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A B S T R A C T

The ability to differentiate between atmospheric radionuclide signatures from underground nuclear explosions
(UNEs) and signals from other sources, such as medical isotope-production facilities and nuclear reactors,
can be critical to the detection and monitoring of unannounced, low-yield nuclear events. Signatures having
anomalously high amplitudes, compared to background levels, remain the best indicator in screening for a
UNE. However, isotopic composition can further validate a suspected UNE signature, but separation from any
atmospheric background composition is first necessary. To date, evaluating the challenges of performing this
separation has typically involved comparing an observed background with a highly idealized deterministic
model of radioxenon signature production by a UNE that does not consider the influence of post-detonation
chemical/physical processes in the detonation cavity or the subsequent gas transport mechanisms that can
also affect the isotopic composition of the detected gas signature. In addition, purely deterministic models,
as previously employed, overlook the uncertainty inherent in estimating critical parameters characterizing the
UNE and its detonation environment. In this paper, we create detailed, multi-parameter models of radionuclide
evolution using the widely accepted England and Rider post-detonation radionuclide decay-chain network
coupled to detailed models simulating physical production and transport processes affecting the gas signature.
Because these models are governed by uncertain parameters including barometric fluctuations, realistic ranges
of variation for each of the parameters influencing isotopic composition are then defined. A Latin-Hypercube
sampling approach is used to obtain a random distribution of isotopic production and gas transport results
associated with a given value of each parameter. We apply these results to background histories of two
stations, one providing 4-isotope background measurements and the other providing two-isotope measurements
associated with the 2013 DPRK announced UNE.

1. Introduction

Screening radionuclide signatures produced by underground nu-
clear explosions (UNEs) from the atmospheric radionuclide background
(ARB) is particularly challenging for several reasons. While exten-
sive atmospheric measurements obtained over the last decade exist
characterizing ARB at many different locations, only rarely have signa-
tures clearly associated with UNEs been captured by the International
Monitoring System (IMS) of the Comprehensive Test Ban Treaty Or-
ganization. This lack of available UNE isotopic data for developing
well-documented UNE signature examples has led to substituting the
predictions of idealized models of isotopic evolution to allow com-
parison with the actual isotopic background measurements. However,
these deterministic UNE signature models represent an endmember and
idealized case in which all gases in the detonation cavity are assumed
well-mixed and confined within the cavity during their compositional
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evolution. Such assumptions affect the time-dependent isotopic com-
positions (i.e., isotopic ratios) within the cavity (Carrigan et al., 2020)
and are known not to hold rigorously. For example, drilling back
into post-detonation UNE cavities indicates that condensates of parent
radionuclides of isotopic xenon may be lost to both the molten rock
puddle forming at the bottom of the chamber as well as to the surfaces
of the rubblized containment zone at early times during isotopic xenon
evolution (Cassata et al., 2014; Carrigan et al., 2020). Simulations of
the condensation and subsequent separation of parental radionuclides
from the overlying gas phase in the post-detonation cavity along with
gas leakage from the cavity have been shown to potentially influence
the composition of gases detected at the surface (Carrigan et al., 2020,
2022). More detailed isotopic evolution models have been developed
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Fig. 1. The four-isotope chart, sometimes referred to as a Kalinowski plot, is divided into a background zone (left side) and a nuclear test zone (right side) of the ‘‘Discrimination
Line’’ representing an arbitrary boundary between the zones. The magenta crosses represent individual atmospheric measurements while the continuous green line represents the
time-varying output of a Light Water Reactor (LWR). The curves to the right of the ‘‘Discrimination Line’’ represent the idealized evolution of radioxenon for the U235f decay
chain. The plot is taken from Carrigan et al. (2020). LWR data is replotted from Kalinowski et al. (2010). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

that introduce additional parameters compared to the simpler well-
mixed and fully contained model (Carrigan et al., 2022) including fur-
ther refinement of the post-detonation condensation process of relevant
isotope precursors (Bourdon and Pili, 2023). Unfortunately, most UNE-
defining parameters (e.g., depth, nuclear yield, containment zone rock
and soil characteristics, etc.) tend to be poorly known or not known at
all, and only estimates of their ranges are typically possible during the
monitoring process. The migration of gases from the post-detonation
cavity is responsible for further modification of the signature relative
to the idealized, well-mixed and perfectly contained case (Carrigan
et al., 2022). However, detailed models attempting to characterize
transport of gases across the zone of containment introduce further
uncertainty owing to unknown values of the new parameters required
to characterize the different modes of leakage to the surface.

