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ABSTRACT

The Australian Nuclear Science and Technology Organization (ANSTO) operates a reactor and a medical
isotope production facility in Lucas Heights, Australia. Example atmospheric transport runs using
historical releases from the facility illustrate that ***Xe will routinely be detected at low levels at regional

IMS sampling locations given the current detection limits. This observation matches with historical
records of "**Xe detections.
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1.0 Introduction

1.1 Background

The Comprehensive Nuclear-Test-Ban Treaty (CTBT) was adopted by the United Nations General
Assembly on September 10, 1996 (CTBT 1996). The CTBT bans all States Parties (countries ratifying
the treaty) from carrying out nuclear explosions. Within the CTBT the International Monitoring System
(IMS) was defined to monitor the world for nuclear Explosions (CTBTO 2011). The IMS contains four
primary monitoring technologies: radionuclide, seismic, hydroacoustic, and infrasound. A number of
radionuclides detectable by equipment deployed by the IMS are produced for pharmaceutical purposes as
well as being produced by nuclear explosions. Understanding the occurrence of detections of ***Xe
associated with radiopharmaceuticals is important when trying to determine whether a potentially small
nuclear explosion has occurred.

The CTBT identifies 80 radionuclide sampling locations around the globe (although station 35 is not
assigned coordinates in the treaty). Not all stations have yet been built. Of the 80 stations, half sample
both particulates and noble gases and the others only sample particulates. The IMS station locations
where noble gas sampling occurs are shown in Figure 1. Since the start of 2011, radionuclide sampling
data for noble gases have been received from 27 different locations. These locations are labeled as active
in Figure 1. The ANSTO facilities are about 700 km northeast of the IMS station denoted by AUX04 and
they are about 15 km from the coast.
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Figure 1. IMS Radionuclide Sampling Locations that Collect Noble Gases.

The suite of 80 radionuclide sampling locations in the IMS is provided in Figure 2. Although many of
these locations do not have noble gas samplers, this figure is included to assist in understanding the extent
of the area where releases of ***Xe from ANSTO facilities potentially reach detectable concentrations.
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Figure 2. IMS Radionuclide Sampling Locations that Collect Particulate Data.

1.2 Purpose

Some medical isotope facilities produce enough **Xe that the releases can be detected by noble gas
samplers operated for the CTBTO (Saey 2009; Saey et al. 2010; Wotawa et al. 2010; Matthews et al.
2012; Matthews et al. 2010). This paper examines the historical releases of ***Xe produced in the Opal
research reactor in Lucas Heights, Australia, from the perspective of potential detections in IMS samplers.
The reactor is owned and operated by the Australian Nuclear Science and Technology Organization

(ANSTO 2012).



2.0 Data

2.1 ANSTO Release Data

Daily releases of ***Xe from Building 54 of ANSTO" are provided in Figure 3. The data set extends from
November of 2008 to early 2012. The start of this data set coincides with the start of operation of new
isotope production facilities. The average daily release since the start of 2010 is about 1.25x10* Bq.
Daily releases for the period April through August 2011 are shown in Figure 4. The data in this figure
indicate an operational pattern that repeats on approximately a monthly cycle.
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Figure 3. Daily releases of *Xe from Building 54 at ANSTO from November 2008
through April 2012.

! Unpublished data.
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Figure 4. Daily releases of ***Xe from Building 54 at ANSTO for April through August
2011.

The base data set also contains release data on contiguous 15 minute time intervals. An example plot
over a two day interval in in January, 2010 is provided in Figure 5. The releases vary substantially

throughout the day.
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Figure 5. Releases of **Xe from Building 54 at ANSTO on 15-Minute intervals for January 11 and 12,
2010.

2.2 IMS Data

Although noble gas samplers in the IMS have been operating for a longer period of time, for this analysis
we examine only the data collected since the end of August, 2009. The time limitation is applied only
because we have electronic copies of the data from that time forward that were archived for other analysis
purposes. We show the detection data graphically for the three IMS stations closest to the ANSTO
facilities that collect noble gas data. These three stations are denoted by the following labels: AUXO04,
AUX09, and NZX46. None of the stations have 100% data availability for this time period. We plot all
concentrations at or above 0.1 mBg/m® even if the concentration is not above the minimum detectable
concentration.

