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Abstract: We investigated the different sources and their corresponding impact areas of Pu in Chinese
surface soils to illustrate the state-of-the-art of the sources, levels and distributions of 240Pu/239Pu
atom ratios as well as 239+240Pu activity concentrations in China. For the first time a moving average
strategy in combination with statistical analysis was employed to partition geographic areas in China
based on the reported 240Pu/239Pu atom ratio and 239+240Pu concentration data from public literature.
During the partitioning, the median (MED) of the dataset was basically employed as a criteria
in place of the commonly used arithmetic average (AM). Concisely, three areas were partitioned
according to the different influences of Pu from the Lop Nor (LNTS) and Semipalatinsk (STS) test
sites and the global fallout. The partitioned Ternary area (80° E–105° E, 35° N–50° N) was supposed
to have multiple sources of Pu including the STS and LNTS besides the global fallout, which was
characterized with slightly lower 240Pu/239Pu atom ratios (MED = 0.174) as well as elevated 239+240Pu
concentrations (MED = 0.416 mBq/g). Meanwhile, the Binary area (35° N–45° N, 100° E–115° E) was
considered to have received the extra contribution from the high-yield nuclear tests at the LNTS
besides the global fallout, resulting in the highest 240Pu/239Pu atom ratios (MED = 0.200) across China.
The remaining area was marked as the Unitary area, where it only received the exclusive contribution
of global fallout. Furthermore, through the statistical analysis of the 240Pu/239Pu data in the Unitary
area, we recommended a value of 0.186 ± 0.021 (AM ± SD) as a representative or area-specific
240Pu/239Pu atom ratio baseline to characterize the global fallout derived Pu in Chinese soils.

Keywords: plutonium; impact area; moving average; statistic

1. Introduction

Plutonium (Pu) is a crucial actinide which is basically produced by nuclear activ-
ities. The common known ways of Pu entering into the environment include nuclear
weapon detonations, releases or leakages from nuclear reprocessing facilities and nu-
clear power plant accidents [1,2]. Among these origins, atmospheric nuclear weapon
tests conducted in the last century were the most contributive and presented world-
wide deposition of Pu into the environment, which was the well-known global fall-
out. According to the UNSCEAR [2], there were around 2000 nuclear weapon tests
including 543 atmospheric tests carried out in the last century that released around
11 PBq 239+240Pu.

In the environment, the two typical Pu isotopes, i.e., 239Pu (T1/2 = 24,110 y) and the
240Pu (T1/2 = 6563 y) exist stably due to their long half-lives. On the one hand, Pu was
highly radiotoxic and has the opportunity to be transferred from environmental matrices
to the human body through various pathways such as the inhalation of suspended aerosols
or ingestion from food chains [3,4]. Hence, from the perspective of public health and
radioactivity assessment, having a general knowledge of the level and distribution of Pu
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in the environment is imperative. On the other hand, since the isotopic composition of
Pu is source dependent, the related atom ratios such as 240Pu/239Pu could be used as
characteristic fingerprints to discriminate different radioactive sources even after decades.
The isotopic ratios of Pu are crucial especially when there is urgent need for source term
analysis and contamination assessment if a nuclear accident happens. Lessons from the
Fukushima Daiichi Nuclear Power Plant (FDNPP) accident have highlighted the signifi-
cance of building a robust and representative baseline database in preparedness for such
possible scenarios [5–7].

In China, Pu in the terrestrial environment was dominantly from the global fallout.
Meanwhile, due to the nuclear tests at the Lop Nor test site (LNTS) in China and the
neighboring Semipalatinsk test site (STS) of the former Soviet Union, these two sites
also caused certain contribution of Pu to the Chinese terrestrial environment while their
influences might be regional [8–10]. Facilitated by the advancement in analytical techniques
and the growing attention on radioactivity safety, studies on Pu in the Chinese environment
have been rapidly mounting in the recent two decades. To date, different teams and/or
researchers have endeavored to investigate the sources, distributions and behaviors of
Pu in the Chinese environment. For example, the team of Guo et al. [8,9,11] from Peking
University systematically collected soil samples in the upwind and downwind of the
LNTS for Pu analysis to study its impact; while in recent years Hou and his coworkers
made significant contributions to enlarge the database of Pu concentration and isotopic
composition in China by analyzing Pu in soils collected from the Northwest, North and
East China [10,12,13].