While deterministic models may be helpful for understanding how
cavity and containment zone processes can affect isotopic signatures,
it is apparent from the degree of parametric uncertainty that a more
statistical approach must be considered if one is to reach any meaning-
ful conclusions about the potential impact of the isotopic background
on screening for hypothetical UNE signatures. In this paper we develop
probabilistic models for estimating the range of possible radioxenon gas
signatures for each considered parameter that contributes to defining a
particular UNE.

One of the goals of this study is to estimate the likelihood that the
signature of a UNE, defined by a given set of parameters, will fall into or
intersect the zone on a xenon isotopic chart that is defined or populated
by the presence of background ‘‘noise’’. What has become a classic
representation of the relationship between atmospheric background
and a UNE signature is the four-isotope plot shown in Fig. 1 based on
the earlier work of (Kalinowski et al., 2010).

The solid blue line in Fig. 1 represents the temporal evolution of
radioxenon ratios, which arise from the ingrowth due to the decay of
radioactive precursors, starting at time 𝑡 = 0. This point corresponds
to the intersection of the solid and dot-dashed lines. The dot-dashed
cyan line illustrates the evolution of the isotopic xenon produced
immediately at 𝑡 = 0+, referred to as the ‘‘independent yield (IY)’’ of
radioxenon isotopes. The righthand side of the figure is based entirely
upon the isotopic decay of four isotopes, as determined by England

and Rider (1994). For the decay-chain model of England and Rider
to accurately represent the isotopic evolution of gases in the UNE
detonation cavity, it requires potentially unrealistic assumptions of a
well-mixed and closed cavity (Carrigan et al., 2020). These assumptions
that will be discussed in further detail.

The England and Rider model for UNE isotopic evolution, which
relies solely on the decay of precursors of the four xenon isotopes
in the cavity, is also subject to some uncertainty. Sloan et al. (2016)
demonstrated that uncertainty in the initial concentrations of radioac-
tive precursors, or parents of the relevant xenon isotopes, is propagated
along the ingrowth curve. This propagation results in a zone on the
four-isotope plot that has a 95% probability of containing the xenon
isotopic ratios (see Fig. 2).

More realistic models of signature evolution in the post-detonation
cavity, which introduce additional uncertain parameters, have been
considered by several authors (Carrigan et al., 2016, 2020, 2022;
Bourret et al., 2021; Bourdon and Pili, 2023). In this paper, we
adopt a probabilistic approach to screening UNEs and utilize well-
known decay-ingrowth networks, specifically, their structure, half-
lives, branching factors, and independent yields, based on the Eng-
land and Rider database. For future studies, updated nuclear fission
databases (e.g., Plompen et al. (2020)) should be considered in case-
specific analyses, provided that they demonstrate reduced uncertain-
ties. In our models, the post-detonation precursor rainout process
is simplified as a Heaviside function of temperature, using a tem-
perature profile simulated according to Olsen (1967). When better
hydrodynamic information becomes available, other factors, such as
pressure and oxygen concentrations, should be incorporated into the
calculations for the condensation and rainout of radioxenon precursors.

Subsurface gas transport has also benefited from the development
of more sophisticated models (Lowrey et al., 2013; Sun and Carrigan,
2014; Sun et al., 2015; Jordan et al., 2015; Carrigan et al., 2016, 2022;
Bourret et al., 2019; Harp et al., 2020). Collectively, these papers sum-
marize the current understanding of the complex interactions that may
potentially occur within the detonation cavity and during transport
across the overlying containment zone, leading to deviations from the
England and Rider-based model. In what follows, we will explore the
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Fig. 2. The 4-isotope plot illustrating the bounds of uncertainty in the xenon isotopic
ingrowth curve that is propagated by estimated errors in initially produced relative
concentrations of radioxenon precursors and other decay-chain parameters. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
Source: Modified from Sloan et al. (2016).

effect of parametric uncertainty on the probability of obtaining a spe-
cific radioxenon signature at the point of release into the atmosphere.
This uncertainty arises not only from a lack of information regarding
the details of test-site engineering and emplacement parameters of an
unannounced UNE, such as yield, fission type, and depth of detona-
tion, but also from significant uncertainties related to the containment
zone’s host rock and soil properties, including permeability, saturation,
porosity, and natural and post-detonation fracturing.