11
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Figure 7. Measured **Xe Concentrations from the IMS noble gas sampler (AUX09) at
Darwin, Australia, since August 2009.
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Figure 8. Measured ***Xe Concentrations from the IMS noble gas sampler (NZX46) at
Chatham Island, New Zealand, since August 2009.

The minimum detectable concentration (MDC) for ***Xe depends on the type of sampler, the amount of
air that is processed, and a number of other conditions. Using information from 4,892 sample analyses
from these three stations (AUX04, AUX09 and NZX46) and the station GBX68 from September 2009
through April 2012, 95% of the calculated MDC’s for **Xe were in the range 0.12 to 0.3 mBg/m?, with a
median value of 0.16 mBg/m®. Data sets with the amount of extracted xenon below 0.3 or above 1.5 cc’s
were eliminated for exploring the effective MDC. In addition, a few data sets with negative, but large
magnitude, estimates of **Xe concentrations were eliminated.
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3.0 Model and Results

3.1 Atmospheric Transport Model

The general approach for this analysis occurs in two basic steps. First, we insert the a unit source term of
3% e in an atmospheric transport model (ATM) and run the model for 21 days of transport. The
concentration fields from the individual ATM runs are then superimposed, scaled and decay corrected to
yield daily concentration estimates. Finally, we compare the daily concentration estimates with the
sampled data.

We modeled atmospheric transport of **| using the Hybrid Single Particle Lagrangian Integrated
Trajectory (HYSPLIT) model, parallel version 4.9, maintained by the U.S. National Oceanographic and
Atmospheric Administration (Draxler and Hess 1998; HYSPLIT 2011). We used three-hour archived
meteorological data on a 1° grid produced for the U.S. National Weather Service’s National Centers for
Environmental Prediction. The archived meteorological data are available for use in the HYSPLIT model
via download from a web server (GDAS 2012).

We used the particle tracking mode of the HYSPLIT code. The particle tracking mode transports a user
specified number of representative particles, each released at a specific location and time, and tracks the
position of each particle over time. The transport runs were performed on a 168 compute-node Linux
cluster. The model used a 0.5° latitude by 0.5° longitude transport grid and 1 million particles. The
simulated radionuclide activity was injected into the lower 20 meters of the atmospheric column at
latitude 34.0511°S and longitude 150.9786 °E. Model concentrations at sampling locations were
averaged over the bottom 100 meters of the atmospheric column. The top of the 23-layer atmospheric
model domain reached 10,000 m above ground level. No atmospheric deposition was used and
radioactive decay was applied in the post processing step of superimposing plumes released on different
days.

To show the potential extent of the migration of ***Xe released from the ANSTO facilities, we examine
the transport for release of 3.18x10™ Bqg on November 2, 2010. This was the largest of the daily releases
in the data set. A snapshot of the extent of the plume ten days after the release is shown in Figure 9. The
lowest concentration contour shown on the plot is 0.01 mBg/m®, which is an order of magnitude below
currently detectable concentrations. No radioactive decay is applied in this plot. Application of
radioactive decay for ***Xe, which has a half-life of about 5.24 days, would lower these concentrations by
nearly a factor of 4.

14
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Figure 9. Modeled ***Xe concentrations ten days after a release of 3.18x10" Bq on
November 2, 2010, from the ANSTO facilities. No radioactive decay is used.

3.2 Predicted Concentrations Using ANSTO Releases

The suite of model runs covered the time period from November 2008 through February 2012; a total of
1162 days. We calculated the percent of days the modeled concentrations were above 0.3 mBg/m® at
each of the IMS locations with noble gas samplers We chose this particular concentration limit because it
was the upper 95% of the suite of calculated MDC’s, and thus it is likely that a station would report this
concentration as a detection of **Xe. The results are shown in Figure 10. Most of the “detections” occur
in Australia and New Zealand. The station identified as CLX19 (see Figure 1) is about half-way between
New Zealand and South America.