Despite the plentiful and increasing data of Pu in Chinese soil samples, a statistical
analysis of the determined data has been of less concern. Most studies were scattered
which focused on certain sampling sites or regions, while a general and statistical view
of the state-of-the-art the Pu in Chinese soils is required to illustrate the variability of Pu.
Current problems that should be solved included the rough understanding of the impact
areas of STS and/or LNTS as well as the lack of representative 240Pu/239Pu atom ratio
baseline in different areas. In the last century, Krey et al. [14] and Kelley et al. [15] compiled
the 240Pu/239Pu atom ratios in soils from worldwide. They proposed the arithmetic mean
value of 240Pu/239Pu atom ratio for 30° S–71° N was 0.180± 0.014 (2σ), which was hereafter
referred by subsequent researchers as the typical global fallout values. Nevertheless, this
value was based on a rather small number of samples and only one dataset in China has
been compiled. A more representative 240Pu/239Pu atom ratio to characterize the global
fallout in China is imperative. So far, only Huang et al. [16,17] have recently examined
the data of 240Pu/239Pu atom ratio and 239+240Pu concentration in Chinese soils from 34
different literature sources to investigate the spatial distribution of Pu. However, their
geographical partitioning was rather complicated which resulted in seven natural regions
in China, while the weighted average of 240Pu/239Pu ratios was used as the only criteria
for inter-comparison between regions. Consequently, it is inconvenient and to some extent
inaccurate to illustrate representative baseline in different areas in China.

The main goal of this work is to investigate the variability of the 240Pu/239Pu atom
ratio and 239+240Pu activity concentration in surface soils in China to study the sources and
distribution of Pu, especially to refine the impact areas of STS and LNTS besides the global
fallout. In addition, the area-specific 240Pu/239Pu atom ratios were evaluated by means of
statistics to provide a representative baseline of Pu in Chinese terrestrial environment.

2. Materials and Methods
2.1. Data Collection

In total, there are 383 undisturbed surface soil samples compiled from 20 published
works referring to Pu in the Chinese environment [8–12,18–32]. The corresponding soil
sampling sites were illustrated in Figure 1. Both of the 240Pu/239Pu atom ratios and
239+240Pu activity concentrations in the abovementioned references were collected. Due
to the lack of general criteria for the “surface soil” in different studies, we employed
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the Pu data of soils which were within a 10 cm depth. The final collected data sizes of
the 240Pu/239Pu dataset and the 239+240Pu dataset were 374 and 248, respectively. More
information on the compiled surface soils are available in the Supplementary Material.

Figure 1. Sampling sites of the surface soils complied in this study.

2.2. Basic Statistics

The collected datasets were firstly sorted from the smallest to the biggest, respectively.
For illustration, the set {x1, x2, . . . , xi, . . . , xn} is the data of either 240Pu/239Pu atom ratio
or 239+240Pu concentration (mBq/g), and n is the number of data. Different basic statistics
were employed to characterize the datasets. These included the arithmetic mean (AM)
and the standard deviation (SD), which was calculated according to Equations (1) and (2),
respectively.

AM(x) = ∑n
i=1 xi

n
(1)

SD(x) =

√
∑n

i=1 (xi −AM(x))2

n− 1
. (2)

Besides, the median (MED) and the lower and upper percentiles (LP and UP) were
calculated as Equations (3)–(5), respectively.

MED(x) =


x(n+1)/2 , for n is odd
xn/2 + x(n+1)/2

2
, for n is even

(3)

LP(x) = MED({xi ≤ MED(x)}) (4)
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UP(x) = MED({xi ≥ MED(x)}). (5)

2.3. Statistical Analysis

Several statistical analyses were conducted during data processing because different
statistical methods have certain prerequisites. The non-parametric rank sum test was
carried out between Pu data from two regions to check their differences. For three-group
comparison when comparing global fallout Pu data distribution in the different latitude
bands, the Kruskal–Wallis test was used. Furthermore, for data groups which satisfied the
homogeneity in variances, parametric tests including the student’s t test and the one-way
ANOVA were employed to further compare the differences among the means of two and/or
more data groups (specifically, including the comparison between the dataset of Ternary
and Unitary areas, and the dataset of different latitude bands). Besides, we calculated
the rank correlation coefficient, i.e., Kendall’s τ between the 239+240Pu concentration and
240Pu/239Pu atom ratio datasets in the Ternary and Unitary area to examine the contribution
of STS and LNTS.