2. Methods

2.1. Analytical model of source evolution

The closed-form solution simulates time-dependent mass exchanges
among the UNE cavity, melt puddle, and surrounding host rock (Sun
et al., 2021, 2023). The model calculates xenon production associated
with the independent yield and ingrowth chain reactions, while also
tracking xenon fluxes from the cavity into the host rock, including the
underlying rock melt. The physical processes involved include:

1. thermally induced condensation (rainout) of refractory iodine
precursors from cavity to rock melt,

2. seepage of cavity gases into a fractured containment zone,
3. back diffusion from melt puddle to the cavity, and/or
4. prompt venting of cavity gases to ground surface.

The independent yields provided by England and Rider (1994)
serve as the initial conditions in the source evolution model. However,
the uncertainties associated with independent yield, expressed as a
multiplier between 0 and 1, represent the 11th uncertain input (see
Table 1). A value of zero indicates no uncertainty, while a value of one
corresponds to the uncertainty published by England and Rider (1994).
The xenon fluxes calculated from the source evolution model will be
utilized as source terms in the subsurface transport models (see Fig. 3).

2.2. Numerical model of subsurface transport

Nonisothermal multiphase reactive transport, represented by mass
and energy balance equations for water, air, and radionuclides in
liquid, gas, and non-deformable solid phases, is simulated using the

LLNL NUFT code (Nitao, 1998; Hao et al., 2012; Sun et al., 2012;
Sun and Carrigan, 2016). As illustrated in Fig. 3 (yellow box), xenon
isotopes produced from UNEs and simulated using the source-evolution
model serve as source-term inputs to the subsurface transport models.

Based on our previous study, we consider convection, dispersion,
diffusion, gas dissolution in liquid, and gas sorption on solid porous
media. Phase change, driven by UNE residual heat, and barometric
pumping are the major driving forces transporting xenon isotopes from
a UNE source to the ground surface. The model grid is generated
according to uncertain inputs, such as yield, rock type, depth of burial,
and initial rock saturation. A dual-permeability model is employed to
account for fractures and the rock matrix.

Latin hypercube sampling (McKay et al., 1979) is used to gener-
ate sample points in the 11-dimensional parametric space. Numerical
models of subsurface transport are then developed and executed at
these sample points. The main outputs considered are the xenon iso-
topic concentrations at the ground surface and the xenon fluxes to
the atmosphere, integrated over the entire surface area of the study
domain.

2.3. Uncertainty quantification

We utilized the LLNL PSUADE (Tong, 2005) non-intrusive,
sampling-based approach to generate probability density functions
for xenon concentrations and fluxes, as well as to conduct sensitiv-
ity analyses. This sampling-based method is employed to establish
the relationship between model outputs and uncertain inputs. System
parameters were selected based on previous studies regarding their
influence on isotopic signatures in the cavity and at the ground surface.
Table 1 lists all considered parameters and their respective ranges.

The Sobol’ sensitivity analysis (Sobol’, 1990), which is calculated
based on the decomposition of model output variance into components
corresponding to the variances of uncertain inputs, determines the
contribution of each uncertain input and its interactions with other
uncertain inputs to the variance of the overall model output of interest,
such as xenon concentrations and fluxes. The total sensitivity of the
output (e.g., xenon concentrations) to uncertain inputs is computed as
the sum of all sensitivity indices, including all interactive effects (Tong,
2005). Technical details of the Sobol’ sensitivity approach can be found
in Saltelli et al. (2008). It should be noted that the Sobol’ analysis
is used here simply to learn what parameters are most important
in determining the outcome of a simulation. No attempt is made to
consider only the most important parameters. All eleven parameters
are considered in this study.

