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Abstract

The emanation fraction of radionuclides has been highlighted as a known source of uncertainty
in the estimation of radionuclide source signatures from underground nuclear tests and other
nuclear activities, particularly in the case of activation products. A system was developed at
Pacific Northwest National Laboratory to quantify the emanation fraction of argon from samples
ranging in particle size from powder to small rocks. Seven materials, two powders and five rock
types, were irradiated with fission spectrum neutrons and the emanation fraction of 3’Ar was
measured. Additional measurements were made of the **Ar emanation for four of these
materials.

Abstract ii
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Summary

The radioactive noble gas 3’Ar, a potential signature of underground nuclear explosions
(UNEs), was one of several gaseous tracers utilized in the larger Pacific Northwest National
Laboratory (PNNL) field experiments conducted at the U20az and U12p sites at the Nevada
National Security Site (NNSS) under the Underground Nuclear Explosion Signatures
Experiment (UNESE). As a result of the impact that gaseous emanation from geologic materials
can have on inhibiting the release of argon produced in a UNE, the Argon Release in Soil study
filled a major gap in the scientific objectives of UNESE to improve understanding of 3’Ar
signatures. The study’s evaluation of emanation is additionally relevant to the greater UNESE
need to understand mechanisms that impact natural gas backgrounds of ¥’Ar in the shallow
subsurface environment.

Early measurements made during the UNESE noble gas migration experiment also
highlighted the potential of *°Ar as a long-lived signature of a UNE. Since the same gas
processing methods and detector measurement systems are used to quantify *Ar as those
used for *'Ar, additional measurements were made on each sample to quantify the 3Ar
emanation.

Two chemical powders, CaCO3; and K>CO3, and five rock types (limestone, dolostone,
rhyolite, tuff, and obsidian) were irradiated on the Godiva assembly at the NNSS in gas-tight
guartz ampoules before being sent to PNNL. Upon return, the samples were opened in a
processing manifold and allowed to flow across a cryogenic charcoal trap which captured any
argon released from the sample. The argon on this trap was then flowed through a separate gas
sampling system and loaded into a proportional counter where the sample was counted for the
activity of 3’Ar and 3°Ar.

For each sample type, the specific production rate of 3’Ar and *°Ar was calculated using the

ORIGEN code. This expected production rate was then compared to the measured activity of
argon in the sample to determine an emanation fraction for both 3’Ar and *°Ar.

Summary iii
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Acronyms and Abbreviations

HPGe High-purity germanium

ICP-OES Inductively coupled plasma optical emission spectrometry
NCERC Nuclear Criticality Experiments Research Center

NNSS Nevada National Security Site

PNNL Pacific Northwest National Laboratory

UNE Underground nuclear explosion

UNESE Underground Nuclear Explosion Signatures Experiment
XCT X-ray computed tomography
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1.0 Introduction

The radioactive noble gas 3’Ar has been identified as a potential signature of an
underground nuclear explosion (UNE) (Haas et al. 2010). Unlike the more traditional UNE
signature gases like radioxenon, *’Ar is not a fission product. Instead, 3’Ar is generated by
activation of the calcium isotope “°Ca (97% natural isotopic abundance) by the reaction
40Ca(n,a)® Ar in the rock surrounding the explosion. This process also occurs naturally in the
shallow subsurface through cosmic neutron interactions, resulting in a low background of 3’Ar in
the subsurface (Riedmann and Purtschert 2011; Johnson et al. 2015).

Recent measurements (Mcintyre et al. 2017) have indicated that another radioactive isotope
of argon, 3°Ar, may also be a potential indicator of a UNE. Natural production of %°Ar in the
shallow subsurface is dominated by negative muon capture on *°K (93% natural isotopic
abundance) by the reaction ~u + *’K - v, + *°Ar and below approximately 700 meters in rock
is dominated by the **K(n,p)3°Ar reaction (Sramek et al. 2017; Mei, Zhang, and Hime 2009). In a
UNE, *°Ar will be produced by the **K(n,p)3°Ar reaction in the surrounding media.

Because *’Ar and *°Ar are produced within rocks, atoms must first escape from the rock
matrix and into connected pore space before they can be detectable in subsurface gas. In order
to make predictions of the potential 3’Ar and *°Ar signal from a UNE, a value for this emanation
fraction is needed.

1.1 Emanation Fraction

While estimates of *’Ar production rates in various geologies have been made (Johnson et
al. 2015; Wilson et al. 2015; Guillon et al. 2016; Fritz et al. 2018), when compared to subsurface
measurements (Riedmann and Purtschert 2011; Fritz et al. 2018; Kastlander et al. 2019) the
predictions are always significantly higher than the experimental values. This discrepancy can
be partially explained by the fact that not all 3’Ar (or other activation products such as 3°Ar)
leave the rock matrix where they are formed to become available for transport and eventual
sampling. The emanation fraction, sometimes also referred to as the emanation coefficient, is
the fraction of a gas that is able to escape the bulk mineral structure and enter the pore space.
The emanation process is highly dependent on a variety of factors which include the grain size
and water saturation. Because of its potential health impacts, the emanation fraction of radon is
fairly well understood (Sakoda, Ishimori, and Yamaoka 2011), however, the corresponding
value for other noble gases is less well studied.

Once argon escapes into the pore space it is partitioned among one of three states: as a
gas, available for transport and soil-gas sampling, dissolved in water, or sorbed onto the
surrounding media. Measurements of the emanation fraction (termed the fractional release
efficiency) from rock to groundwater can be found in Andrews et al. (1991). The system
described in this report only considers the gaseous argon which is available for transport.

Introduction 9
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2.0 Experimental

The following section details each step of the experimental process used to measure the
emanation coefficients of *’Ar and *°Ar from calcium-bearing rocks. First, sample rocks were
crushed, sieved, and measured for their elemental composition. Second, the sieved rocks (now
in powder to pebble-sized pieces) were sealed into quartz ampoules with the air removed and
replaced by helium fill gas. The samples were then further encapsulated into aluminum
canisters and shipped to the Device Assembly Facility at the Nevada National Security Site
(NNSS) where they were neutron irradiated on the Godiva critical assembly. After irradiation,
the samples were shipped back to PNNL where the quartz ampoules were broken and the
emanated *’Ar and °Ar gas was cryogenically trapped. This trapped argon was then processed
to remove any contaminant gases. Make-up argon that had been extracted from room air was
also added to ensure a sufficient total argon gas volume for the proportional counter. This pure
argon gas was then loaded into proportional counters for measurement to determine the activity
of 3Ar and *°Ar in the samples. The method development and initial results have been
previously published in Johnson et al. (2018).

