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a b s t r a c t

The possibility of denuclearization of the Korean Peninsula has been continuously debated, and the
initiative participation of the Republic of Korea has necessitated preemptive measures against neigh-
boring countries. In this study, we present a proposal for formulating a site survey plan when the amount
of site information provided is insufficient and the accuracy of the information is not guaranteed.
Considering a case wherein “a soil sample analysis is used to determine the presence or absence of
nuclear activity” in a radiochemical laboratory, which is a typical key facility for denuclearization, the
optimal soil sample collection plan is designed based on international guidelines and public information.
In the event of denuclearization, a scenario that is not based on the expertise of the sample collector is
set, and the data quality objective (DQO) process is applied to ensure reality. Consequently, the primary
sample collection points can be derived in consideration of accessibility, and the sample collection scale
can be adjusted according to the cost. By applying the DQO process to ensure sample representativeness
and reality, reliable and resource-efficient soil sample collection can be achieved in radiochemical lab-
oratories and other denuclearization facilities.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Currently, the denuclearization of the Korean Peninsula is being
debated internationally, and the prospect of progressing to the
verification stage has necessitated preemptive measures against
neighboring countries [1,2]. 38 North, the United States specialized
medium for Democratic People's Republic of Korea (DPRK), has
indicated that radiochemical laboratories, representing one of the
key facilities for denuclearization, have been attracting increasing
attention owing to the suspicion of nuclear activity [3]. The radio-
active waste in nuclear weapon sites is mainly generated by ac-
tivities directly linked to nuclear activities such as ore crushing and
nuclear fuel production. In general, soil contamination may occur
around the nuclear facilities as nuclear activity progresses; there-
fore, environmental samples can be used to determine the presence
and extent of contamination and the radioisotope ratio. Thus, the
information obtained through the analysis of environmental sam-
ples can be used as a basis for determining the presence or absence
of nuclear activity and the exact location of nuclear activity.
by Elsevier Korea LLC. This is an
Although soil samples can be used, considering that the inves-
tigation area is in the target country for denuclearization verifica-
tion, the integrity of the information provided by the target country
cannot be guaranteed, and the amount of information available
when designing a local sample collection plan may be insufficient.
Therefore, a sample collection plan designed in such a situation
may be unrealistic. To compensate for the shortcomings mentioned
above, it is necessary to design a plan under a systematic system
that enables the required quantity and quality of the collected data
to be met. Additionally, the sample collection planning volatility
must be minimized and survey efficiency must be improved by
clarifying the purpose of sample collection and including the in-
formation of the sample collected, such as the location of collection
and method of collection, and the samples to be measured. The
application of the data quality objective (DQO) process may be
considered to satisfy the abovementioned requirements. DQO is
used in decommissioning nuclear power plants and various fields
such as soil pollution surveys, and it reduces potential mistakes by
improving the quality and quantity of information necessary for
decision-making [4].

In preparation for the case involving the participation of the
Republic of Korea in denuclearization verification in the future, a
scenario was established by utilizing the information collected
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about a radiochemical laboratory of the Yongbyon nuclear complex
in DPRK. The plutonium is reprocessed in a radiochemical labora-
tory. Besides this, the waste generated by the nuclear activities is
stored and treated, and thus, when the samples here are collected
and analyzed, the presence or absence of the nuclear activity can be
ascertained. In other words, the volume of information that can be
utilized and the area where significant results are likely to be ob-
tained after sample analysis are selected as the sample collection
area. Based on the established scenario, a countermeasure was
proposed by designing and optimizing a soil sample collection plan
to determine whether nuclear activity was conducted according to
the DQO process to secure the scenario's reality and representa-
tiveness of the sample.

2. Design of soil sample collection scenario e DQO process
steps 1-5

The DQO process comprises seven steps. If the available infor-
mation changes or the conditions of the survey site change during
the planning stage, an iterative procedure is followed to revise the
survey plan to reflect the new information [5]. Steps 1e5 of the
DQO process clearly define the problem to be solved by utilizing the
collected preliminary information, confirming the information
necessary for problem-solving, and defining the spatial and tem-
poral boundaries of the survey plan.