Even though the other IMS radionuclide sampling locations do not have noble gas samplers, we include
an expanded version of Figure 10 that considers concentrations at all IMS radionuclide sampling
locations. Location 35 is assumed to be located in the country of India. These results are shown in Figure

15
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Figure 11. Percent of days that modeled **Xe concentrations were above 0.3 mBg/m® at
all IMS radionuclide locations given the historical releases from the ANSTO facilities.



We also considered the match between IMS sampled data and the modeled concentrations for three
sampling locations. A comparison of the sampled concentrations with modeled concentrations for the
IMS station (AUX04) in Melbourne, Australia, is shown in Figure 12. The modeled concentrations are
daily average concentrations, thus we have averaged the nominal two IMS samples per day to obtain a
daily value. We only include measured concentrations in the plot that pass quality criteria. We only plot
modeled data for days with valid measured data.

@ Modeled (Daily) ¢ IMS (Daily)

100

10

133y e Conc. (mBg/m?)

0.1
5/6/2009 11/22/2009 6/10/2010 12/27/2010 7/15/2011 1/31/2012

Figure 12. Time history of modeled and sampled concentrations for the IMS station
(AUXO04) in Melbourne, Australia, given the **Xe historical releases from the ANSTO
facilities.

We plot all modeled concentrations against the daily average sampled concentrations in Figure 13 for
sampled concentrations that meet or exceed 0.1 mBg/m®.
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Figure 13. Comparison of modeled concentrations with sampled concentrations for the
IMS station (AUX04) in Melbourne, Australia, given the **Xe historical releases from
the ANSTO facilities.

Each sampled value has a calculated minimum detectable concentration. We calculated a binary measure
for the comparison. A “match” can occur in two ways. First, the sampled value and the modeled
concentration are both below the specific sample MDC. Second, the sampled value and the modeled
concentration are both above the specific sample MDC. Other data combinations indicate a mismatch.
Using this simple measure, 82% of the modeled concentrations for Melbourne (AUX04) match with the
sampled concentrations, in the sense that they correctly identify days with detectable concentrations and
days with concentrations below detection levels. Of the 18% of the dates resulting in mismatches, the
model is higher than the sampled concentrations 26% of the time.

A comparison of the sampled concentrations with modeled concentrations for the IMS station (AUX09)
in Darwin, Australia, is shown in Figure 14. The IMS data are converted to daily averages in this plot.
We only plot modeled data for the days with valid sampled data. Using the simple matching measure,
33% of the modeled concentrations match with the sampled concentrations, in the sense that they
correctly identify detections and concentrations below detection levels. Of the 67% of the dates resulting
in mismatches, the model is lower than the sampled concentrations 100% of the time. We plot all
modeled concentrations against the daily average sampled concentrations in Figure 15 for sampled
concentrations that meet or exceed 0.1 mBg/m°.
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Figure 14. Time history of modeled and sampled concentrations for the IMS station
(AUX09) in Darwin, Australia, given the **Xe historical releases from the ANSTO

facilities.
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Figure 15. Comparison of modeled concentrations with sampled concentrations for the
IMS station (AUX09) in Darwin, Australia, given the ***Xe historical releases from the

ANSTO facilities.
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A comparison of the sampled concentrations with modeled concentrations for the IMS station (NZX46) in
Chatham Island, New Zealand, is shown in Figure 16. The IMS data are not converted to daily averages
in this plot. We only plot modeled data for the days with valid sampled data. Using the simple matching
measure, 73% of the modeled concentrations match with the sampled concentrations, in the sense that
they correctly identify detections and concentrations below detection levels. Of the 37% of the dates
resulting in mismatches, the model is lower than the sampled concentrations 100% of the time.
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Figure 16. Time history of modeled and sampled concentrations for the IMS station
(NZX46) in Chatham Island, New Zealand, given the ***Xe historical releases from the
ANSTO facilities.
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Figure 17. Comparison of modeled concentrations with sampled concentrations for the
IMS station (NZX46) in Chatham Island, New Zealand, given the **Xe historical
releases from the ANSTO facilities.

