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Summary
This paper presents a new calculation of the production of 37Ar from nuclear-explosion neutron
interactions on 40Ca in a suite of common sub-surface materials (rock, etc). Even in mineral structures
that are relatively low in calcium, the resulting 37Ar signature is large enough for detection in cases of
venting or gaseous diffusion driven by barometric pumping. We present field and laboratory detection
strategies and projected sensitivities herein.
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1.0

Introduction

Underground nuclear explosions represent a significant source term for seismic and hydroacoustic
measurements, and can be readily detected by sensors of the Comprehensive Nuclear-Test-Ban Treaty
Organization’s (CTBTO) International Monitoring System (IMS). Such an explosion may or may not
vent radioactive atoms. Some experiments have demonstrated that about half the underground explosions
at one site leaked significant radioactive xenon isotopes [Dubasov 2010]. Even in the case of a modest
leak, uncertainties in atmospheric backtracking or the lack of any radioactive atoms detected by IMS
sensors from an event of interest may make an On-Site Inspection (OSI) a key to verifying compliance
with the CTBT.
Two interesting noble gases are produced in underground explosions: xenon isotopes from fission
(131mXe, 133Xe, 133mXe, and 135Xe) and 37Ar from the 40Ca(n,α)37Ar reaction. The production of xenon
from fission products is well known, as is the reaction of neutrons with calcium [England 1995;
Chadwick 2006]. The transport of gas from an explosion cavity to the surface under the influence of
barometric pumping has been modeled and measured in one experiment [Carrigan 1997]; however, the
production rate of 37Ar per neutron underground in an extended medium of rock or other material has not
been published. Key issues are the quantity of calcium in the target material and the neutron energy
spectrum.
Experiments determining the 37Ar background in soil gas are sparse. The work of Purtschert [2007]
shows the concentration varies with the depth and calcium content of the soil or rock. Radioxenon
backgrounds modeled in Hebel [2010] show 133Xe and 135Xe underground can be present at levels higher
than the detection limits of current radioxenon detection systems [Ringbom 2003].

2.0

Method

The 37Ar source term was modeled through a highly conservative deterministic method as well as a Monte
Carlo method using MCNPX. In the rough deterministic model, we solved for the macroscopic neutron
interaction cross section in eight rock types [Fabryka-Martin 1988; Parker 1967]. The cross section for
the 40Ca(n,α)37Ar reaction is highest at energies greater than 1 MeV and the neutrons produced in an
underground nuclear explosion would follow a Watt fission neutron spectrum. Therefore, the 37Ar
produced by the uncollided neutron flux provides a rough measure of the overall quantity produced.
Equation 1 gives the 37Ar production rate in atoms as a function of number of fissions and rock type.
[1]
This equation makes the following conservative assumptions:
Any neutron that interacts with the rock does not retain enough energy to initiate the (n,α)
reaction to produce 37Ar
No thermal production
Interactions that could create neutrons (n,f), (n,2n) are ignored
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The above assumptions are conservative in the present context because they each will result in a slight
underestimation of the total activity produced. The number of atoms produced was converted to activity
and multiplied by the factor that Carrigan [1997] reported for the dilution of 37Ar as it migrates to the
surface. This factor is geology dependent and therefore provides a significant uncertainty in the activity
seen at the surface and the time at which the gas reaches the surface. However, the use of a dilution
factor is a necessary step to convert the argon production results to numbers that are relevant to detection
systems.
After completing the deterministic model, we ran an MCNPX model to determine the neutron flux profile
as a function of radius in each rock type. The geometry of the model consisted of a point source of Watt
fission spectrum neutrons in each rock type with flux tallies at increasing radii. To calculate the number
of 37Ar atoms produced, the output-energy-dependent neutron flux at each radius was multiplied by the
energy-dependent cross sections for the (n,α) reaction in 40Ca using Equation 2. The results from this
model were also converted to activity and multiplied by the dilution factor.
[2]