2.4. Geographical Partitioning and Visualization

The geographical partitioning was realized with the spatial distribution of the 240Pu/239Pu
atom ratio dataset based on the strategy of Moving Average. Since the sampling sites scat-
tered across the 20° N–50° N region. The partitioning proceeds via moving a window
that was set 10° in both latitudinal and longitudinal direction as Figure 1 illustrated. The
window started at (20° N, 80° E), stepped through the area at the same latitudinal range
(20° E–30° E) with a stepping length of 5°. The window was then moved by a length of 5°
in the longitudinal direction. And the above procedure of the latitudinal moving repeated.
The width and the stepping length of the window were chosen for the sake of guaranteeing
enough data in each window for statistical analysis meanwhile reducing redundant shots
with too many repeated records. By moving the window through 80° E–130° E in each
latitude band, we obtained overall 37 successive shots of regions. Furthermore, three
shots with less than ten of 240Pu/239Pu data were excluded to guarantee the robustness
of the statistical analysis. In fact, these shots were all at or outside the edge of Chinese
territory, which has few impacts on accessing the variability of 240Pu/239Pu across China.
The remaining 34 shots were presented in Figure 2. Every small colored rectangle in the
subfigures represented a shot, and the titles upon the subfigures represented the coordi-
nates of the target shot’s (small white rectangle with dashed line) lower left corner. For
example, the title of (40° N, 80° E) for subfigure (1) indicated the corresponding region for
the target shot was 20° N–30° N, 95° N–105° E (as the width of the window was 10° in both
latitudinal and longitudinal direction).

Based on these shots, we further visualized the variation of 240Pu/239Pu atom ratio
in different areas. In detail, for every shot, the MED of 240Pu/239Pu atom ratio data in the
corresponding region was calculated. As in Figure 2, the divergences among the MED of
every target shot (the shot with dashed line in each subfigure) with another 33 shots were
represented with different colors. Besides, in each of the subfigures, rank sum tests between
the target shot and the other 33 shots were conducted. If the test result was significant (at
95% level), the line of the other shot in comparison was bolded.



Atmosphere 2022, 13, 769 5 of 16

Figure 2. Spatial variability of 240Pu/239Pu atom ratio in Chinese surface soils.
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3. Results and Discussion
3.1. General Sources of Pu in Chinese Soils

In the Chinese soils, Pu was primarily derived from the global fallout, while the STS
and LNTS might present regional contribution. Extremely low 240Pu/239Pu ratios down to
0.08 in some soils and archived lake sediments in northwest China were anomalous com-
pared with the characteristic ratio of 0.18 for the global fallout [8,33]. Besides, Bu et al. [8]
also found the deposition inventory of 239+240Pu in the Jiuquan region in the downwind
of LNTS were significantly higher (up to 546 Bq/m2) than the global fallout. These find-
ings indicated the regional influence of LNTS in its downwind direction [8,9]. Recently,
Zhao et al. [10] reported distinctly lower 240Pu/239Pu atom ratios of 0.118–0.133 and higher
239+240Pu/137Cs activity ratios of 0.065–0.215 compared to the global fallout values in soil
samples from the northwest part of Xinjiang Province in China. Because these regions are
located in the upwind direction of the LNTS, the extra burden of Pu besides the global
fallout was most likely from the STS, which were inferred to be transported by the west
and northwest wind through the river valley among mountains in the Northern Xinjiang
region [10].

Although the general source terms of Pu in Chinese soils have been well recognized,
the knowledge about the specific impact areas of different sources was rather rough. In
order to obtain a schematic view of the sources, levels and distributions of Pu in Chinese
soils, we partitioned three areas across China based on the use of moving average and
statistics. For simplicity, three areas were partitioned and were marked as the Ternary area,
the Binary area and the Unitary area according to the mixing of different source terms of Pu.
Arguments on the reasonability for partitioning of these three areas as well as the statistics
of the Pu data within each area were discussed as follows.

3.2. The Ternary Area
3.2.1. Multiple Influences of the STS, LNTS and the Global Fallout

The STS of the former Soviet Union is located only about 700 km northwest of the
north part of Xinjiang Province, China. And 86 air and 30 surface nuclear tests were
conducted in the STS during the period of 1949–1962 with a total yield of 5.89 Mt [2].
The typical 240Pu/239Pu atom ratios in the close-in fallout at the SNTS were reported
to be 0.025–0.072 [34]. Regarding the LNTS, twenty-two atmospheric nuclear tests were
conducted between 1964 and 1980 with wide variation of yields from 0.02 Mt to 4 Mt [2].