3.3 Analysis of Alternate Arrival Times

As shown in Figure 5, releases are not continuous throughout the day. The transport runs use daily
release totals, and the totals are adjusted from local time to UTC because the meteorological data are use
a UTC time basis. In addition, the post-processing program used in this analysis compute daily
concentrations from the atmospheric transport runs. The samplers all use 12-hour samples, thus, they
yield two samples during a 24 hour period. In addition, the actual 24-hour period on the modeled
concentration can differ from two 12-hour sampling periods at a specific location. Thus, the potential for
time mismatches on plume arrival exists in two ways. One way is that the meteorological data do not
accurately represent local conditions. The second is simply due to the different timing used in the
analysis steps. The results in Figure 18 show modeled and measured concentrations for AUX04 matching
the best of two measured concentrations in a day with best modeled values at adjacent times. This simple
analysis shows that the time of arrival of a modeled plume may vary by a day from the actual plume
arrival.
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Figure 18. Best neighbor analysis with time offset for concentrations for the IMS station
(AUX04) in Melbourne, Australia, given the **Xe historical releases from the ANSTO
facilities.

A more detailed look at the same date is provided in Figure 19 for the simple binary matching algorithm,
even for samples below the reported minimum detectable concentration. The nearest neighbor time
correction improves the accuracy of the comparison.
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Figure 19. Binary matching results for offset for concentrations for the IMS station
(AUXO04) in Melbourne, Australia. Left pane provided same day results. Right pane
shows nearest neighbor results.
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The improvements in the results that are shown in Figure 19 are quantified in Table 1. The entries in the
table are the fraction of the measured values that fallinto different classifications using the binary
matching approach.

Table 1. Probabilities of model-measurement detection agreements for the IMS station
(AUXO04) in Melbourne, Australia.

Category Same Day Closest Neighbor
True-Positive 0.68 0.93
True-Negative 0.88 0.91
False Positive 0.32 0.07
False-negative 0.12 0.09

The nearest neighbor matching approach was extended to the three IMS noble gas stations closest to the
ANSTO facilities. Results for detection predictions are provided in Figure 20 and results for non-
detections are provided in Figure 21.
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Figure 20. Successful detection predictions of same day model results versus closest
neighbor data for the three IMS noble gas stations closest to the ANSTO facilities.
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Figure 21. Successful non-detection predictions of same day model results versus closest
neighbor data for the three IMS noble gas stations closest to the ANSTO facilities.

3.4 Other Potential Source Terms

The results for Darwin, Australia (AUX09), and Chatham Island, New Zealand (NZX46), indicate that
mismatches between measured and model concentrations always occur with modeled concentrations
being lower than the measured concentrations. This mismatch suggests that one or more other facilities in
the southern hemisphere may be releasing **Xe. A figure showing the locations of worldwide nuclear
power plants and southern hemisphere medical isotope production facilities is provided in Figure 22.
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Figure 22. Worldwide nuclear power plant locations and southern hemisphere medical
isotope production facilities.

The prevailing wind direction from the medical isotope production facility in Indonesia indicates that
releases could routinely reach the IMS samplers in Darwin, Australia and Chatham Island, New Zealand.
The Serpong medical isotope production facility has the capacity to produce 100 6-day Ci of *Mo per
week (personal communication), but some news reports indicate they are seeking to raise the production
to 900 6-day Ci of **Mo per week (Prasetyo 2012). ). If there are 100 Ci (3.7x10" Bq) of Mo
remaining six days after being packaged for distribution, then at least 1.68x10" Bq of **Mo was present
at the time of packaging. Dissolution of the uranium targets, chemical separation of the *°Mo and
packaging of the final product can take several days, although this time can vary widely from facility to
facility. If the processing and packaging steps take three days, then at least 3.58x10" Bq of *Mo was
present when the targets entered the dissolution step. If these steps take six days, then at least 7.64x10"
Bq of **Mo was present when the targets entered the dissolution step. It is reasonable to make the
assumption that as much ***Xe is produced in the reactor as Mo (Chadwick et al. 2011). It is reasonable
to make the assumption that as much ***Xe is produced in the reactor as *°Mo (Chadwick et al. 2011). We
average the implied weekly **Mo inventory over the time period from 3 to 6 days of processing, obtaining
a value of 5.44x10" Bq and then convert it to a constant daily release amount of 7.8x10' Bq of **Xe