To estimate the range of isotopic compositions, our cavity evolution
and barometric gas migration models (Carrigan et al., 2022; Sun et al.,
2023) require specifying the values of 11 parameters, along with a
record of barometric pressure fluctuations at the surface. To understand
the effects of varying these 11 parameters, we populated 7,200 sets of
sample points in the parameter space, each set defining a model run,
and generated an equal number of source-term models and subsurface
transport models using the corresponding sample points.

Xenon concentrations derived from source-evolution models in the
cavity, melt puddle, and/or surrounding host rock are treated as un-
certain outputs. Similarly, the xenon fluxes from the cavity to the host
rock, which are also uncertain outputs of the source models, serve
as uncertain inputs to the subsurface transport models. The xenon
concentrations at the ground surface, along with their fluxes to the at-
mosphere, are utilized to calculate the probability that these quantities
will fall within certain ranges relevant to the detection of a UNE.

The eleven uncertain inputs (nuclear yield, rock type, detonation
depth, chimney height/cavity diameter or ratio, fracture permeability,
initial rock saturation, post-detonation source temperature following
cavity collapse, early-time condensate rainout rate, back diffusion rate,
gas seepage rate, and uncertainties of independent yields) are assumed
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Fig. 3. Flowchart of model simulations and uncertainty quantification. The uncertain inputs 𝑥𝑖 , 𝑖 = 1, 2,… , 11, are defined in Table 1. Initially, PSUADE performs preprocessing
by selecting 7,200 parameter sets using a Latin hypercube approach. These parameter sets define conditions for both cavity evolution and the transport of gases across the
containment zone. The output includes xenon concentrations at the surface and the fluxes into the atmosphere. In post-processing mode, PSUADE uses the model outputs to
estimate the probability that the fluxes or concentrations will fall within a given range of values.

Table 1
Eleven parameters define the post-detonation cavity evolution and subsurface transport (seepage) of radioxenon isotopes. The tables illustrate
the range of each parameter covered in the 7,200 simulations considered.

Parameter Definition Unit Minimum Maximum

𝑥1 Yield [kt] 1.00 10.00
𝑥2 Rock type [–] 51.31 77.66
𝑥3 Depth of burial [m] 50.00 200.00
𝑥4 Chimney height/radius ratio [–] 1.00 4.00
𝑥5 Fracture permeability [m2] 1.0 × 10−13 1.0 × 10−11

𝑥6 Initial saturation [–] 0.50 0.99
𝑥7 Source temperature [◦C] 150.00 350.00
𝑥8 Rainout rate [s−1] 1.0 × 10−6 1.0 × 10−3

𝑥9 Diffusion rate [s−1] 1.0 × 10−6 1.0 × 10−4

𝑥10 Seepage rate [s−1] 1.0 × 10−7 1.0 × 10−5

𝑥11 Uncertainty, independent yields [–] 0 1

to be uniformly distributed across an 11-dimensional space by generat-
ing sample points across the parameter space using the Latin hypercube
method (Tong, 2005). A set of 7,200 source-term evolution models (Sun
et al., 2021, 2023) and a set of 7,200 subsurface transport models (Sun
and Carrigan, 2014) were developed on those sample points. Note that
the rock-type parameter represents the compressibility of the rock dur-
ing detonation and varies from a predominantly granite to tuff geology
(Butkovich, 1974; Sun et al., 2023). The cavity configuration, which
is simulated at each sample point using yield, rock-type parameter,
depth of burial, the ratio of chimney height to cavity radius, and initial
saturation (Butkovich, 1974), is used for generating its mesh file for the
corresponding subsurface transport model.

Since the surface signature is time-dependent we will track it during
the course of its evolution over a period of approximately two weeks,
which corresponds to the time that monitoring may be required to

achieve a 90% probability of detection by the IMS (Medici, 2001;
Schulze et al., 2000). Note that this represents only the probability that
the isotopic source term, as released at the ground surface above the
UNE will be separable from the background. In a subsequent paper,
we will consider the effect of atmospheric transport along with the
added parametric uncertainty associated with coupling subsurface and
atmospheric simulations.