2.1 Sample Materials

Seven sample types were examined in this work: calcium carbonate powder (CaCOs3),
potassium carbonate powder (K.COs), limestone, dolostone, rhyolitic tuff, obsidian, and rhyolite.
The composition of each material was obtained using inductively-coupled plasma optical
emission spectrometry (ICP-OES) for the primary elements of interest, but the silicon, oxygen,
and carbon content of the sample could not be measured with this method and are assumed to
make up the majority of the remaining sample mass. Total carbon was later measured and is
shown in Table 1 along with the weight percent of select elements.

Both of the carbonate rock samples (limestone, dolostone) were further broken into different
grain sizes. The three grain size ranges examined were >4000 um, 500-2000 um, and 250-
500 um. In addition, a single larger piece of limestone weighing approximately 15 grams was
examined. For the volcanic rocks, only grains larger than 4000 um were used.

Table 1. Weight percent [%] of selected elements in each sample type as measured by ICP-

OES.
Material C Na Mg K Ca Fe
CaCOs 11.40 0.01 0.002 < 0.02 38.00 0.001
K2COs 8.70 < 0.001 <3.08x107° 56.60 0.001 <114 x107*
Limestone 12.49 < 0.08 0.47 0.25 34.16 0.33
Dolostone 11.11 0.14 7.69 0.93 16.52 0.49
Rhyolite < 0.02 1.38 0.00 4.52 0.31 0.89
Tuff < 0.02 2.64 0.01 3.75 0.12 0.62
Obsidian < 0.02 211 0.001 3.89 0.31 0.63

Experimental 10



PNNL-30868

2.2 Sample encapsulation

Prior to irradiation, samples were sealed inside quartz ampoules to contain all the activation
products including the gas. The quartz was backfilled with ultra-high purity helium during the
sealing process to minimize the impact of the backfill gas on the gas processing system and to
minimize gaseous activation products, particularly activated stable argon. The quartz glass
chosen for each ampoule was GE214 to reasonably minimize impurities that could contribute to
post-irradiation radioactive contaminants. Three ampoule sizes were needed: small ampoules
for placement in the center of the assembly and two larger ampoules for placement just outside
the assembly. The small ampoules had an outer diameter of 4 mm with a maximum height after
heat-sealing of 50 mm. The mid-sized quartz ampoules were approximately 3.8 cm tall with an
outer diameter of 3.4 cm and a wall thickness of approximately 1.5 mm, while the largest
ampoules had the same diameter and wall thickness but were approximately 11.5 cm tall.

Large Mid-Sized
End Cap Chamber Chamber
Ampoule Ampoule

— e -
T — _ ——A

A
T I\
32

Not under vacuum
Not under vacuum

Dimensions
in“rm”

70 C | =

115 Sample > S~

Chamber

/‘\

(under
vacuum) Sample
Chamber

|<—g

I~

— - ) - S
| l‘ ]
38 38

Figure 1. Large (left) and mid-sized (right) ampoules.

Samples were loaded into 30 cm long, 34x38 mm (inner x outer diameter) GE214 fused
guartz ampoules with one end sealed while taking care not to leave powders on the inner walls
of the ampoule. In the case of the potassium carbonate sample, a secondary cleaning step was
needed to remove particles which were attracted to the ampoule walls. The first attempt at
creating the potassium carbonate ampoule failed due to a reaction between the potassium
carbonate powder and the quartz during fusing. In the second, successful, attempt a cotton
swab was used to remove the particles immediately prior to the addition of the end cap.

Experimental 11
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Next, a fused quartz end cap (3.8 cm long, 28x32 mm; bottom was sealed) was dropped
into the vessel and rested on a dimple within the ampoule wall to create the sample chamber.
The mid-sized and large ampoules were connected to a vacuum assembly using a 3.8 cm
compression fitting where the ampoule was evacuated and flushed with ultra-high purity helium
three times. The ampoule was filled to a final pressure of approximately 53.3 kPa and then
sealed with an oxy-propane torch. The ampoule designs and dimensions are shown in Figure 1.

Once encapsulated in the quartz ampoules, as seen in Figure 2, the samples were placed in
an intermediate aluminum container which served to both protect the samples from the
surrounding facility environment and to facilitate ease of shipping the samples. The aluminum
canisters were made of 1100 aluminum alloy, which balances machinability with minimization of
activation products. The canisters utilize a screw top sealed with a silicone ring to make them
gas tight. The container designed for use in the center of the device can fit three ampoules,
while the containers placed around the outside of the device can fit one ampoule each.

{ P R Sy

Figure 2. Dolostone sample in a mid-sized ampoule (Ift) and, from ft to rlht, rholi, tuff, and
obsidian samples in large-sized ampoules (right).

The initial aluminum canisters used for the mid-sized ampoules were internally threaded with
rubber gasket to ensure the seal. However, when the samples were received post-irradiation, it
was discovered that some of the caps had become stuck and could not be removed without
destroying the ampoule inside. For the next irradiation a new design was developed which
utilized external threads and a cap on both ends of the canister. These were sealed on both
ends with PTFE disks. While the design was slightly unwieldy and a bit top-heavy, the changes
made it possible to easily remove all the samples post-irradiation. In the instance where a cap
had become stuck, the cap on the opposing end was removed instead. Both designs are shown
in Figure 3.

Experimental 12
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\\.,‘ / Not to scale

(a) (b)

Figure 3. Design of the (a) original mid-sized aluminum canister and (b) the updated large
canister.

2.3 Sample irradiation

Three sample irradiations were performed on the Godiva Critical Assembly at the Nuclear
Criticality Experiments Research Center (NCERC) located at the NNSS.

The initial irradiation was of two sizes of CaCO3; and was primarily a proof-of concept
experiment. Three small ampoules were irradiated in the center of the critical assembly and
three medium ampoules were irradiated approximately two inches (centerline) from the
assembly’s exterior cladding. Because of the decrease in flux at the exterior location, the
exterior samples contained significantly more material in order to produce a measurable
quantity of 3’Ar. The average mass of CaCOj; encapsulated in the small ampoules was 0.08
grams while the average mass of CaCOs in the large ampoules was 7.0 grams.