The facility in South Africa is estimated to release an average of 1.3x10" Bq of **Xe per day (Saey
2009). In addition, the medical isotope production facility in Argentina has a capacity to process 600 6-
day Ci of Mo per week (OECD 2010). If they average only 1/6™ of their rated capacity, they can also
release on the order of 5.44x10" Bq Bq of **Xe per week.

We considered the effect of the three additional medical isotope production locations with the assumption
of releases of the same amount every day. Examination of the daily release data for ANSTO shows that a
constant release assumption is a crude approximation, but the approximation probably can’t be improved
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without access to stack release data, if such even data exist. Also, we don’t have access to data that
would tell us when the separations plant is not in operation.

The three sampling locations (AUX04, AUX09 and NZX46) have 2,139 valid sampling data (daily
average values from IMS samplers) over this time period. We use the historical releases from ANSTO
and select the constant release values from the other three facility locations that minimize an objective
function. We chose the objective function to be the sum of squared differences between the modeled
concentrations and the sampled concentrations. For this exercise, we set negative IMS concentration
estimates to zero. The best fitting constant releases 1.3x10" Bq of ***Xe per week for Argentina,
1.1x10" Bq of ***Xe per week from South Africa and 2.7x10" Bq of ***Xe per week from Indonesia.

A comparison of the sampled concentrations with modeled concentrations for the IMS station (AUX04)
in Melbourne, Australia, is shown in Figure 23 for the releases from all four facilities. The modeled
concentrations are daily average concentrations, thus we have averaged the nominal two IMS samples per
day to obtain a daily value. We only plot modeled data for days with valid measured data. A visual
comparison with Figure 12 shows that more days have modeled concentrations in the visible range on this
plot.

We plot all modeled concentrations against the daily average sampled concentrations in Figure 24 for
sampled concentrations that meet or exceed 0.1 mBg/m®. This plot also more matches between modeled
and sampled data, mostly in the range of concentrations below 1.0 mBg/m°.
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Figure 23. Time history of modeled and sampled concentrations for the IMS station
(AUXO04) in Melbourne, Australia, given the **Xe historical releases from the ANSTO
facilities and estimated releases from Argentina, South Africa and Indonesia.
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Figure 24. Comparison of modeled concentrations with sampled concentrations for the
IMS station (AUX04) in Melbourne, Australia, given the ***Xe historical releases from
the ANSTO facilities and estimated releases from Argentina, South Africa and Indonesia.

A comparison of the sampled concentrations with modeled concentrations for the IMS station (AUX09)
in Darwin, Australia, is shown in Figure 25 using the expanded set of source terms. Again, the additional
source terms improve the comparison of modeled and sampled concentrations for days with low measured
concentrations.
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Figure 25. Time history of modeled and sampled concentrations for the IMS station
(AUX09) in Darwin, Australia, given the **Xe historical releases from the ANSTO

facilities.