3. Results and analyses

3.1. Effects of deviation from the idealized model of isotopic evolution

It is helpful to understand how each considered deviation from the
assumption of a well-mixed and sealed cavity can potentially affect the
ingrowth curve (Sun et al., 2023).
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Fig. 4. Deterministic simulations conducted under varying cavity conditions during
the post-detonation period. The England and Rider (Batch mode) case assumes an
idealized, well-mixed, closed-cavity scenario (represented by the blue line). However,
deviations from this well-mixed condition, caused by the rainout of condensing parent
radionuclides of radioxenon, result in a shift of the ingrowth to the right (indicated
by the red line). Additionally, leakage of cavity gas through the containment zone
or seepage contributes to ingrowth, causing the radioxenon composition to shift to
the left (as shown by the dotted cyan line), approaching the discrimination line
in Fig. 1. Sudden high flow-rate venting (illustrated by the dashed magenta line)
leads to ingrowth patterns similar to those observed in the seepage-only scenario.
When all deviations from the ideal case are combined, the ingrowth within the cavity
(represented by the black dashed line) is positioned between the rainout and gas-loss
(seepage-only and vent-only) curves. Interestingly, the bulk composition of radioxenon
that has escaped the cavity (depicted by the green line) closely resembles the rainout-
only case for the selected parameters. All curves apply to the cavity environment (c)
except for the green line which applies to host rock environment (h). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)
Source: Replotted from Sun et al. (2023).

Fig. 4 illustrates the results on the 4-isotope chart, also called
Multiple Isotope Ratio Chart (MIRC), of introducing different deviations
from the idealized England and Rider based model. Assuming the
idealized conditions of a well-mixed cavity yields the blue curve in
this figure. If condensation of the more refractory radionuclide parents
of isotopic xenon occurs followed by rainout or loss of those parents
into the molten walls or puddle that forms in the cavity causing
violation of the well-mixed assumption tends to result in migration
of decay/ingrowth curve, here the red curve, towards the right side
of the MIRC and away from the discrimination line shown in Fig. 1.
On the other hand, seepage or leakage of gas from the cavity tends
to shift the ingrowth curve to the left towards the discrimination line.
More dramatic loss of gases by venting can also have a similar effect to
seepage in shifting the curve towards the left. The magnitudes of these
effects taken together can produce a black-dashed isotopic-ingrowth
curve representing the cavity radioxenon composition while the green
curve is the bulk composition of all gases released by seepage into
the overlying containment regime outside of the cavity. The results
of Fig. 4 are clearly deterministic and the relative positions of the
different curves partially depend on the particular parameters chosen.
Such deterministic simulations can provide insight into how each cavity
or subsurface process might modify the ingrowth curve as the only
deviation from the idealized case. However, combinations of these
processes taken together as illustrated by the black-dashed and green
curves only indicate a possible ingrowth curve placement on the MIRC
given that a different selection of input parameters can alter the relative
magnitudes of non-ideal effects.

While the 4-isotope MIRC of Figs. 1 and 4 provides insight into
how various processes can influence the isotopic signature in the cavity

Fig. 5. Isotopic ratio of 131mXe/133Xe versus time since detonation. The same cases as
plotted in Fig. 4 for xenon isotopic ratio correlation. Identification of the lines is the
same as described in Fig. 4. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
Source: Replotted from Sun et al. (2023).

or subsurface containment zone, it is rarely useful owing to the very
short half-life (9.1 h) of 135Xe resulting in loss of detectability in hours
to several days depending on the level of subsurface and atmospheric
dilution of the radioxenon signature. The ratio 131mXe/133Xe is far more
persistent for measurement purposes and has been used to evaluate the
2013 DPRK UNE release up to 60 days after the detonation (Ringbom
et al., 2014; Carrigan et al., 2016, 2020). Fig. 5 illustrates the evolution
of this ratio for the same conditions considered in plotting Fig. 4. For
comparison, the Japanese and Russian observations of the 2013 DPRK
radioxenon signature are provided although no attempt has been made
to match the conditions in the simulations with these observations. For
additional details of both the Russian and Japanese atmospheric sig-
nature measurements and their interpretation please refer to Ringbom
et al. (2014) and Carrigan et al. (2016). Although Figs. 4 and 5 provide
insights into the deviation of isotopic ratios and ratio correlation from
the reference case (well-mixed and closed cavity), deterministic models
do not address the uncertainties of those parameters. For this reason,
probabilistic models are needed.