In the second irradiation, 13 mid-sized targets were irradiated outside of the assembly with
sample masses between 10 and 16 grams. Six of the samples contained dolostone, while the
other seven samples contained limestone. Three grain sizes were used for this experiment, with
two samples of each size irradiated for each rock type. Additionally, a single 15.5 gram piece of
limestone was irradiated as the thirteenth sample.

The third irradiation involved 14 large samples with masses ranging from 48-52 grams and 4
mid-sized samples of masses between 8-9 grams for the powders and approximately 18 grams
for the single mid-sized rock sample. These samples were all placed around the exterior of the
assembly. Five samples each of obsidian (5 large), rhyolite (5 large), and tuff (4 large, 1 mid)
were irradiated in this batch along with two mid-sized samples of CaCO3; powder and one mid-
sized sample of K.CO3 powder.

The external irradiations were conducted by placing three sample stands around the
assembly, with the samples arranged approximately 1.65-cm from the edge of the stand, as
shown in Figure 4. A flux foil pack was placed beneath the quartz ampoule, inside of the
aluminum canister, in one sample near the center of each stand.

Experimental 13
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Figure 4. Five mid-sized aluminum canisters, containing a single ampoule each, on the stand
used to position the samples around the critical assembly.

2.4 Gas Processing

After irradiation, the encapsulated targets were returned to PNNL for processing and
analysis. Before the 3’Ar and *°Ar could be measured, the free argon gas had to be removed
from encapsulation and trapped for further processing.

After arrival at PNNL, the aluminum canisters were cleaned to remove any external
contamination before two of the quartz ampoules were removed from their canisters and
screened on a high-purity germanium (HPGe) detector. After the cleaning and screening
process, the remaining ampoules were removed from their aluminum canisters and the samples
were prepared for gas extraction.

In order to extract the gas from the quartz ampoules, each sample was placed into individual
disposable gas volumes which were designed to both break the ampoule and to contain the gas
released once the ampoule was broken. Due to thickness of the quartz needed for the
ampoules a special crushing device was designed for the large ampoules (see Figure 5 and
Figure 6). Filters were installed on both ends of the disposable volumes to prevent any of the
sample particles from escaping and contaminating the system.

Experimental 14
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Figure 6. The disposable volume used to crush and contain large quartz ampoules. Visible is
the filter used to prevent powder from migrating out of the volume, the O-ring seal, the spike
used to puncture the ampoule, and the open volume where the ampoule was placed.

The apparatus used to perform the gas extraction and trapping from the quartz
encapsulated samples is a modified version of the system built to measure *°Ar from irradiated
powders (Williams et al. 2017). The apparatus is shown in Figure 7 with a mid-sized volume
installed. Prior to each sample extraction, the system was vacuumed and flushed with helium to
remove as much air and any residual argon from previous samples as possible. The gas
processing system and the disposable crushing container were then evacuated to
approximately 5.0 torr. Once the system and volume were evacuated and checked for leaks, the
system was sealed, and the quartz ampoule was crushed in the disposable volume and the
pressure increase recorded. The system was then opened to a cryogenically-cooled charcoal
trap designed to trap the argon while allowing the helium to escape via a check valve at the end
of the system. In an effort to remove any remaining free argon from the rock and ampoule, ultra-
high purity helium was then flowed across the sample and through the charcoal trap for 20
minutes at a pressure of approximately 800 torr. After 20 minutes of helium flow, the charcoal
trap was sealed and removed for further processing and loading into a detector system.

Experimental 15
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Figure 7. The apparatus used to remove gas from the quartz ampoules and cryogenically trap
the argon on charcoal. Shown with a mid-sized sample crusher.

After the extraction and trapping process, the sample was then processed through an
additional system designed to separate the argon from any additional gases (including any
residual helium). Not enough argon gas was produced in the irradiated samples to provide a
complete load for the proportional counters used to detect *’Ar, so room air was flowed through
the charcoal trap and into the separation system. The atmospheric argon provided a source of
stable argon as make-up gas, but it also forced lingering argon out of the trap at room
temperature. The system used for argon separation has been previously described in Alexander
et al. (2019). After this processing step, the gas was then loaded into proportional counters to
count the activity of 3’Ar and *°Ar.

241 Delayed Emanation Measurements

Repeat measurements were performed on a subset of samples to determine what
proportion of the original radioargon remains available for measurement after the initial gas
processing removes the accessible argon. After the initial gas processing stage, each sample
was sealed in the sample crushing volume and stored.

For the delayed emanation measurements, a stored sample was selected and attached to
the gas trapping apparatus. The apparatus was then pumped and flushed using the normal
method through the vacuum line so that the sample volume could remain sealed. The remaining
process was the same as that used for the standard samples, except that the sample breaker
volume was merely opened rather than used to crush the ampoule.

Experimental 16
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2.5 Detection of 3’Ar

After the gas separation and purification, the argon samples were counted in an ultra-low-
background gas proportional counter. Inside the proportional counter, the 3’Ar is measured via
the decays of Auger electron and L-shell x-rays in the gas. The decays of 3’Ar form a peak
centered at 2.82-keV. The total number of counts in the 2.82-keV peak is found using a
Gaussian peak fit with a linear or exponential background term (depending on the background
observed at energies above the 2.82-keV peak). The 3’Ar activity is found by dividing the total
number of counts in the 2.82-keV peak by the *’Ar detection efficiency (Craig E Aalseth et al.
2009; C.E. Aalseth et al. 2011). An example of the 3’Ar spectrum used in this analysis is shown
for sample E2B in Figure 8.

w

>

510000 — sample

« 8000

S sample bkg ROI

T 6000 N

S 4000 A fit

< 2000

3

Q L " [ 1

o 0O 2 7 3 8 70 12 74
Energy (keV)

Figure 8. The *’Ar spectrum measured from sample E2B.