A different measure of the quality of the modeling relative to the measurements is to examine the fraction
of days the model predicts detectable concentrations against the historical data. Results for this simple
measure are provided in Table 2. We start with the historical percentages. The historical percentages
include all concentration estimates that pass quality checks, so many of the concentrations are below the
MDC. We then calculated the percentages using only the historical ANSTO releases (Case 1). These
results seem to underestimate sampled concentrations at AUX09, and slightly underestimate them at the
other two locations. In case 2 we include the nominal releases discussed previously from the other three
medical isotope production facilities in the southern hemisphere. These releases improve the match at
AUXO04, but seem to overestimate the higher concentrations at AUXQ09. In case 3, we use the historical
release values for ANSTO and the best fit values for the other three facilities. It is interesting that this
case does more poorly at AUX09 than the nominal release case. In case 4 we allow a constant multiplier
on the historical ANSTO releases when we fit the best estimate releases. In case 5, we consider a solution
with historical release from ANSTO and modified constant source terms from the other facilities. In this
case, we select the approximate releases to match the fraction of days with concentrations above
thresholds. This cases results in estimates releases of 2.0x10' Bq of ***Xe per week for Argentina,
2.2x10™ Bq of "**Xe per week from South Africa and 1.1x10" Bq of ***Xe per week from Indonesia.
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Table 2. Comparison of the percent of days measured and modeled concentrations of
133Xe are above specified concentrations at three southern hemisphere IMS noble gas

samplers.
Threshold Threshold
Data Configuration Value Value
IMS Historical Data 0.3 mBg/m’ 0.1 mBg/m’
AUX04 17.3 35.8
AUX09 6.2 32.2
NZX46 1.8 14.1
Case 1: Only Historical Release at ANSTO
AUX04 13.0 18.2
AUX09 0.7 3.1
NZX46 1.6 5.7

Case 2: Historical Release at ANSTO and Nominal (Constant Source)
Releases at Argentina, South Africa and Indonesia

AUX04 13.7 22.8
AUX09 155 24.5
NZX46 1.6 7.4

Case 3: Historical Release at ANSTO and Best Fit (Constant Source)
Releases at Argentina, South Africa and Indonesia

AUX04 141 28.4
AUX09 0.8 9.3
NZX46 1.6 9.0

Case 4: Best Fit Scaled Historical Release at ANSTO with Best Fit
(Constant Source) Releases at Argentina, South Africa and Indonesia

AUX04 12.9 52.2
AUX09 3.6 26.8
NZX46 1.4 20.8

Case 5: Historical Release at ANSTO with Modified (Constant
Source) Releases at Argentina, South Africa and Indonesia

AUX04 16.1 41.0
AUX09 6.2 27.2
NZX46 2.1 16.1

3.5 Detailed Analysis of One Short Detection Sequence

Several detections of ***Xe at the IMS station in Melbourne, Australia, (AUX04) in November and
December, 2008, and January, 2009, have been linked to the ANSTO facility through atmospheric
modeling (Tinker et al. 2010). They used an atmospheric transport with higher resolution meteorological
data than we used in this analysis.

As a corroborating exercise, we modeled releases from the ANSTO facilities between 1800 (UTC) on
12/9/2008 and 2100 on 12/12/2008 and compared them to measured data in Melbourne (AUX04). We
divided the source term into 3-hour intervals and ran separate models for each interval. The model used
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3-hour meteorological data archived on a 1° grid, but we used a more finely resolved (0.1°) concentration
grid. The "**Xe release data collected on 15-minute time intervals for this time period were summed into
the appropriate 3-hour release period. The comparison of the measured values and the modeled values for
the same time period are provided in Table 3. This example shows a reasonable match between measured
and modeled concentrations using the forward model runs. We did not attempt to estimate any
contribution to the modeled value from release at the other three production facilities.

Table 3. Comparison of measured and modeled concentrations of ***Xe at Melbourne
(AUX04) for releases from ANSTO facilities between 12/9/2008 and 12/12/2008.

Date and Time (UTC) Measured Value Modeled Value
Collection Start (12 hour collection) mBg/m® mBg/m®
12/11/08 19:38 2 1.17
12/12/08 7:38 1.6 3.19
12/12/08 19:38 04 0.65