3.0 Results
The results of the deterministic and Monte Carlo models agree to within an order of magnitude. This is
not unexpected due to the conservative nature of the deterministic model. The activity of 37Ar expected at
the surface 80 days after a 1 kT nuclear explosion in various rock types is shown in Figure 1. As seen in
the figure, the lowest activity is associated with halite and the highest activity with carbonate.
Figure 2 combines these results with data on radioxenon levels produced in a 1 kT nuclear explosion.
Figure 3 incorporates background measurements of 37Ar and models of radioxenon background levels.
The detection limits of several noble gas detection systems are shown to give an idea of the timeframe the
gases are detectable post-detonation. The detection limits of the SAUNA system for radioxenon
measurements are on the order of 2 mBq/SCM and 0.2 mBq/SCM in field and laboratory environments,
respectively. The detection limit of the MARDS [Xiang 2008] in-field 37Ar detection system is reported
as 500 mBq/SCM [Tanaka 2008]. PNNL researchers have calculated the lower limit on an 37Ar field
system to be ~20 mBq/SCM and the lower limit on a lab system for 37Ar detection to be ~0.02 mBq/SCM.
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Figure 1. Radioargon production by a 1 kT nuclear explosion in various rock types
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Figure 2. Radioargon and radioxenon levels expected at the surface after a 1 kT nuclear explosion
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Figure 3. Radioargon and radioxenon levels expected at the surface after a 1 kT nuclear explosion and
probable background levels

3.1 Backgrounds – Naturally Occurring 37Ar
Figure 3 presents a band of the concentration levels expected for 37Ar soil gas background levels as
produced through natural processes [Purtschert 2007; Tanaka 2010]. The expectation band ranges from
0.2 mBq/SCM to 10 mBq/SCM for gas drawn from a soil depth greater than 10 meters. A similar band of
concentration levels for gas drawn from soil depths less than 10 meters would generally range from
10 mBq/SCM to 100 mBq/SCM. Figure 4 shows the experimental basis for setting these expectation
bands in Figure 3.
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Figure 4. Measured sub-surface 37Ar concentration levels at various locations [Purtschert 2007; Tanaka
2008]
The variability of the naturally occurring background levels of 37Ar is predominately driven by factors
relating to the local soil’s exposure to cosmic-ray induced neutrons. Assuming gas samples for 37Ar
measurement are drawn either from near-surface or sub-surface points, the naturally occurring
concentration levels of 37Ar are expected to depend on the following factors:
Calcium content of the soil
Depth of the gas sample draw
Geomagnetic latitude of the sampling location
Altitude of the sampling location
Mobility of the gas through the soil matrix
The calcium content of the soil directly impacts the number of target calcium nuclei in the soil with which
cosmic ray induced neutrons can interact and produce 37Ar. The depth of the gas sample draw is related
to the attenuation of cosmic-ray-induced neutrons in the intervening soil. At greater depth, there are
fewer remaining neutrons that may initiate the production of 37Ar. The geomagnetic latitude of the
sampling location is important because at higher latitude the intensity of the cosmic rays is greater,
increasing the flux of cosmic-ray-induced neutrons reaching the surface, and thus ultimately resulting in a
greater 37Ar production rate. Likewise, altitude of the sampling is important, as higher elevations will
have a greater flux of cosmic-ray-induced neutrons. The final item, mobility of gas through the soil
matrix is not related to cosmic rays, but does directly impact the ability to extract and collect the 37Ar gas
from the soil. Gas mobility through the soil would also be expected to impact the ability to collect
“signal” gases (radioxenon or 37Ar) produced from an underground nuclear detonation.
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4.0 Conclusion
The results presented here demonstrate that detectable levels of 37Ar will be produced by underground
nuclear explosions even in the very low calcium geologic structures studied here. The focus of an 37Ar
field system should be on improving the detection limit to extend the window of opportunity for
detection, which can be achieved through development of detector, sample collection, and sample
processing systems. This work also suggests that CTBTO should include 131mXe as a signature of interest
for OSI in the event of a slow seep of radioactive noble gases. While this work provides a better
understanding of 37Ar levels likely to be produced in an underground nuclear explosion, more detailed
analysis is justified. Additional future work should include further testing of migration of radioactive
noble gases underground and a better understanding of background levels of radioxenon and 37Ar in soil
gas.
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