2.6 Detection of 3°Ar

Like the ®’Ar, the *°Ar was also quantified in an internal-source proportional counter. Once
3’Ar measurements were complete, the proportional counter gain was recalibrated so that the
full *°Ar beta spectrum (0 to 400 keV) was measured. Samples were measured for *Ar by
recalibrating the gain of the proportional counters used in the 3’Ar measurement to observe the
whole *Ar beta spectrum, looking from 0 to 400 keV. The analysis was accomplished by
subtracting a known background for the detector at the sample pressure and comparing the
difference with a spectrum from a known activity “efficiency” from a reference standard gas. An
example of the 3°Ar spectrum is shown in Figure 9 for one of the irradiated rhyolite samples. The
known “efficiency” spectrum in this plot is separate from the efficiency samples discussed later
in this work and was used as a known reference to calculate the *°Ar activity against (Williams
et al. 2017). Note: the 3’Ar peak is still noticeable as a single channel in the first bin of Figure 9.
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Figure 9. The 3°Ar spectrum measured from irradiated rhyolite.
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2.7 System efficiency measurement

In order to calculate the percentage of argon that reaches the detector from the sample, a
procedure was developed to compare the activity of identical samples before and after the
capture and processing steps. Early efforts to measure the system efficiency were unsuccessful
due to the use of stable argon as a makeup gas added to samples to aid in the volumetric
splitting of the samples. In those efforts the stable argon filled the available space and was able
to break through the charcoal trap. This resulted in a significant loss of the radioactive argon
and led to the calculation of non-physical results. A new procedure was developed using helium
as the makeup gas rather than argon and was used successfully to measure the combined
efficiency of the trapping and whole-air separation processes.

Three samples of 3’Ar were produced by irradiating three vials approximately 7.5 g of pure
CaCOs powder covered by a helium carrier gas on a 14-MeV D-T neutron generator for
approximately 4 hours. A sample of the mixed helium and *’Ar gas produced in the CaCO3; was
then pulled from each vial and mixed with additional helium gas. This mixed gas sample was
then split into two samples of equal volume, one of which is shown in Figure 10, using a
volumetric transfer. After the transfer, each pair of sample coils was left open to each other, but
not to atmosphere, for five days to ensure adequate mixing between the samples. A total of six
samples, or three sample pairs, were made using this method.

Figure 10. Efficiency sample coil.

The target of these efficiency measurements was to determine the efficiency of the trapping
system before the samples were processed. The first of each sample pair, or ‘A’ samples, were
expanded into an evacuated SCUBA canister and mixed with dry air that had been aged for
over 6 months to minimize the presence of any natural 3’Ar. Both containers have known
volumes, so the loss of sample to the second volumetric transfer was well quantified. After the
sample was expanded and mixed with air, it was then run on the Argon Field System (Hayes et
al. 2019) for purification and quantification and the activity of the prepared whole air sample was
guantified as a specific activity. The specific activity was then converted to total activity by
calculating the absolute activity in the total, well-characterized, volume of the whole-air sample.

The second (‘B’) sample was then placed in-line on the argon trapping system in the same
location that the sample crushers were placed. The sample was then processed identically to a
standard rock sample. Helium carrier gas was used to flow through the efficiency sample coll
and through a cryogenically-cooled charcoal trap. The trapped argon was then removed and
separated from the helium carrier using the same system and method as that used for the rock
samples. By comparing the activities measured on the ‘A’ and ‘B’ samples, the combined
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efficiency of the trapping and whole-air separation steps was calculated. The results of the
measurements made on the three sample pairs is shown in Table 2.

Table 2. The *’Ar activity measured in each efficiency sample pair and the resulting system
efficiency with uncertainty.

Sample Number Sample A [Bq] Sample B [Bq] System Efficiency +/-
El 0.597 0.300 0.503 0.013
E2 0.641 0.336 0.524 0.013
E3 0.551 0.406 0.738 0.024
Average 0.588 0.16

While samples E1 and E2 provided nearly identical efficiency values, sample E3 displayed a
notably higher efficiency. An analysis was performed of each step of the efficiency process in an
effort to identify any reason for the observed variation, but no anomalies were reported beyond
a small increase in the helium carrier flow rate in the E3B sample. It is unlikely that this slight

variation in the helium flow would have increased the capture efficiency of the charcoal by
upwards of 20%.
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3.0 Simulations

In order to calculate the emanation fraction from each sample, the total activation expected
in each sample must be calculated. This was done using the COUPLE and ORIGEN modules of
SCALE 6.2.2 (Rearden and Jessee 2018). The COUPLE module takes the estimated flux profile
of Godiva and calculates single group flux weighted average nuclear cross sections using the
specific flux shape. The ORIGEN module then takes those cross sections and combines them
with the irradiation flux, time, and the target material composition to determine how much ¥Ar is
produced per gram of rock.

3.1 Flux-Weighted Cross Sections

In the activation calculations performed by ORIGEN, all energy dependence is embedded in
the one-group flux-weighted average cross sections. These calculations are performed by the
COUPLE module, which creates a new ORIGEN library specific to the provided energy
spectrum. Because GODIVA has a fast neutron spectrum, the JEFF-3.0/A 200-group neutron
structure was chosen.

3.2 Production Paths

The reactions identified in ORIGEN as potential paths to produce 3’Ar are listed in Table 3
along with their calculated flux-weighted cross section as calculated by COUPLE.

Table 3. The *’Ar producing reactions identified by ORIGEN sorted by their calculated flux-
averaged cross sections.

Reaction Cross Section [b]
36Ar(n,y)3"Ar 7.22 x 10792
40Ca(n,a)%"Ar 2.27 x 10792
38Ar(n,2n)37Ar 1.23 x 10795

41Ca(n,n+a)3"Ar 6.35 x 1070
39K (n,n+d)37Ar 2.48 x 10708
39Ar(n,3n)37Ar 9.45 x 1079
40K (n,n+t)37Ar 1.59 x 10711

While the 36Ar(n,y)%’Ar reaction has the highest cross section, the lack of air present in the
samples will minimize this production path. This holds for all reactions where argon is the target
element. The only air expected to be in the samples will be that which is trapped within the pore
space of the material and was not removed by the vacuum pulled on the sample during
encapsulation. The dominant production mechanism will then be the 4°Ca(n,a)3’Ar reaction.

Like previously shown for 3Ar, the reactions identified in ORIGEN as potential paths to

produce *°Ar are listed in Table 4 along with their calculated flux-weighted cross section as
calculated by COUPLE.
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Table 4. The *°Ar producing reactions identified by ORIGEN sorted by their calculated flux-
averaged cross sections.