We then set aside the measured release data and used the dilution factors from the 18 higher resolution
ATM runs to estimate the releases from the ANSTO facilities that would yield the measured values. The
release estimate was generated by minimizing the sum of squares between the measured concentrations
and the modeled concentrations. The minimization technique varied the amount released during each of
the 18 time periods and assigned nonzero releases to only two time periods. Those releases were
4.42x10"™ Bq at 0600 on the 9" and 1.23x10* Bq at 2100 on the 9", for a combined release of 4.54x10"
Bg. The sum of historical releases from the facility that has some influence on these measurements, given
the wind direction, is about 2.3x10* Bg. Thus, the model provides a reasonable estimate of the total
release associated with these measurements. The measured and modeled concentrations are shown in
Figure 26 and the released quantities are shown in Figure 27. Given that there are only three measured
values, one would not expect to estimate nonzero release quantities for every 3-hour period in the model.
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Figure 26. Comparison of measured and modeled concentrations of ***Xe at Melbourne
(AUX04) for releases from ANSTO facilities between 12/9/2008 and 12/12/2008.
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Figure 27. Comparison of estimated release quantities with stack release data for ANSTO
facilities between 12/9/2008 and 12/12/2008.
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4.0 Isotopic Analysis of ANSTO Stack Releases

Cluster analysis was applied to the 15-minute ANSTO medical isotope data. This analysis shows that
there are clearly repeating processes occurring and that there are variations of the process throughout this
period. Current measurements and an understanding of the models resulting from cluster analysis can be
used to identify what “cluster” processes are occurring and what future measurements should be expected.
This may be essential for IMS monitoring stations as medical isotope production increases and the
number of Xenon measurements of significance increase for discerning between expected and unexpected
Xenon measurements at IMS stations.

Cluster analysis methods achieve their utility by organizing data into groups where data within the group
are more similar to data within the group than to data outside the group. This results in data reduction
while preserving the original input space units. This is useful because the clusters can be analyzed with
current methods to help characterize the cluster for identifying better semantic information about that
cluster. In addition, clustering can be used to generate visual projections of data to assist the analyst. In
the case of time series data, after the data have been analyzed with cluster analysis, each measurement can
be labeled with the cluster identifier and a sequence of clusters can be identified that can be characterized
as normal or unusual to form an anomaly detector.

A cluster analysis was performed on the **Xe, **Xe and **™Xe data. The results of a cluster analysis
using 30 clusters is provided in Table 4.

Table 4. Isotopic structure of Xe using 30 clusters for the 15-minute data ANSTO release

data.
Cluster Xe Xe ™Xe Average distance Number
in cluster in cluster
V0 558.2 755.3 33.1 6.1 23
V1 74958 14.6 0.1 0.0 1
V2 56.0 51.9 53.6 1.7 108
V3 76.7 110.1 132.6 2.9 37
V4 17.8 8.7 6.6 0.3 587
V5 4276 274 0.4 0.9 161
V6 1269 804 2.2 0.8 314
V7 360.0 3234 4.7 2.1 84
V8 61.3 75.6 88.2 2.0 67
V9 214.0 136.3 13 11 198
V10 1281.0 66.7 0.4 2.2 22
V11 40.0 184 0.7 0.2 1075
V12 266.3 363.6 88.0 4.6 37
V13 29.1 26.3 30.7 0.9 160
V14 1535 203.2 220.1 4.5 31
V15 750.3 37.9 0.2 14 83
V16 15.7 6.8 0.6 0.1 4001
V17 80.5 421 1.0 0.5 489
V18 27.7 1.9 0.1 0.1 2955
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Cluster Xe Xe ™Xe Average distance Number

in cluster in cluster
V19 67.9 4.0 0.2 0.2 1132
V20 9.7 1.6 0.2 0.1 14129
V21 18664.7 132.4 0.2 36.1 2
V22 255.6 209.1 7.8 1.9 145
V23 502.4 495.9 6.4 3.0 45
V24 27.7 18.2 16.4 0.6 256
V25 143.5 7.8 0.2 0.3 555
V26 2401.7 46.3 0.1 2.7 8
V27 251.0 195 0.2 0.6 303
V28 333.7 4655 336.3 10.0 7
V29 2.6 0.1 0.0 0.0 40374

Example isotopic information for five of the first six clusters identified in Table 4 is provided in Table 5.
Cluster V1 is omitted because it consists of only a single data point.

Table 5. Example isotopic information for the five Xe clusters for the 30-cluster analysis
of the 15-minute data ANSTO release data.