3.2. Uncertainty of multi-parametric models

We consider the effects of uncertainty of the 4- and 2-isotope-
ratio signatures based upon the 7,200 simulations having parameters
covering the ranges shown in Table 1. Fig. 6 illustrates the zones of
uncertainty created by plotting the isotopic ratios obtained from the
simulations. At very early times, corresponding to the top region of the
plot, the cavity-gas composition represented by the green zone spreads
well beyond the England & Rider ingrowth curve due to uncertainty
of independent yields responsible for radioxenon isotopes (Sloan et al.,
2016). However, as time progresses, the region of uncertainty in the
cavity-gas composition becomes wider crossing the England & Rider
curve due to the rainout from the cavity to melt puddle and the seepage
from the cavity to host rock. Gas seeping to the surface from the cavity
produces the red zone which is shifted further away from the England
& Rider result as well as from the discrimination line.

Fig. 7 shows the probability density functions representing the
probability of obtaining isotopic gas concentration measurements at
the surface as a function of time following an underground nuclear
explosion. The bright color indicates regions of high probability where
a particular isotopic ratio may exist at a given time while the dark
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Table 2
Sobol’ total sensitivities.

Parameter Cavity Surface
131mXe 133mXe 133Xe 135Xe 131mXe 133mXe 133Xe 135Xe

Yield 8.28E−6 9.23E−5 1.99E−5 0.00 4.51E−2 7.39E−2 8.31E−2 1.00E−1
Rock type 2.12E−1 4.29E−1 2.62E−1 6.58E−1 1.64E−2 3.09E−2 2.44E−2 2.95E−2
Depth (burial) 9.11E−2 2.23E−1 1.66E−1 3.14E−1 6.02E−1 6.46E−1 7.75E−1 5.85E−1
Chimney ratio 0.00 0.00 0.00 0.00 9.62E−2 1.53E−1 1.74E−1 1.87E−1
Permeability 0.00 0.00 0.00 0.00 1.69E−1 2.08E−2 9.07E−2 2.56E−2
Saturation 4.70E−5 8.06E−4 1.84E−4 1.46E−7 8.18E−4 0.00 2.89E−4 0.00
Source temp 0.00 6.70E−6 0.00 0.00 0.00 0.00 0.00 0.00
Rainout rate 1.72E−3 1.10E−2 3.66E−3 5.94E−6 3.93E−3 1.85E−3 6.77E−3 5.10E−3
Diffusion rate 2.51E−3 1.37E−2 3.92E−3 4.87E−4 1.08E−3 2.26E−3 1.12E−3 2.07E−3
Seepage rate 6.12E−1 3.24E−1 5.64E−1 6.42E−2 5.65E−2 2.50E−1 1.58E−1 4.03E−1
IY uncertainty 5.54E−7 0.00 0.00 0.00 1.87E−3 0.00 2.33E−4 0.00

Fig. 6. Four-isotope plot illustrating effect of uncertainty resulting from the ranges
of the eleven different parameters shown in Table 1. The blue curve corresponds to
the England and Rider based model discussed previously. The solid/banded green zone
corresponds to the ranges of uncertainty for gas compositions in the post-detonation
cavity. The red-banded zone represents the range in isotopic ratios for gases that
reach the surface. Note that the appearance of banding is a result of the parameter
selection methodology. Banded zones should be interpreted as being contiguous. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

blue shows zones of essentially zero probability. 131mXe remains a high
signature strength after 50 days with high probability while 133mXe and
133Xe signatures decay according to their half-lives. Due to the short
half-life of 135Xe, its signature disappears rapidly during this timeframe.

It is not surprising that plots of the total xenon isotopic flux (Bq
s−1) at the surface, shown in Fig. 8, have a similar appearance to Fig. 7
regarding the isotopic activity concentration. The values of the isotopic
flux at the surface are necessary for predicting the probability of
obtaining a particular composition of gases at the surface as represented
in the four-isotope MIRC. The probabilistic output of xenon fluxes is a
potential input into models of atmospheric transport.