Reaction Cross Section [b]
39K (n,p)3°Ar 1.48 x 10791
38Ar(n,y)30Ar 1.19 x 10792
42Ca(n,a)3°Ar 1.66 x 10793

40Ar(n,2n)39Ar 1.49 x 107%*
40K (n,n+p)3°Ar 1.32 x 10704
40Ca(n,2p)3°Ar 3.28 x 1079
43Ca(n,n+a)3°Ar 6.47 x 10797
4IAr(n,3n)3°Ar 2.15 x 10797
41K (n,n+d)3°Ar 1.41 x 10797
41Ca(n,3He)3°Ar 1.34 x 107%°
42K (n,n+t)3°Ar 8.47 x 10711

The (n,p) reaction on K has the highest cross section by an order of magnitude and is the
dominant production path during neutron irradiation. While neutron capture on *Ar is also a
potentially significant reaction, the low natural abundance of %Ar (0.06% natural isotopic
abundance) and the expected lack of air within the sealed sample ampoules renders this path
irrelevant. A similar argument can be made for the (n,a) reaction on #?Ca, since “’Ca has a
natural isotopic abundance of only 0.65%.

3.3 Specific Activity Post-Irradiation

Using ORIGEN, the specific activity of *’Ar and *°Ar in Bg/g were calculated for each target
material immediately after irradiation. The results of these calculations are shown in Table 5. As
expected, the production of *°Ar is significantly reduced in materials with low potassium content,
while the *'Ar production decreases significantly in materials with low calcium content. It is worth
noting, however, that the production never drops to zero, even in the carbonate powders which
contain only one of the elements of interest. In particular, the 3’Ar production in the potassium
carbonate (K>COs) powder is still in the mBg/g range despite the absence of calcium in this
material. From the ICP-OES measurements performed on this powder, calcium is only present
in ultra-trace amounts and cannot act as a significant source of 3Ar.

Table 5. The ORIGEN calculated specific activity [Bg/g] of 3’Ar and *°Ar immediately post-

irradiation.

Target Material S7Ar Bg/g 37Ar Unc [Bg/g] 3%Ar Bg/g 3SAr Unc [Bg/g]
Calcium Carbonate 135.67 15.13 3.06 x 1075 3.41x10°°
Potassium Carbonate 0.0052 0.0015 0.4616 0.0515
Limestone 121.96 13.60 0.0021 0.0011
Dolostone 58.98 6.58 0.0076 0.0013
Obsidian 1.10 0.12 0.0317 0.0039
Tuff 0.42 0.05 0.0306 0.0037
Rhyolite 1.12 0.13 0.0369 0.0043

In most cases, the uncertainties associated with these values are dominated by the uncertainty
in the neutron fluence (11.15%). However, in a few cases the uncertainty in the potassium
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content of the rock dominates, particularly in the case of limestone (51%). The uncertainty
guantification also assumes that the nuclear cross-section values are accurate to within 10% at
the relevant energies.

3.4 Calculating predicted activities

Production of ¥’Ar and *Ar is through activation reactions. Calculations of the expected
activity of *’Ar and **Ar were performed using the ORIGEN solver of SCALE 6.2.2. ORIGEN
solves the system of ordinary differential equations that describe nuclide generation, depletion,
and decay.

dN;
dt

Dt + f o @IN© = (i + 5 @INi(E)
i ®

N;= amount of nuclide i (atoms)
A; = decay constant of nuclide i (1/s)

l;; = fractional yield of nuclide i from decay of nuclide j

o; = spectrum-averaged removal cross section for nuclide i (barns)

fij = fractional yield of nuclide i from neutron-induced removal of nuclide j

® = angle- and energy-integrated time-dependent neutron flux (neutrons/cm?-s)

Here, the spatial dependence is encompassed in @, or the spatially-averaged neutron flux
magnitude. Energy dependence is encompassed in g;, or the one-group flux-weighted average
cross sections (described above) and in f;;, the flux-weighted average reaction yields.

For each sample material, the composition (from ICP-OES) was input as fractions of a gram,
so that the total mass input is one gram. This simplifies calculations across a range of sample
masses but neglects the potential for self-shielding in larger samples. Only the dominant
elements are included, typically calcium, potassium, iron, and sodium.

GODIVA irradiations are burst irradiations, so the total irradiation time is assumed to be one
millisecond. This is multiplied with the neutron flux (neutrons/cm?-s) to determine the neutron
fluence (neutrons/cm?), the value used to calculate the total number of interactions.

Using the specific activities from Table 5 and the known mass of each sample, the total
predicted *’Ar activity immediately post-irradiation, 4, , .., and *°Ar activity, 4,, .., can be
calculated for each sample. These values are then decay-corrected from the date of irradiation
to the measurement date.

— —Aar—37(tc—t;) 2
AAr_37predicted AoAr—37e ( )

The same decay correction was performed for the *°Ar values, but because of the long half-
life of *°Ar, the impact on the final values was negligible.
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Losses during the gas processing between the charcoal trap and the detector are captured
in two efficiency values, ep, and €qp. The value for €, is constant for the system and has been
measured as 0.675. The efficiency ¢, is run-specific and is calculated during the gas
processing step. With these values, the activity of *’Ar predicted to be in the detector can be
calculated as:

= —Aar-37(tc—t;)
AAT_37predictedd EPQEQDAOAr—37e (3)

This value is the predicted 3’Ar activity in the detector if all the 3’Ar produced during irradiation
was available for gas transport.

3.5 Calculating emanation fraction

Once the *Ar or *°Ar samples are counted, the emanation fraction, &, can be calculated by
taking the ratio of the measured activity to the predicted total activity from Equation (3).

_ AAr_3 7 measured (4)

- AAr_37predictedd
3.6 Uncertainty Quantification

The emanation fraction calculated in Equation (4) is a combination of multiple values, each with
associated uncertainties.

The calculated specific activity of argon post-irradiation for each sample material, S is listed in
Table 5. In its simplest form, the equation used to calculate S is:

5= oo — et ©)

Where c is the concentration of calcium or potassium in the sample, N, is Avogadro’s number,
M is the molar mass of the target, g, is the argon production cross section, and ¢ is the
neutron flux from the reactor.