Cluster Minimum  Maximum Mean St. count
Deviation
VO 1383%e 0 1514.3 583.5 243.6 23
13%e 0 1127.4 789.7 128.9 23
185mya 0 176.9 34.6 48.5 23
V2 183%e 0 640.8 56.6 73.7 108
1% e 0 190.5 52.4 45.0 108
185mya 0 715 54.1 8.8 108
V3 138%e 0 204.1 78.8 47.0 37
1%%e 0 309.2 113.1 69.7 37
135mye 0 175.1 136.3 18.9 37
V4 183%e 0 86.7 17.9 13.0 587
1% e 0 38.3 8.7 6.6 587
185mya 0 12.0 6.7 2.2 587
V5 1383%e 0 604.2 433.0 65.5 161
13%e 0 96.8 28.3 25.2 161
135mye 0 14.5 0.4 1.6 161

Because **Xe has a much shorter half-life than ***Xe, the ratio of these two isotopes can be used to
develop a simple process time ordering. The ratio of the mean concentration of these isotopes within
clusters is provided in Table 6. Clusters V1, V21 and V26 were omitted because they have few (1 to 8
data) sample data in the cluster and they may represent outliers.
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Table 6. Example time ordering of releases of cluster means based on ***Xe/**Xe ratios
for the 30-cluster analysis of the 15-minute data ANSTO release data.

Ratio Cluster

0.66 V3
0.71 V14
0.94 V28
0.99 V8
112 V12
1.34 VO
151 V23
1.56 V13
2.00 V7
2.26 V4
2.67 V24
3.05 V6
3.12 V17
3.22 V16
3.23 V11
3.33 V9
3.36 V2
3.45 V22
3.91 V20
4.53 V29
6.03 V27
6.24 V5
6.70 V18
7.51 V19
7.63 V25
7.69 V15
8.17 V10

A cluster transition diagram for the 30 cluster analysis is provided in Figure 28. This diagram illustrates
the exchange of data between clusters.
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Figure 28. Cluster transitions for three isotopes of Xe using 30 clusters for the 15-minute
data ANSTO release data.

Approximately half of the data samples ended up in cluster V29. Using the number of data values in each
cluster (as shown in Table 4), one can put rough bounds on the isotopic ratios that results from most of
the plant emissions. Such information might be useful in developing a typical signature for emission

similar to the isotopic ratios studied for nuclear power plants and nuclear explosions (Kalinowski et al.
2010).

This analysis illustrates the complex isotopic structure of releases from many separate batches from a
single processing plant. Discovering signatures in the isotopic data unique to medical isotope production
would be useful in discriminating releases from those facilities from potential releases due to nuclear
explosions. Clustering is one method available to gain insight during the signature discovery process. It
is useful in summarizing massive amounts of raw data into semantically meaningful information. This

information may be combined later with higher level analysis to support signature discrimination
analyses.
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5.0 Summary

We have combined historical release data of ***Xe from ANSTO facilities with an atmospheric transport
model to estimate the impact these releases have on noble gas samplers in the International Monitoring
System. Historical data show concentrations of ***Xe at or above 0.3 mBg/m? about 17% of the time at
Melbourne. Modeled data suggest that releases from ANSTO heavily influence these measurements, but
they do not explain all of the detections. The ANSTO releases also influence detections at Darwin,
Australia, and Chatham Island, New Zealand, but to a lesser extent.

Any reasonable match of modeled with sampled data at these three sampling station also requires
consideration of releases from medical isotope production facilities in Argentina, South Africa and
Indonesia. We do not have release histories for these facilities, but the sampling data suggest releases of
2x10™ Bq of **Xe per week for Argentina, 2x10™ Bq of ***Xe per week from South Africa and 1x10"
Bq of **Xe per week from Indonesia. Modeling of releases from these four southern hemisphere medical
isotope production facilities can explain the frequency of ***Xe detections.

A clustering algorithm applied to xenon isotopic data collected on a 15-minute frequency provides some
insight into the isotopic mix in the releases. Such methods may be useful for developing potential release
signatures unique to medical isotope production facilities.
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