Wu et al. [33] observed extremely low 240Pu/239Pu (0.103 ± 0.010) in the deep layer
of the sediment in the Sugan Lake, which is located in the 500 km downwind direction
of the LNTS. Beside, Dong et al. [11] concluded that the influence of the LNTS in the
upwind region were negligible based on their analyzing of soil samples from 200–400 km
northwest of the LNTS. However, in the 250 km northwest of LNTS, which was also the
upwind direction of the LNTS meanwhile the downwind direction of the STS, anomalous
Pu (240Pu/239Pu = 0.103 ± 0.010) in the well-preserved lake sediment has been detected
by Liao et al. [35]. Similarly, Zhao et al. [10] also found distinctly lower 240Pu/239Pu atom
ratios of 0.118-0.133 in the upwind region of the LNTS compared the global fallout. These
studies indicated the northwest part of China has received the deposition of Pu from both
the STS and the LNTS, while the influence of the LTS most likely occurred in the downwind
LNTS. Since both of the STS and the LNTS have varied and similarly low 240Pu/239Pu
atom ratios, further identifying the separate contribution of the STS and LNTS from a given
sample might be difficult. As an alternative, the mixing impact of STS and LNTS besides
the global fallout background was discussed.

In order to identify the influence area of STS and LNTS in the Chinese soils, we
presented the variability of the MED(240Pu/239Pu) in Figure 2. The MED and AM ± SD for
each shot was provided in the Tables A1 and A2. We noted that the MED instead of the AM
of the 240Pu/239Pu dataset in each of the shot was used because MED is generally more
representative for an unknown data distribution. The following features of geographical
variability of the 240Pu/239Pu atom ratios in Chinese surface soils were observed:
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1. As in Figure 2(1)–(8), the MED(240Pu/239Pu) of the eight target shots (black dashed
line) were all lower than the other 26 shots, illustrating the MED(240Pu/239Pu) in the
corresponding area were systematically lower that other areas of China;

2. The rank sum tests were conducted between the 240Pu/239Pu datasets in each of
the eight target shot with those in the other shots. As in Figure 2(1)–(8), for each of
the eight shots, there always exited other shots that have different 240Pu/239Pu data
distributions apart from the eight shots. Especially in Figure 2(4), most of the other
26 shots were significantly different from the corresponding target shots.

Therefore, both the MED and the data statistical distribution of the 240Pu/239Pu in the
eight shots in Figure 2(1)–(8) were distinct in comparison with the other 26 shots, indicating
that in the eight shot represented areas there might be different sources of Pu compared
with other regions that had relatively low 240Pu/239Pu atom ratios. Geographically, these
eight shots represented the 80° E–105° E, 35° N–50° N area which is located in the northwest
of China. As mentioned above, the source term analysis suggested that the contributions of
STS and the LNTS were the mostly likely reasons for the anomalous low 240Pu/239Pu atom
ratios in this region besides the global fallout. Therefore, we supposed the 35° N–50° N,
80° E–105° E region in China has received multiple contributions of Pu from the STS, LNTS
and the global fallout, and we characterized this area as the “Ternary area” to represent the
three mixing sources of Pu.

Few works have systematically investigated the impact area of STS and LNTS in a Chi-
nese environment as individual studies only provided scattered data. Only
Huang et al. [16,17] reviewed the literature reports of 240Pu/239Pu and 239+240Pu in the
Chinese environment. However, they conducted geographical partitioning basically in
accordance with traditional administrative division, which was rather empirical and might
be redundant. In total, seven partitions (regions) were set and within each region the
weighted averaged Pu datasets were calculated as clues to discriminate different sources of
Pu among different regions. Besides, they further partitioned the Northwest China region
into two parts, i.e., the East Xi’ning part and the West Xi’ning part due to the 240Pu/239Pu
in these two parts were distinct. As illustrated in Figure 2, our results showed that the (35°
N, 105° E) might be the watershed of the 240Pu/239Pu atom ratios in Chinese surface soils
since the lower ratio data mainly occurred northwest of this location. Interestingly, this con-
clusion is similar to that of Huang et al. [16] as they consider the Xińing as a cut-off, which
had a coordinate of (36.6° N, 101.8° E), while our partitioning was much more concise.