The associated uncertainties, agg, can then be calculated

N CRC

The predicted argon activity in each sample is then calculated to be the specific production rate
S times the measured sample mass m,,.,s Which leads to an uncertainty in AATpredicted of

(6)

[ .
AATpredicted

()

mmeas

2 2
o, =A Is + Imimeas
AArpredicted AT predicted S

Because the uncertainty in the measured mass of each sample my,;..s is low (0.001 g),

Oh pr predicted will be dominated by o.
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For Equation (3), the uncertainty arises in the two efficiency values ep, and €,p. These two
values can be combined into a single efficiency value, e with a known uncertainty of .. This
value then contributes to the uncertainty in the production activity expected in the detector

AATpredicted d’
2 8
o —A (O-AATpredicted> + (0-65>2 ( )
A : — 44 i o -
ATp‘rEdmtedd rpredlctedd AATpredicted €s
This value, along with the reported uncertainty in the measured argon activity o, _ , then
contributes directly to the uncertainty in the measured emanation values o,.
9)

oy 2 2
Arpredicted 3 (O-Ameas>
o, =¢ +
A Ameas

AT predicted
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4.0 XCT Imaging of Solid Samples

A representative piece of each solid rock type was imaged using x-ray computed tomography
(XCT). Within each image, pore space within the rock was highlighted and used to compute a
porosity, permeability, and tortuosity for each sample as shown in Table 6. No permeability or
porosity were measured for obsidian since no connected pore space was detected.

Table 6. Flow parameters measured by XCT for each rock sample type.

Porosity Permeability Tortuosity Voxel Size
Material [%0] [Darcy] [mm]
Dolostone 9.08 195.9 1.64 0.0167
Limestone 5.60 0.0037 1.57 0.0129
Tuff 0.70 0.0047 1.60 0.0172
Obsidian 0.04 NM NM 0.0158
Rhyolite 111 0.0468 1.39 0.0202

4.1 Dolostone

Figure 11. An XCT image of dolostone showing (left) the pores identified in the sample and
(right) the CT scanned image with the pores highlighted.

XCT Imaging of Solid Samples

PNNL-30868
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4.2 Limestone

Figure 12. An XCT image of limestone showing (left) the pores identified in the sample and
(right) the CT scanned image with the pores highlighted.

4.3 Tuff

Figure 13. An XCT image of tuff showing (left) the pores identified in the sample, (center) the CT
scanned image with the pores highlighted, and (right) high-density particles present in the
sample.
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4.4 Obsidian

Figure 14. An XCT image of obsidian showing (left) the pores identified in the sample and (right)
the CT scanned image with the pores highlighted.

4.5 Rhyolite

Figure 15. An XCT image of rhyolite showing (left) the pores identified in the sample, (center)
the CT scanned image with the pores highlighted, and (right) high-density particles present in
the sample.
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5.0 Results

5.1 Emanation measurements

Each sample was processed and counted using the method described in the previous
sections. The *’Ar measured in each sample, decay-corrected to the irradiation date, is shown
in Table 7 along with the percent emanation calculated using Equation 4.

Table 7. Sample mass and measured 3’Ar activity decay corrected to the irradiation date. The
estimated fractional release (emanation) is also reported.

Mass  Grain Size *Ar Activity 3’Ar Unc. Emanation Emanation Unc.

Material [a] [#m] [Ba] [Ba] [%0] [%0]
Ca Carbonate 8.58 <<250 6.00 0.021 1.49 0.44
K Carbonate 9.000 <<250 0.0049 0.0005 25.1 10.31
Dolostone 10.164 250-500 1.572 0.038 0.68 0.68
Dolostone 12.640 500-2000 1.108 0.034 0.41 0.41
Dolostone 12.269 >4000 0.839 0.045 0.42 0.42
Limestone 10.983 250-500 7.167 0.012 1.93 0.57
Limestone 12.479 500-2000 12.26 0.113 2.12 0.62
Limestone 12.066 >4000 5.833 0.085 1.95 0.57
Consolidated 15.477 >>4000 9.863 0.17 1.40 0.41
Limestone

Tuff 50.17 >4000 1.308 0.012 19.13 5.67
Tuff 50.46  >4000 1.136 0.014 14.11 4.19
Obsidian 50.45 >4000 0.027 0.003 0.11 0.03
Obsidian 50.60 >4000 0.019 0.001 0.10 0.03
Rhyolite 50.49 >4000 0.680 0.010 3.73 1.10
Rhyolite 50.03 >4000 1.389 0.023 5.99 1.78
Rhyolite 49.92 >4000 0.814* 0.207 4.35 1.70

Emanation fractions were calculated by comparing the activity produced via activation,
calculated using the ORIGEN module in SCALE 6.2.2, and the activity released from the
irradiated material, calculated as the measured activity divided by the system efficiency.

The *Ar measured in each sample is shown in Table 8. Because *%Ar is produced much
more readily in samples containing appreciable concentrations of potassium, it was expected
that *°Ar levels would be much lower in the dolostone and limestone with their much lower K
concentrations. This trend was observed, with no detectable 3°Ar observed in the limestone
sample and with low *°Ar activities observed on the dolostone sample. The CaCO; samples (no
K) were not measured for 3°Ar.
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Table 8. Sample mass and measured *°Ar activity decay corrected to the irradiation. The
estimated fractional release (emanation) is also reported. The activities reported here are

activities above atmospheric levels.

Grain Size 3°Ar Activity 3°Ar Uncertainty Emanation Emanation

Material Mass  [um] [Bq] [Bq] [%0] unc. [%]
K Carbonate 9.000 <<250 0.187 0.002 10.97 3.23
Tuff 50.17 >4000 0.003 0.0003 0.54 0.17
Tuff 50.46  >4000 0.002 0.00008 0.36 0.11
Obsidian 50.45 >4000 0.0003 0.00005 0.04 0.01
Obsidian 50.60 >4000 <1E-06 ND ND 0.0002
Rhyolite 50.49 >4000 0.002 0.00008 0.37 0.11
Rhyolite 50.03 >4000 0.004 0.0002 0.47 0.14
Dolostone 12.54 >4000 0.0004 5.88E-05 1.50 0.53
Limestone 10.75  250-500 <7.8E-05 ND ND 0.69

5.2 Delayed emanation measurements

The results of the delayed emanation measurements for 3’Ar are shown in Table 9 and for *°Ar
in Table 10. The days between processing column lists the number of days that passed
between the initial processing of the sample and the processing of the repeat sample.

Table 9. Measured 3'Ar activity in repeat measurements. The * denotes a sample for which the
ampoule did not fully break.

