
responsible for the simulated seepage arriving later than the measure
seepage for Bodie, Labquark, and Tierra. Nevertheless, early-time,
thermal convection is a highly energetic and localized phenomenon
associated with all UNEs that is likely less affected by local variations in
geology surrounding the working point than a late-time, less energetic
and dispersed phenomenon such as barometric pumping, so it is not a
factor that discriminates if late-time seepage or containment are likely.
If these other complexities were included, it is plausible the simulations
would reproduce the early detection of radioactive gases more accu-
rately; however, we would also predict some simulated seepage that was
not observed during testing using the current model set up.

Unique among the UNEs with observed late-time seepage is Kappeli,
which has a favorable TM-WTA caprock, but a summer detonation date
(7/24/1984). The ‘quiet’ barometric pressure signal immediately
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following this summer UNE likely limited gas flow. However, late-time
seepage was observed after two months (late September) when the
arrival of a fall storm resulted in a significant multi-day pressure drop. In
contrast to the other UNEs with observed late-time seepage, 5°Kr was
observed 61 days after the Kappeli detonation, and no xenon isotopes
were measured. At 61 days, most of the 133I, 133mXe, and 1%3Xe isotopes
would have decayed to very small activities because of their relatively
short half-lives compared to 8Kr (10.7 yr). The Kr detection nearly
two months after the test suggests that longer-half-life isotopes or ratios
of stable daughter products may provide a longer detection window for
UNEs, and should be considered in sampling strategies for suspected
sites.

To illustrate the model results, Fig. 9 shows simulated results of the
133%e activity at various radial distances from SGZ for four of the UNEs:
Barnwell, Bodie, Egmont, and Serena. Although the simulated 133%e
activities of all UNEs increase with falling barometric pressure, as ex-
pected, the simulated '33Xe activities at Barnwell and Bodie exceed the
detection threshold whereas those at Egmont and Serena do not, in
agreement with the observations. The results for all UNEs show that
peak surface concentrations decrease with distance from SGZ, as ex-
pected for these radially-symmetric simulations.

Fig. 10 shows the simulated !33Xe activities for the simplified
Barnwell model at 9.3 and 50.3 days following the detonation. The
simulated !33Xe activities in the simplified Barnwell model are sub-
stantially different from those of the full Barnwell model (Bourret et al.,
2019), despite matching the first arrival at about 10 days. Whereas the
full Barnwell model that included topography, faults and lateral thin-
ning of HSUs resulted in significant subsurface lateral transport toward a
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Fig. 10. Example simulated 133xe concentration (ran/mB) at 9.3 (left) and 51.3 days (right) following the Barnwell UNE. The detection limit is 1 ran/m3 (white).

The influence of the damage structure on gas migration is evident in the model.

canyon as well as transport toward SGZ (Bourret et al., 2019), the
simplified Barnwell model shows predominantly vertical transport
centered around SGZ. The differences in seepage locations between the
simplified and full Barnwell model highlight how inclusion of subsurface
details impacts the location where greater late-time seepage might
occur. Although the timing of the release may be more important than
the seepage locations for long-range atmospheric monitoring, seepage
locations may be of interest during on-site inspections.

5. Discussion

Several possible factors were considered in this study to determine
what variables facilitate late-time seepage following an UNE. For the 16
Pahute Mesa UNEs examined in this study, the proximity of SGZ to the
surface trace of a nearby fault and the severity of post-UNE surface
damage associated with each test were not obvious factors affecting
which UNEs produced late-time gas seepage and which were contained.

5.1. Mapped feature analysis

The lack of correlation between late-time seepage and the distance to
nearby faults is certainly a counterintuitive result given the observations
made by Bourret et al. (2019), and because large faults are likely to have
deeper penetration depths and provide continuous gas transport path-
ways across layers with low pneumatic diffusivity. However, some faults
may decrease the relative permeability of the host rock which may
explain the result. It is possible that the UNEs would have to be far closer
to faults than the UNEs considered in this study before radioactive gases
could take advantage of enhanced fracturing in the fault damage zone,
with damage zone widths of a few meters to several tens of meters
observed at the NNSS (Prothro et al., 2009a; Sweetkind and Drake,
2007). It is also possible that typical monitoring strategies in the 1980s
did not focus specifically on fault traces, and instead adopted a sampling
strategy based on concentric rings centered on SGZ (U.S. Congress,
1989) that may have resulted in the lack of measurement of gases where
and when detectable concentrations did occur. Likewise, the apparent
lack of correlation between post-UNE damage severity and late-time
seepage is counterintuitive. More severe surface damage that includes
subsidence craters results from the upward propagation of a rubblized
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chimney from the cavity all the way to ground surface. In this instance, a
continuous vertical transport pathway is almost certainly present that
would transport radioactive gases.

5.2. Air-filled porosity

More in line with expectations, the air-filled porosity of the host
rocks overlying the working point, as well as the seasonal control on
barometric pressure changes following the UNE appear to be the key
factors determining whether or not radioactive gases were detected.
Woodward (1987) notes that all Pahute Mesa UNEs that had late-time
seepage had a welded tuff (TM-WTA) as the surficial unit. In contrast,
contained UNEs had either the TM-WTA or the TCVA, as the caprock.
Core data taken from the emplacement holes showed that the TCVA had
consistently higher air-filled porosity than the TM-WTA. The
non-to-partially welded TCVA provide ample gas storage to buffer
barometric pressure changes and has few if any fractures. Both factors
would tend to damp the amplitude of downward barometric changes
that would draw radioactive gases upward toward the ground surface
following a UNE, and therefore, the likelihood of late-time seepage. The
potential for late-time seepage was vastly increased when these
non-welded intervals of the TCVA and uppermost TM-WTA were eroded
away, exposing the more densely-welded, fractured portions of the
TM-WTA at the ground surface. However, UNEs with observed late-time
seepage had TM-WTA thicknesses of 140-390 m, while UNEs without
detected late-time seepage have TM-WTA thicknesses of 120-350 m,
suggesting the thickness of the TM-WTA itself is not a discriminator of
post-UNE seepage.