3.2.2. Distribution of Pu in the Ternary Area

Lower 240Pu/239Pu Atom Ratios

The Ternary area which covered the 80° E–105° E, 35° N–50°N of China was char-
acterized with generally lower 240Pu/239Pu atom ratios as depicted by Figure 2 and the
frequency distribution of the 240Pu/239Pu in Figure 3. Furthermore, the 240Pu/239Pu atom
ratios in surface soils (n = 107) in this area varied across a large range from 0.048 to 0.216
with an AM ± SD of 0.172 ± 0.030, which was apparently lower than the typical global
fallout value. Besides, the other statistics including the MED (0.174), the LP (0.166) and
UP (0.186) were all lower than those in other two areas (Table 1). Furthermore, as in
Table A3, both the results of the rank sum test and the students’ t test have proved that
the 240Pu/239Pu data in the Ternary area and the Unitary area was significantly different
(p < 0.05),which further confirmed the regional influences of STS and LNTS in the Ternary
area besides the typical global fallout.
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Figure 3. Frequency distribution of 240Pu/239Pu atom ratio in Chinese surface soils. The dashed line
denotes the AM(240Pu/239Pu) for each area, and the corresponding shadow area denotes the range of
± SD(240Pu/239Pu).

Table 1. Statistics of 240Pu/239Pu atom ratios in surface soils †.

Areas Latitude Band N Range AM ± SD MED LP UP

Unitary area
20° N–30° N 108 0.136–0.231 0.186 ± 0.020 0.185 0.173 0.196
30° N–40° N 101 0.103–0.272 0.185 ± 0.021 0.184 0.176 0.194
40° N–50° N 55 0.144–0.245 0.188 ± 0.023 0.187 0.173 0.197

Total 264 0.103–0.272 0.186 ± 0.021 0.184 0.174 0.195
Binary area - 17 0.147–0.221 0.194 ± 0.018 0.200 0.182 0.203
Ternary area - 107 0.048–0.216 0.172 ± 0.030 0.174 0.166 0.186

† AM: Arithmetic mean; SD: Standard deviation; MED: Median; LP/UP: Lower/Upper percentile.

Raise of 239+240Pu Concentrations

In the Ternary area, the 239+240Pu concentrations in surface soils were in the scale
of 0.005–1.99 mBq/g, being comparable with the other parts (Table 2). However, all the
statistics including the AM ± SD (0.53 ± 0.48 mBq/g), MED (0.416 mBq/g) together with
the LP (0.125 mBq/g) and UP (0.833 mBq/g) were all distinctively higher than those in
other parts of area in China. The 239+240Pu concentration data in the Ternary area and the
Unitary area were significantly different (p < 0.05) as shown in Table A3. It undoubtedly
denoted that a rase of 239+240Pu concentrations waws experienced over the Ternary area,
which was further illustrated by the right-shift of the frequency distribution of ln(239+240Pu)
in Figure 4.

Table 2. Statistics of 239+240Pu activity concentrations (mBq/g) in surface soils (<10 cm) †.

Areas Latitude Band N Range AM ± SD MED LP UP

Unitary area
20° N–30° N 77 0.003–1.3 0.16 ± 0.17 0.122 0.0765 0.194
30° N–40° N 65 0.009–4.783 0.36 ± 0.65 0.149 0.079 0.466
40° N–50° N 36 0.023–0.67 0.16 ± 0.15 0.098 0.0645 0.2045

Total 178 0.003–4.783 0.23 ± 0.41 0.1285 0.076 0.242
Binary area - 7 0.040–0.231 0.11 ± 0.06 0.098 0.0765 0.1325
Ternary area - 77 0.005–1.99 0.53 ± 0.48 0.416 0.125 0.833

† AM: Arithmetic mean; SD: Standard deviation; MED: Median; LP/UP: Lower/Upper percentile.
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Figure 4. Frequency distribution of 239+240Pu activity concentration in Chinese surface soils. The
dashed line denotes the MED(239+240Pu) for each area.