Grain STAr STAr Days

Size Activity  Uncertainty = Emanation Emanation Between
Material Mass [um] [Ba] [Ba] [%] Unc. [%] Processing
Ca 9.000 <<250 0.073 0.011 0.01 0.003 261
Carbonate
Tuff 50.17 >4000 0.064 0.010 0.57 0.19 230
Tuff 50.46 >4000 0.876 0.078 8.30* 2.57 203
Rhyolite 50.49 >4000 0.239 0.058 0.75 0.29 199
Rhyolite 49.92 >4000 ND ND ND ND 0.06

Table 10. Measured *°Ar activity in repeat measurements. The * denotes a sample for which the
ampoule did not fully break.

Grain SOAr Days

Size 3%Ar Activity Uncertainty ~ Emanation Emanation Between
Material Mass [um] [Ba] [Bq] [%0] unc. [%] Processing
Tuff 50.17 >4000 6.461E-05 4.740E-05 0.01 0.01 230
Tuff 50.46 >4000 1.414E-03 6.041E-05 0.26* 0.08 203
Rhyolite 50.49 >4000 7.297E-04 5.427E-05 0.11 0.03 199
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6.0 Discussion

The emanation fraction represents a potentially significant source of uncertainty in models of
activation product yield estimates from UNEs and in predicting natural gas backgrounds. This
work, first and foremost, details and demonstrates the method developed by PNNL to measure
the 3’Ar and *°Ar released from rocks and powders that have been irradiated. Due to the
inherent variability of geologic materials, rocks of similar type from location to location, or even
different parts of the same formation, are likely to result in different emanation fractions. As a
result, the emanation values reported here are of some limited value specific to the rocks
examined under the conditions they were irradiated and analyzed. It is, therefore, important to
examine these results for correlations that might help extend their relevance to more general
locations.

6.1 Emanation of 3’Ar versus °Ar

Comparing results of Table 7 and Table 8, in all cases the percent emanation of 3’Ar was
significantly higher than that of 3Ar. This may be due in part to the difference in the energetics
of the argon producing reactions. For the “°Ca(n,a)%’Ar reaction the recoil range of the 3’Ar atom
is 408.4 nm (Onstott et al., 1995). By comparison, the mean recoil range of the 3°Ar atom
produced by the °K(n,p)*°Ar reaction is only 175.6 nm (Onstott et al., 1995).

If an argon atom is not emitted into the pore space through recoil it may still be transported
through diffusion. Since *Ar and °Ar are both radioactive, the diffusion path length is limited by
the lifetime of the atom and is related to the effective diffusion coefficient of argon in the matrix,
Derr, as L = (Derr/ A)¥2. In the case of a crystal lattice, the Der of argon is <102 m?s™, so the
diffusion path length over the lifetime of *’Ar is <0.2 nm while the longer-lived *°Ar has a
diffusion path length of <11 nm (R. a Riedmann and Purtschert, 2011; Watson and Cherniak,
2003).

The shorter half-life of *’Ar would seem to preclude that emanation is purely dominated by
matrix diffusion effects, as has been argued previously in Andrews et al. (1991) who concluded
that release of 3’Ar and **Ar must be surface dominated. Hess (1986) also observed higher
emanation fractions for 3’Ar versus *°Ar. If the measured activities of 3’Ar and *°Ar are converted
into number of atoms, the ratios of 3’Ar/**Ar measured in this work and shown in Table 11 are
similar (but slightly higher) to those reported by (Hess 1986), with the exception of the
potassium carbonate sample.

Table 11. The measured ratios of 3’Ar/**Ar atoms in each material. For materials with multiple
measurements, the average result is reported.

Atoms of 3"Ar/*°Ar

Rhyolite 0.116
Tuff 0.185
Obsidian 0.032
Potassium Carbonate 9.22x107°
Dolostone 0.696
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6.2 Temperature and impact of emanation on natural production

The emanation rates reported in this work are likely indicative of conditions near room
temperature. However, it must be noted that when irradiated, the samples would have
experienced temperature fluctuations due to neutron heating. As a result, temperature was not a
strictly controlled variable in this study. While the results of this work cannot completely
deconvolve the relative impact of atomic recoil energy versus gas transport effects in
determining emanation fractions, it can be assumed that factors like sorption can influence how
much argon moves freely in the pore space of rocks. Since surface adsorption is temperature
dependent, it is expected that argon emanation is likely to increase as a function of temperature.
Because the values provided here were nominally obtained at room temperature, they are
almost certainly conservative estimates of the levels of 3’Ar and *°Ar that might be expected to
be emitted in a UNE, where extreme temperatures (not to mention rock crushing and
vaporization) would have additional impact not addressed here. However, the emanation
fraction values reported here are likely be more directly relevant for predictions of the natural
background level of radioargon.

In recent literature, assumptions have been made that the *’Ar emanation rate ranges between
2-7% (Fritz et al., 2018; Guillon et al., 2016; R. a Riedmann and Purtschert, 2011). In most
cases, the results reported here fall into that range or slightly below. For the rock samples
considered in this work, only one material (the tuff) exceeded this range. However, most
samples, particularly the carbonates, fell at or below the low end of the 2-7% range. This means
that predictions, like those made by Fritz et al. (2018), using the higher values may overestimate
the amount of argon available for transport. In examining the results of Fritz et al. (2018), this
may be the case in the high calcium samples, where the predictive model consistently
overestimated the expected *’Ar in the subsurface.

6.3 Variability in ampule failure

At the end of the sample measurement campaign, the ampoule crushing volumes were
unloaded and the final disposition of the quartz ampoules was noted. In almost all cases major
failures in the quartz ampoule was observed. In general, the medium ampoules were more
thoroughly broken than the large ampoules. In Figure 16 three examples of broken ampoules
are shown. While the majority of the medium ampoules were thoroughly destroyed like shown in
Figure 16a, the large ampoules had a greater variety in the degree of destruction from complete
ampoule failure as shown in Figure 16b and destruction of only the bottom of the ampoule as
shown in Figure 16¢. The emanation calculation assumes 100 percent removal of available
argon from each sample, so incomplete ampoule destruction may contribute some additional
uncertainty.
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Figure 16. Broken ampoules for (a) Sample 17 (limestone), (b) Sample 32 (rhyolite), and (c)
Sample 41 (tuff).