The effect of the air-filled porosity can also be seen in the decrease in
the barometric efficiency. Harp et al. (2020) calculate barometric effi-
ciencies for the 16 UNEs considered here. The results reported in their
paper show that in general UNEs with late-time seepage had higher ef-
ficiencies while contained UNEs had lower efficiencies. Similarly, this
result is also reflected in the APgy/h ratios, which show higher ratios for
UNEs with late-time seepage compare to contained UNEs, providing a
means of discrimination based on field data. This approach relies on
subsurface geologic data, which may be difficult to estimate at a sus-
pected site; however, some basic knowledge of the geology and structure
(major faults) will be available at most known or suspected UNE sites
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from satellite imagery. Therefore, the porosity and perhaps even
air-filled porosity could be estimated based on data from analog sites
with similar material. We also expect that general information about
climate and average annual precipitation of the suspected site would be
known. Using data gathered remotely or from analog sites, it might be
possible to estimate infiltration rates or subsurface water content.

5.3. Pahute Mesa simulations

The simulated results presented in this paper build on previous
modeling and analysis at the Barnwell site, which is one of the 16 UNEs
investigated in this study (see Table 1). Using the UNE-damage structure
parameters estimated from previous modeling of tracer injection tests
and UNE-related gas flow simulations at the Barnwell site (Bourret et al.,
2019), the complexity was reduced for the 16 UNE models described in
this paper, while maintaining many essential features (i.e. cavity,
chimney and spall zones) necessary to predict gas seepage behavior. The
results show the damage structure (chimney/cavity) had a significant
control on the primary gas migration pathway, focusing flow and gas
transport in the high permeability regions associated with the chimney
and surrounding damage zone. However, simplifications and assump-
tions made in the modeling approaches of this study produced notice-
ably different transport patterns compared to the full Barnwell model.
For example, the full Barnwell model included topography, two faults,
and lateral pinching out of certain HSUs, all of which contributed to
greater subsurface heterogeneity. As noted earlier, the inclusion of these
features leads to significant changes in gas migration behavior compared
to the simplified horizontal layering of HSUs in this study, which in
contrast show gas transport up the chimney toward SGZ. Additionally,
these simplified models ignore all engineered features, such as drill-back
and stemming in the emplacement holes, that may provide pathways for
containment failure. Thus, different seepage pathways beyond the cav-
ity/chimney structure might be identified if faults or engineered features
were included. However, the UNEs selected for this study all have
similar engineered features and drill-back histories, as well as similar
yield range and depth of burial, suggesting these factors are not
discriminating factors for late-time seepage occurrence. We conclude
that the details of the subsurface heterogeneity matter for predicting
actual seepage locations, but may be less important for remote sampling
where the likelihood and timing of seepage is of primary interest.

6. Conclusions

Data associated with 16 UNEs conducted at Pahute Mesa, NNSS, in
the mid-to-late 1980s were examined to determine what factors control
whether or not late-time seepage following a UNE was likely to occur.
Five of the 16 UNEs had detectable post-UNE gas seepage in the days to
months following each test, whereas the remaining 11 did not. Each of
the 16 UNEs were conducted in tuffs, had similar depths of burial,
explosive yield ranges, and were conducted by the same testing orga-
nization using the same emplacement and stemming methods and post-
UNE gas monitoring approach. Among the possible factors examined
were the degree of surface damage, proximity to faults, hydro-
stratigraphy, and characteristics of the barometric pressure record
following the UNEs. From detailed analyses it was determined that:

1. There is no clear relationship between surface damage intensity or
proximity to faults and the likelihood of late-time seepage.

2. The presence of a high porosity surface HSU (TCVA) and other
subsurface HSUs with high air-filled porosity (vitric tuff) contributes
to high gas storage and decreases the pneumatic diffusivity in the
shallow subsurface. This damps the effect of barometric pumping
and decreases the likelihood of late-time surface gas seepage.

3. The season of the test date of an UNE may be an important factor in
predicting if late-time seepage will occur. At Pahute Mesa, this is due
to the greater amplitudes in multi-day barometric pressure swings,
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and thus a strong increase in the barometric efficiency and APgy/h
during the fall and winter months.

4. Simplified numerical models of each of the 16 UNE sites were able to
reproduce the observed occurrence of late-time seepage or contain-
ment for each UNE site when they incorporated the UNE-specific
hydrostratigraphy, air-filled porosity measurements, and the histor-
ical barometric pressure data at each site. However, the precise
timing of detection for UNEs with late-time seepage is not currently
captured in the simulation results, which can be attributed to
simplified geometries and possibly the neglect of early time post-
UNE pressure and temperature effects. The models presented here
indicate the level of accuracy that could be expected when
attempting to estimate the occurrence and timing of post-UNE
seepage at foreign sites where a reasonable degree of knowledge
about the subsurface and seasonal meteorological conditions exists.
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