When signal strength (for detectability) is defined as

𝑓𝑖(𝐱) = 1
𝑡 ∫

𝑡

0
log(𝑐𝑖) 𝑑 𝑡, 𝑖 = 1, 2, 3, 4, (1)

we conducted Sobol’ sensitivity analyses for all four xenon isotopes
both in the cavity and at the ground surface. In Eq. (1), 𝑥 represents
the 11-dimensional parameter space, 𝑡 denotes the simulation time, and
the index 𝑖 = 1, 2, 3, 4 represents 131mXe, 133mXe, 133Xe, and 135Xe,
respectively. Table 2 of Sobol’ total sensitivity indices (TSIs) indicates
that the signal strength in the cavity is mainly determined by rock type
and seepage rate while the strength at ground surface is influenced
by the seepage rate and depth of burial. Initial rock saturation and
the uncertainties of independent yields play only minor roles in xenon

signal strength.
The xenon signal strength 𝑓 in the cavity and at ground surface

is plotted against the dimension of rock type 𝑥2 and the depth of
burial 𝑥3, respectively, in Fig. 9 and Fig. 10. The 𝑓 value in the cavity
mainly depends on the rock type and the seepage rate as illustrated in
Table 2 while the values at ground surface are determined by the depth
of burial and seepage rate. In spite of other uncertain inputs, Fig. 9
intuitively shows the dependence of the 𝑓 value on the rock type con-
stant. Fig. 10 indicates that the 𝑓 value at ground surface is inversely
proportional to the depth of burial.

3.3. Application to UNE screening

The announced 2013 DPRK UNE, detected atmospherically more
than 50 days after detonation, is probably the most studied event using
IMS atmospheric sampling stations with detections in both Japan and
Russia (Ringbom et al., 2014; Carrigan et al., 2016, 2020). While the
amplitude of observed signatures is the primary indicator of this event
for screening purposes, signature composition can provide secondary
support for its origin. Before source-term processes and subsurface
transport are considered, it is instructive to compare data of xenon
isotopic ratios and their ratio correlation against the idealized reference
case (well-mixed and closed system). As already mentioned, the long
period between detonation and detection eliminates the possibility of
using the four-isotope ratio plot. The two-isotope plot including atmo-
spheric background observations prior to the detonation time (here 0)
is shown in Fig. 11. Without considering uncertainties, the blue solid
curve in Fig. 11 represents the reference case (i.e., England and Rider
curve). When uncertainties of independent yields are considered, the
ratio of 131mXe/133Xe becomes uncertain as shown by the green area. As
indicated by England and Rider (1994), the value of independent yields
has an uncertainty exceeding 64%. If we double the IY uncertainties,
which is a possibility indicated by England and Rider, the blue enve-
lope displays the corresponding ratio uncertainty. For the purpose of
screening, data points located in the green and/or blue envelopes may
be considered as potential signatures produced by a UNE.

In addition to the reference ratio considering IY uncertainty 𝑥11, we
further consider the effect on UNE screening by utilizing our models
of source-term processes and subsurface transport. Fig. 12a shows the
uncertain ratio of 131mXe/133Xe considering 11-dimensional uncertain
inputs (𝑥𝑖, 𝑖 = 1, 2,… , 11) in the cavity and at ground surface. Fig. 12b
presents the uncertain ratio in host rock and at ground surface. Data
points with specified sample locations that are located in corresponding
envelopes may be from a UNE. For the sake of comparison, we include
the ratio predictions from deterministic simulations of the detonation
depth and rock type of the Barnwell and Disco Elm UNEs.