To further verify the regional contributions of STS and/or LNTS, we further examined
the rank correlation of 240Pu/239Pu with the ln(239+240Pu), the 240Pu/239Pu atom ratio in
the Ternary area presented a negative correlation with the corresponding ln(239+240Pu)
as in Figure A1 and the correlation was significant (Kendall’s τ = −0.188, p < 0.05). This
interesting observation suggested that the regional influences of STS and/or LNTS in the
Ternary area had influenced both the 240Pu/239Pu atom ratio and the 239+240Pu concen-
tration in soil samples, while the contributions was too difficult to be distinguished by
separate studies. This is because the 240Pu/239Pu data in the Ternary area presented notice-
able high frequencies (0.317) of between 0.16 and 0.18 (Figure 3), i.e., close to or slightly
lower than that of the typical value (0.18) of the global fallout. And the large variation
of 239+240Pu activity concentration of the global fallout background (Table 2) also made
it difficult to distinguish extra Pu according to 239+240Pu concentration data. To further
prove that, we collected the data in the Ternary area with 240Pu/239Pu between 0.166 and
0.194, which was within the 2SD of the typical global fallout (0.180 ± 0.014). In separate
studies, the Pu in those samples were generally supposed to be derived from the global
fallout. Nevertheless, the selected 240Pu/239Pu even showed slightly better correlation
(Kendall’s τ = −0.257, p < 0.05) with the corresponding ln(239+240Pu). These indicated that
in the separate studies which generally determined small number of samples, it is usually
unrealizable to identify the contribution of extra Pu without remarkably low 240Pu/239Pu
atom ratios. Consequently, in the separate studies, the contribution of STS and/or LNTS
might be ignored or underestimated.

3.3. The Binary Area
3.3.1. Mutual Influences of the LNTS and the Global Fallout

According to spatial variability of 240Pu/239Pu in the soils in Figure 2, a usual area is
the target shots in Figure 2(9),(10), which had a higher MED(240Pu/239Pu) than the other
32 regions. Beside, we found that the shot in Figure 2(10) was significantly different from
all the eight shots of the Ternary area.

Geographically, the two shots together stand for the 35° N–45° N, 100° E–115° E
area. The high MED(240Pu/239Pu) and the statistical divergences compared to other shots
indicated that this area should have received additional contribution of Pu that has higher
240Pu/239Pu atom ratio compared with that of the global fallout.

The elevation of 240Pu/239Pu in this area was most likely due to the influence of the
high-yield nuclear tests in the LNTS. The 240Pu/239Pu atom ratio of a nuclear test is in
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relation to the explosion yield and design of the weapon [1]. For instance, high 240Pu/239Pu
atom ratios up to 0.3 have been observed after high-yield thermonuclear tests carried out by
the US in the 1950s [36]. At the STS, the highest yield was 1.6 Mt conducted in 1955, while
most of others were less than 0.1 Mt [2]. Meanwhile, the resulting 240Pu/239Pu atom ratios
in the close-in fallout at the STS were reported to be 0.025–0.072, which was significantly
lower than the global fallout value [34]. However, at LNTS, atmospheric tests are known to
have varied fission yields from 0.02 Mt to 4 Mt [2]; and after the detonation of the largest-
yield of 4 Mt at 1976, a high 240Pu/239Pu atom ratio of 0.224 was detected in the debris
collected at a 10 km height in the atmosphere [37]. A larger yield of tests might deduce
elevated 240Pu/239Pu atom ratios due to the higher neutron flux, and meanwhile a longer
dispersion distance of the generated debris could be expected. As illustrated by Figure 2
and Table A1, following the downwind direction from the LNTS, the MED(240Pu/239Pu)
presented a transitional trend. It firstly decreased with the increasing of distance from
LNTS (Figure 2(5)–(7)), and then increased to a maximum (Figure 2(10)), followed by a
rather stable status at a slightly lower value (Figure 2(14)–(16), around 0.18). This trend
might reveal the regional and distant influence of the LNTS. Specifically, the debris from the
low-yield tests tended to deposit regionally in the intermediate downwind, while debris
from the higher yield tests could be transported over a longer distance before deposition.
There were typically three pathways of the radioactive clouds followed by the tests in the
LNTS [8,9]. It deserved to be mentioned that the unique shot in Figure 2(10) that had the
highest MED(240Pu/239Pu) across China covered part of the north and central pathways of
the radioactive plume from LNTS [8]; besides, the city Baotou and Taiyuan within that shot
were exactly the landmarks of the north and central pathway, respectively. Therefore, it
could be inferred that this Binary area that located at the far end of the radioactive plume
pathways might have been influenced by the high-yield tests from the LNTS besides the
global fallout background.