In one case, that of sample 45, the quartz ampoule was not broken. Instead, a single hole was
punched through the bottom of the ampoule by the spike (Figure 17). This likely explains the
unexpectedly high activity remaining in sample 45 during the delayed emanation measurement.
With the hole likely blocked by the puncturing spike, the helium flow was not able to properly
circulate and remove all of the radioargon from the gas surrounding the irradiated tuff.

Figure 17. The punctured quartz ampoule of sample 45.

6.4 Conceptual model of repeat measurements

Given the assumption that emanation might be partially a function of how gas moves within the
bulk rock matrix after it is produced, it was predicted that some fraction of produced argon gas
initially bound within the rock could diffuse (or otherwise transport) into the connected pore
space over time. Repeat measurements of the argon emanation were made of a subset of
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samples and some preliminary assessment of these measurements can be made with a “toy
model” type of approach, which is outlined here.

The sample volume can be broken into three regions — the volume of space occupied by the
rock sample, V,,«, the volume of the rock that is connected pore space, V.., and the volume

of the ampoule that is free gas space V4. Assuming:
V:gas

amp

Vamp

1
2
1
Viock = E
1

Vpore = gvrock

where the last equation is assuming a 33% porosity. Then

Vamp

N~

V;Jore =

If it is assumed that only the radioargon in the gas volume is sampled during processing of the
sample, and that prior to measurement the argon concentration has had enough time to
equilibrate throughout, then the fraction of emanated argon that is measured during the first
round of sample processing can be calculated.

Ié]as = 3Vpore

Agas (0) = 3Apore (0)

If it is assumed that all of the emanated argon is present in either the gas volume or the
connected pore volume, then the amount of argon present in the connected pore space can be
equated to the total emanated argon at time 0 by

Agas(o) = 3Apore(0)
Ap = Agas + Apore = 3Apore(0) + Apore = 4Apore

And if it is assumed that all free argon from the gas volume is removed and measured during
the initial measurement period then the percentage of measured argon that is measured can be
equated to what remains in the vial by

1 1
Aremain = Z Ag

AL us = 0.75A4%
For the second measurement of emanated argon, the delayed emanation measurement, the
calculation must also take into account the additional gas volume provided by the crushing

volume that contains the sample once the ampoule was broken. If it is assumed that the
ampoule volume was roughly 80% of the crusher volume, the volumes can then be defined as
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Verusn = 1-25Vamp

Verush = 1-25(6Vpore) = 7'5]/;70re

And if it is assumed that the argon has evenly distributed between the crusher gas volume and
the connected pore space then the remaining activity can be defined as

A%emain = Acrusn Apore = 8'5Apore

Assuming that only the gas present in the crusher volume is measured, then the second
measurement should be defined as

1

A2 oin = ﬁA}emam = 0.12(0.25)Ag = 0.0294;
5 85—-1
Afneas = —gz— Aremain = 0.88(0.25)A; = 0.224

More generally, the ratio of a repeated measurement with the original estimate can be written
for porosity, ¢, as

Afveas _ 2.5¢
Alous 25409

Applying this equation to data in the preceding tables for those samples that had repeated
measurements is summarized in Table 12. The ratios of repeated measurements is consistently
under-predicted by more than an order of magnitude. There are at least two very likely reasons
for this. Firstly, porosities used in the above ratio calculation are based on XCT measurements
of samples and likely significantly under predicted. Secondly, the toy model makes some
significant assumptions and simplifications in how true emanation likely occurs. For instance, it
assumed that the Al ... is 100% efficient in capturing all free argon gas in the ampoule; if this
isn’t the case, which is likely, then the A%, ,;, model estimate will be accordingly undervalued
and lead to a lower 42, estimate. This is only one likely culprit, but it is worth pointing out that
using more reasonable values for sample porosity (1-10% range) results in much closer
agreement between measured and modeled ratios.
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Table 12. Ratios of repeated measurements made examining emanation over time compared

with toy model estimates based on porosity.

37Ar 3TAr; STAr, 3TAr,

Activity  Emanation Activity Emanation 37Ar, 37Ar;  37Ar, /27Ar
Material Mass [Bq] [%6] [Bq] [%6] (measured) (¢ predicted)
Tuff 50.17 1.308 19.13 0.064 0.57 0.0298 0.0100
Tuff 50.46 1.136 14.11 0.876 8.30* 0.588 0.0070
Rhyolite 50.49 0.680 3.73 0.239 0.75 0.201 0.0111
Material Mass *°Ar; 39Ar; 39Ar, Ar, 39Ar %Ars  %°Ar2 2°Ar

Activity ~ Emanation Activity Emanation (measured) (¢ predicted)

[Ba] [%0] (Bq] [%0]
Tuff 50.17 0.003 0.54 6.461E-05 0.01 0.0185 0.0070
Tuff 50.46 0.002 0.36 1.414E-03 0.26* 0.722 0.0070
Rhyolite 50.49 0.002 0.37 7.297E-04 0.11 0.297 0.0111
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7.0 Conclusions

Prior to this work, estimations of activation product production rates, whether in relation to UNE
events or from natural background production in the subsurface, have largely ignored the
emanation process entirely. In other instances, emanation has been relied upon as a mysterious
“fudge-factor” relied upon to vaguely account for discrepancies between predicted levels and
experimentally measured values of activation product gases. The primary goal of this work was
to develop a method for directly measuring argon emanation fractions and to demonstrate that
method with a handful of initial measurements.

This report summarizes all the measurements made of 3’Ar and *°Ar emanation. In all instances
where both isotopes were measured from the same sample, the emanation fraction of 3’Ar was
estimated to be larger than that of *Ar. Since *°Ar has a significantly longer half-life than *’Ar, it
is concluded that the smaller **Ar emanation is likely due to a difference in recoil energy in the
activation reactions.

Significant variability was observed among the emanation rates across various geologic
materials. The rate of ’Ar emanation from irradiated geologic materials was found to be highly
variable across different rock types. For limestone and dolostone, little variation in 3’Ar
emanation was observed when the size of irradiated materials was varied from 250 ->4000 um.
With the exception of obsidian, the 3’Ar emanation rate was significantly higher for the volcanic
rocks than the carbonates. The obsidian emanation rate was the lowest of all of the irradiated
materials, likely due to its glassy nature and lack of connected pore space. The emanation rate
of 3%Ar was measured for three volcanic rocks and potassium carbonate and was observed to
be significantly (55-95%) lower in all cases than that of *’Ar.
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