4. Conclusions and discussion

Xenon isotopic ratios and their correlations are derived using the
closed-form solution of decay and ingrowth networks based on the
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Fig. 7. Individual plots of the four radioxenon isotopes show the probability of measuring a given activity concentration of the gas at the surface of a containment zone as a
function of time following detonation. Color scales to the right of the plots indicate the probability of each gas having a given concentration at a particular time. The rapid fall
off with time of 135Xe illustrates the limited value of the four-isotope plot for screening signatures from UNEs over periods of more than a few days. (a) 131mXe, (b) 133mXe, (c)
133Xe, and (d) 135Xe. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Individual plots of the four radioxenon isotopes show the probability of measuring a given activity flux of the gas at the surface of a containment zone as a function of
time following detonation. Color scales to the right of the plots indicate the probability of each gas having a given concentration at a particular time. (a) 131mXe, (b) 133mXe, (c)
133Xe, and (d) 135Xe. (For interpretation 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. 9. Scatter plot of xenon signal strength in the cavity projected on rock type.

Fig. 10. Scatter plot of xenon signal strength at ground surface projected on the depth
of burial.

assumption of a well-mixed and closed cavity. This scenario serves as
the reference case for evaluating source-term processes and subsur-
face transport. Data points that closely align with the reference curve
(Fig. 11) have been typically assumed to originate from a UNE. To
account for uncertainties in independent yields, the reference curve is
replaced by an area of uncertainty. Data points within this area can be
quantitatively identified as potential signatures from a UNE.

When source-term processes (e.g., rainout, back diffusion, seepage,
and venting) are taken into account, the locality-specific ratio envelope
should be employed to more accurately screen for UNE signatures
(Fig. 12). By coupling more realistic source-term activity models with
subsurface transport models, we can derive probabilistic xenon con-
centrations at the ground surface and fluxes to the atmosphere. These
insights will potentially help to guide onsite inspection and sampling ef-
forts. The uncertain ratios and their correlations, derived from the prob-
abilistic concentrations, represent more realistic screening tools to dis-
tinguish atmospheric UNE signatures from signatures associated with
other nuclear sources (e.g., reactors and isotope production facilities).

UNE-related processes are complex, interdependent, and specific
to both time and space (Sun and Carrigan, 2016; Carrigan et al.,
2020; Bourret et al., 2021). The intricate physics of UNEs necessitates

Fig. 11. Measurements of 131mXe/133Xe versus time obtained from a Japanese IMS
atmospheric gas monitoring site (RN38) during the periods prior to and after the
announced DPRK2013 UNE. The blue line corresponds to the ideal case of a closed,
well-mixed cavity (also known as batch mode or England and Rider case) assuming
decay products from U235 fission. The green zone is the result of uncertain independent
yields from England and Rider (1994). The blue area bounds ratios that represent the
doubled uncertainties in independent yields indicated by England and Rider. Both green
and blue zones represent the uncertainty of the ratio in the cavity. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

high-fidelity models, which can be computationally expensive and im-
practical for timely decision-making in UNE inspection and monitoring.
The post-detonation reactions that produce xenon isotopes in the cavity
and melt puddle involve multiple precursors with complex branching
(bifurcation) and converging (confluent) pathways. When source-term
processes and multiphase transport are coupled with chain reactions,
carrying out physics-based simulations becomes less feasible for timely
evaluations of UNE events. To address this challenge, the physics-based
models developed in this study are stored in model repositories. These
repositories can be utilized to develop machine-learning models that
screen UNE signatures more accurately and rapidly.

Finally, the UNE monitoring community should consider the po-
tential use of non-traditional natural tracers to enhance the detection
of radioxenon signatures during both atmospheric monitoring and on-
site inspections. For instance, models developed by Pazdniakou et al.
(2024) suggest that water vapor may be emitted in sufficient quantities
from the subsurface to be detectable by overhead satellites monitoring
the infrared spectrum. However, further experiments are necessary
to validate this concept. In the context of onsite inspections, nat-
ural and UNE-produced radon presents an alternative radionuclide
that may be valuable for identifying a test site. Radon can indicate
subsurface pressure anomalies associated with a UNE and allows for
real-time monitoring, unlike xenon isotope measurements (Carrigan,
2013; Carrigan et al., 2022; Pazdniakou et al., 2024).
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Fig. 12. Xenon isotopic ratio versus time with Disco Elm and Barnwell data. Uncertain isotopic ratio of 131mXe/133Xe (a) in the cavity and at ground surface (b) in host rock and
at ground surface. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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