2.1. Prerequisites of the scenario

The DQO process minimizes decision-making errors because it
follows systematic procedures during the planning stage of large-
scale projects such as US EPA-compliant environmental surveys
and decommissioning of nuclear power plants. The established
sample collection plans based on statistical methods are likely to
vary because of various factors, including decision-makers, experts
participating in sample collection, the opinions of regulators, and
national conditions. If the volume of information available in-
creases, the plans should be modified, and a repeatedly managing
scheme should be established. It is ideal to apply DQO when there
the sample's representativeness can be ensured in a constrained
way, as in this paper, or when the survey plan fluctuates. Consid-
ering that there is no formally known procedure when visiting
inspectors for denuclearization verification in cases other than
official cases such as verification of unconfirmed nuclear material
and notification of International Atomic Energy Agency (IAEA) in-
spections, prerequisites for setting up an informal scenario are
established as below.

- The survey site is an area with potential contamination and no
specific information on the contamination distribution.

- There is no specific designation procedure for the sample
collection location and quantity (there is a need to determine in
advance whether an official procedure is applied).

- A significant amount of uranium or plutonium compounds are
present in the collected sample.

- The sample analysis results are the determination of the pres-
ence or absence of nuclear activity and its scope, determination
of whether there is a change in the nuclear material before and
after processing, and determination of whether the ratio of
uranium isotopes matches that of the natural state.

The depth of the sample to be collected can be selected in
various ways according to the purpose of the analysis. We assumed
that surface soil at a sampling depth of 2 mm or less was collected
to reflect the prerequisites mentioned above and ensure the ease of
sample collection. Only essential tools, such as shovels and scoops,
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were used for the sample collection. In general, if a sampling site is
potentially contaminated, an ideal sampling depth should be
collected on the horizon of the expected contaminated soil for-
mation. The samples can be collected based on defined depth in-
tervals, or soil with a certain depth of contamination. The collection
of surface soil within 2 mm was empirically used primarily for
general environmental analysis in situations wherein the infor-
mation on the physical properties of the soil in the survey area and
the concentration of nuclear material contamination were highly
uncertain [6]. Assuming the site is contaminated with uranium and
plutonium, the distribution of different pollutants can vary ac-
cording to the depth. However, because this study targeted the key
facility for denuclearization of DPRK, it was considered that the
time limit for collecting samples by the method that takes into
account various depths of the sample. In addition, because the
presence or absence of radionuclide contamination and the
contamination level is unclear, a method for rapidly collecting
many samples was investigated. The sample collection points were
set as adjacent plane and slope near the roads, prioritizing
accessibility.

2.2. Key locations of sample collection

First, the environment around the radiochemical laboratory is
studied by utilizing the satellite image information provided by 38
North Atlas, and the soil sample collection point is derived [7].
Nuclear fuel burned in a 5 MWe gas-cooled reactor is employed in
the radiochemical laboratory. The high-level radioactive waste
generated is stored in a facility adjacent to the building, where the
primary process proceeds after the reduction [8]. Therefore, as
mentioned in the Introduction, direct release of the radioactive
waste into the soil around the storage tank can be suspected. In
addition, the location of pollution sources such as waste manage-
ment facilities and waste fuel rod reservoirs can be easily deter-
mined. Because there is a high probability of the facility personnel
being uncooperative for the sampling, this scenario assumed a case
of patrol and visit near the radiochemical laboratory.

Second, the sampling density and pattern must be determined
to obtain the sampling point. If one facility is considered as an
object of interest, a ‘regional phase’ that collects samples from
around 1 to 10 points per square kilometer is considered to be
appropriate [6]. In the case of the sampling pattern depicted in
Fig. 1, it is not suitable to apply the circular grid pattern because the
building arrangement is dense and is located in the middle of a
topography consisting of green areas. Therefore, a ‘stratified
random sampling pattern’ that randomly collects samples within a
divided small grid was applied in the scenario. This pattern was
selected based on the assumption that contamination of the sur-
rounding site is almost inevitable. The interval of the sampling
pattern was set to 100 m in consideration of the sampling density.
The area of interest (indicated by the solid blue line in Fig. 1)
included the entire facility andmovement path except for the green
area surrounding the facility.

Because it is impossible to guarantee the homogeneity of the
soil in the survey area, it is reasonable to consider the sampling
pattern depicted in Fig. 1, while prioritizing accessibility. This is
because even if access to the facility is feasible, the probability of
allowing sample collection is extremely low. Four high-priority
locations were selected (1e4) as shown in Fig. 1, considering the
possible limitations in sample collection.

- 1: A plutonium extraction facility near the vehicle path to the
south of the uranium recovery facility

- 2: An area near the radioactive waste treatment facility
- 3: A green space outside the radiochemical laboratory boundary



Fig. 1. Survey area of interest and applied sampling pattern in the radiochemical laboratory.
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- 4: Flat land outside the radiochemical laboratory boundary

Location 1 is themost accessible location from the facility where
plutonium extraction and uranium recovery occur, and is highly
likely to be included in the denuclearization verification facility.
Location 1 and location 3 exist in green space; therefore, soil
samples from these spots can be collected together with moss,
which is often used for environmental analysis. Because location 2
is near a radioactive waste treatment facility, it may be contami-
nated with uranium, plutonium, and other nuclides. If an isotope
ratio other than uranium, plutonium, and thorium is designated as
a signature, the soil sample collected in location 2 can be used for
analysis. The signature referred to here is defined by the IAEA and
relates to characteristics that confirm evidence of nuclear activity
[9]. Location 3 exists in green space, and although it is slightly far
from the facility boundary, it is likely composed of leaf mold, which
is the upper layer of the soil composed of the carcasses of animals
and plants in the early decomposition stage, including moss.
Therefore, the soil sample from location 3 can be used to determine
the amount of material artificially added to nature. However,
considering the realistic travel route, location 2 and location 3 are
somewhat inaccessible. Location 1 is the soil sample collection spot
with the highest analysis value and best accessibility. However, if
sample collection is not permitted inside and around the facility's
boundary, location 4, which is located in the area composed of flat
land while being included in the site of the radiochemical labora-
tory, is preferred.

Table 1 presents the information of the sample collection plan
design applied in the scenario establishment for DQO stages 1e5.

3. Optimization of soil sample collection scenario e DQO
process steps 6 and 7

Steps 6 and 7 of the DQO process optimize the sample collection
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plan through probabilistic evaluation. The consequences of making
a wrong decision are predicted, acceptable error limits are set, and
an approach to collect samples that can meet all the pre-specified
requirements is determined. In this study, the scenario was opti-
mized using the Visual Sample Plan (VSP) software to evaluate the
sampling design to secure the reality of the established scenario
and representativeness of the collected samples [10,11]. Table 2
presents the information of the sample collection plan design
applied in the scenario establishment for DQO stages 6 and 7.

3.1. Specification of acceptable levels of decision error (field
variability control)

Decision-makers of the sampling plan can flexibly manage de-
cision errors by controlling the number of samples to be collected.
Fig. 2 depicts the location of the collected samples in the survey
area derived using VSP. The points indicated by the red circles in the
figure are spots that almost match the main collection spots spec-
ified in the scenario. The number of samples required to confirm
the presence or absence of contamination was derived in the set
scenario as the contamination concentration of the radiochemical
laboratory was unknown to the decision-maker. The points depic-
ted in the figure are representative points selected from the pop-
ulation defined using the systematic grid pattern. The number of
derived samples is a statistically independent value and is not
affected by other factors such as incorrect sample handling, trans-
portation, processing, or storage. When selecting the actual
collection point, it may be reasonable to exclude the middle loca-
tion of the green space that is difficult to access among the spots or
the building entrance point if it is difficult to enter the facility.

Table 3 describes the input parameters of VSP used to derive the
number of samples.

VSP calculates the number of samples required to reject the null
hypothesis in favor of an alternative one, given a selected sampling



Table 1
Design information of scenario regarding DQO steps 1-5.

Information Contents DQO
step

Sample collection
occasion

� Non-official 1

Sample collection
objective

� The collection of samples is necessary to determine the presence or absence of nuclear activity in the survey site

Sample collection
agent

� Regulatory agency and unspecified organization or person selected by the nation

Survey methodology
and target number
of samples

� Probability-based 2
� The number of samples to be collected to determine the mean and standard deviation values that can represent the survey area should

be secured to the maximum possible number considering the limitations.
Site information � Pollution sources: waste treatment facility, spent fuel rod storage (presumption) 3

� Assess route: facility's entrance and the road close to the facility boundary
� Topography: concentration of buildings within the survey site and green space centering around the facility

Sampling design � Survey area: 357,616 m2

� Sampling density: regional phase
� Sampling pattern: stratified random sampling
� Type of sample: point sample

Limitation Restrictions � Non-cooperative of jurisdiction, unclear budget 4
Spatial � Survey area (357,616 m2)
Temporal � Very high variability. Assuming a short stay (moving a vehicle around the facility and a brief inspection)

Decision
rule

Samples �Samples collected from a point close to the source of contamination are first designated as the target of analysis. Otherwise, the analysis
results of samples containing a significant amount of uranium and plutonium are used.

5

Analysis � If there is a significant difference based on the ratio of isotopes in the natural state, nuclear activity is suggested. Otherwise, cross-
validation is used to compare the results with those of other analytical institutions.

Table 2
Design information of scenario regarding DQO step 6 and 7.

Information Contents DQO step

The number of samples � Adjust the permissible parameters of interest (number of samples) 6
Gray region � Scope to minimize the impact of decision-making errors
Design optimization � Suggest a sample collection plan that can meet all the requirements specified in the previous step 7

- Determine the optimal sample collection method
- Statistical hypothesis testing
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approach and inputs to the associated equation. For this sampling
design, random point sampling in grids was selected, offering a
good balance between providing information regarding the spatial
structure of the potential contamination and ensuring all portions
of the site are represented (although not as thoroughly as in sys-
tematic grid sampling). The equation used to calculate the number
of samples is based on a sign test [11]. For this site, the null hy-
pothesis is rejected in favor of an alternative one if the median
(mean) is sufficiently smaller than the threshold. The number of
samples to be collected is calculated so that if the inputs to the
equation are valid, the estimated number of samples causes the null
hypothesis to be rejected.

If the secured site information changes, the allowable confi-
dence interval for evaluation is likely to change as well. Therefore,
sensitivity analysis was performed using the same input parame-
ters. As presented in Table 4, the number of samples collected based
on the change in the contamination criteria and confidence interval
was derived.

Once the budget for sample collection has been determined, or
when statistically reliable limits have been determined, the num-
ber of samples to be collected can be changed, as indicated in
Table 4. If more apparent quantitative data such as pollution con-
centration and pollution criteria are available, the steps can be
repeated for new statistical assessments. Furthermore, in step 6,
when the factual value is significantly close to the reference value,
the gray region can be specified within the range of the values
determined for making a decision. The gray region represents the
area where the results are relatively insignificant due to decision
errors, and the range of gray region can be adjusted from20% to 95%
depending on the confidence level. The gray region must be
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determined in consideration of the judgment of regulatory agencies
and experts, costs, and benefit assessment results.

3.2. Cost optimization of sample collection plan

Because this study assumes a scenario in which the specific
contamination level of a site is unknown, statistical assessment
using the site contamination concentration cannot achieve a
meaningful optimization. Additionally, as the value and importance
of a sample change depend on the sample collection point, it is
necessary to use different sample collection methods for cost-
effective sample collection. For example, at the four key locations
mentioned in Section 2, the samples collected require sophisticated
analysis, thereby increasing the sampling costs and analysis costs.
Therefore, scenario optimization was performed through cost
evaluation. In general, if the correlation value of the two factors (the
number of samples and cost) compared in the statistical calculation
result exceeds 0.5, then the two factors are determined to be
significantly correlated. Therefore, in this study, the correlation
value between using a high budget and a low budget was set to
0.75. The same values were applied for deriving the number of
samples and positions of the other inputs.

Table 5 lists the input parameters used for the analysis. The total
number of cost-optimized collection samples was 31, among which
8 samples were collected using an expensive approach, and 23
samples were collected using a cost-free (inexpensive) approach.
Here, the “expensive approach” means that the type and condition
of the sample required differs according to the selected analysis
method (equipment), and thus, various items necessary for the
sample analysis such as sample reprocessing and equipment



Fig. 2. Twenty-nine sample collection locations (blue points) in the survey area. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Table 3
VSP input parameters for deriving the number of samples and spots.

Parameter Value

Primary objective
of design

Comparison of a site mean or median to a fixed threshold

Type of sampling
design

Nonparametric

Sampling pattern Random sampling in grid (interval of grid is 100 m)
Working (null)

hypothesis
The median(mean) value at the site exceeds the threshold

Cost Total $15,000 (This is the default cost in VSP, which
includes the plan and verification cost ($1,000), on-site
collection cost ($100), and lab analysis cost ($400))

Specified sampling
area

357,616 m2

Confidence level
[%]

90%

p-value Required percent of the population to be less than the
action level
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operation are considered. This means that it costs more than a
regular sample. The pink points in Fig. 3 indicate the points that
need to be collected using an expensive approach, and the blue
points are the points that have no cost limit. As summarized in
Table 4
Sensitivity analysis result with respect to the number of samples.

Number of samples

C.L P 99 97 95 93 91
85 22 22 19 17 15
90 44 34 29 26 23
95 90 69 59 52 47

*P: p-value, C.L: confidence level.
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Table 6, the accuracy of location may be lowered if the sample
collection method is selected, but the sample collection can be
performed at a lower budget.

Sensitivity analysis was performed to confirm the difference of
sample collection method according to the degree of correlation for
each sample collection price. The results of the sensitivity analysis
were calculated using the statistical formulas built into the VSP
[12]. The statistical hypotheses applied to the sensitivity analysis
are as follows, and the analysis results are presented in Table 7.

- The relationship between the costs of the expensive and inex-
pensive methods is linear.

- CEX (expensive cost) is a reasonable price.
- Measured values are typically distributed or approximately
follow a normal distribution.

- For a regression line, the variance is uniformly distributed along
the entire line.
4. Discussion and conclusion

In this study, a soil sample collection scenario was established to
determine the presence or absence of nuclear activity in a radio-
chemical laboratory, oneof thekey facilities fordenuclearization, anda
DQO-basedoptimizationmethodwasproposed. Theapplicationof the
DQOprocess can overcome the limitations of the scenario constructed
using limited information such as the operation history, including the
facility layout, movement route, and surrounding environment based
on satellite imagery. Soil samples collected following systematic pro-
cedures such as the DQO process demonstrate sufficient analytical
value to estimate the history or verify the nuclear activity.

To play a dominant role in the verification of denuclearization in



Table 5
VSP input parameters for cost optimization.

Parameter Value

Primary objective of design Comparison of a site mean or median to a fixed threshold
Assumed correlation between two cost method, r 0.75
Sample placement method used in the field Random sampling in grid
Working (null) hypothesis The median(mean) value at the site exceeds the threshold
Cost (default) Expensive method: $ 400, Inexpensive method: $ 60
Specified sampling area 357,616 m2

Is cost efficient compared to simple random sampling doing only expensive analysis measurement? Yes

Fig. 3. Cost-optimized sample collection spots.

Table 6
Optimized sample collection cost.

Collection method Number of samples Price per sample Cost

Expensive, CEX 23 $400 $1,380
Inexpensive, CIEX 8 $60 $3,200
Total $4,580

Table 7
Optimized sample collection cost.

Number of samp

CEX ¼ $ 200

r ¼ 0.65 11/17
r ¼ 0.7 10/18
r ¼ 0.75 9/18
r ¼ 0.8 8/18
r ¼ 0.85 7/18

*r: coefficient of correlation, nex: number of samples collected using expensive methods

Y. Jeon and Y. Kim Nuclear Engineering and Technology 54 (2022) 3788e3794

3793
the future, it is necessary to secure sufficient information in
advance in case a sample collection opportunity arises. In this
study, scenarios were set based on the previously available infor-
mation, and a sample collection plan based on statistical analysis
was established. However, a more reliable and concrete sample
collection plan can be established if the budget and information on
participating human resources are secured. In addition, on-site
les: nex/ninx

CEX ¼ $ 400 CEX ¼ $ 600

10/21 9/25
9/22 9/26
8/23 8/26
7/23 7/27
6/23 6/27

, ninx: number of samples collected using inexpensive methods.
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information such as the concentration of the nuclides of interest
and contamination concentration of nuclides such as U-238 and
Pu-239 in the study area is required.

The sampling plan evaluated using statistical methods is highly
variable depending on various factors such as decision-makers,
experts participating in the sample collection, opinions of regula-
tory agencies, and domestic and foreign political situations. When
the amount of available information increases and an uncontrol-
lable situation occurs, the sample collection plan needs to be
revised; therefore, it is necessary to establish a system to control it.
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