Huang et al. [16] has evaluated the impact area of the high-yield tests from the
LNTS and they proposed that the central China region was under the influence of LNTS.
Nevertheless, in the shots including (25° N, 105° E), (25° N, 110° E), (30° N, 105° E),
and (30° N, 115° E) in Figure 2 which were covered by the partitioned central China
of Huang et al. [16], both the MED(240Pu/239Pu) and the statistical distribution of the
240Pu/239Pu dataset were not significantly different from the other regions in the Unitary
area (target shots in Figure 2(11)–(34)). Besides, the corresponding region of the most unusu-
ally shot (35° N, 105° E) in our study was part of the north China region of Huang et al. [16]
according to their partitioning, while in their study the general elevation of 240Pu/239Pu in
that region was not identified because the weighted average 240Pu/239Pu was calculated
to be 0.185 ± 0.006. These comparisons demonstrated that the geographical partitioning
method of Huang et al. [16] was coarse since their partitioning of regions was empirical
and basically followed administrative divisions. Besides, the use of only weighted average
might be not decisive since slight deviations from the global fallout background (0.18)
would be masked. In contrast, in virtue of the moving average combined with the use
of MED, finer spatial resolution as well as more representative data were obtained in
our study.

3.3.2. Distribution of Pu in the Binary Area

The scale of the Binary area covered the 35° N–45° N, 100° E–115° E area as depicted
in Figure 2. This area represented the mutual contributions of Pu from the global fallout
and the high-yield tests at the LNTS. The statistics of the Pu data in this area were listed
in Tables 1 and 2. Regarding the 240Pu/239Pu atom ratio, although it varied in a similar
range (0.147–0.221) compared with other areas, the AM ± SD (0.194 ± 0.018), MED (0.200),
LP (0.182) and UP (0.203) for the 240Pu/239Pu data in this area were all higher than in other
partitioned areas. In contrast, the statistics of the 239+240Pu activity concentration in the
Binary area were not significantly different from those in other areas. Since the data size of
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Pu in this area was smaller than others, further studies in this area would be valuable for
clarifying the influence of LNTS in this area.

3.4. The Unitary Area
3.4.1. Exclusive Influence of the Global Fallout

According to the variability of the 240Pu/239Pu in Figure 2, the divergences of the
MED(240Pu/239Pu) in different shots (Figure 2(11)–(34)) in the Unitary area were rather
small as visually indicated by the thickness of colors. In detail, the specific values of
the MED(240Pu/239Pu) and the AM(240Pu/239Pu) in this area ranged in 0.182–0.189 and
0.182–0.194 for the 24 shots, respectively (Tables A1 and A2); In addition, the rank sum
tests showed that any of the target shots in the Unitary area was not significantly different
from others in that area. These results suggested the small variation and similarity of the
240Pu/239Pu atom ratio in the Unitary area, and thus indicated the Pu in these shots might
be same, i.e., from the global fallout.

3.4.2. Representative of the Global Fallout in Chinese Soils

As mentioned above, we considered the Unitary area as the “background area”, which
only received exclusive influence of the global fallout. Hence, the level and distribution of
Pu within this area was carefully assessed for a better understanding of the merely global
fallout in the Chinese environment and meanwhile providing a more representative or
realistic 240Pu/239Pu baseline in the Chinese soils.

Considering that the Unitary area geographically referred to a large scale and the
reported sampling sites for Pu in different studies scattered over 20° N–50° N (Figure 1),
data in different latitudinal bands, i.e., 20° N–30° N, 30° N–40° N, and 40° N–50° N were
also discussed.

240Pu/239Pu Atom Ratios

The statistics of the 240Pu/239Pu in the three latitude bands are listed in Table 1. All
the statistics including AM (0.185–0.188) and SD (0.020–0.023), the MED (0.184–0.187) and
the UP (0.194–0.1965) as well as the LP (0.173–0.176) were very close for the 240Pu/239Pu
datasets among three latitude bands, suggesting that the 240Pu/239Pu in these bands were
similar. This viewpoint was further supported by the statistical tests in Table A3, which
proved that there was no significant difference among the 240Pu/239Pu datasets in the three
latitude bands. Therefore, the three latitude bands were combined together to calculate the
representative and area-specific baseline of 240Pu/239Pu for the whole Unitary area.

The overall frequency distribution of the 240Pu/239Pu atom ratios over the Unitary
area is illustrated in Figure 3. The distribution presented as approximately normal, and the
representative AS± SD of the 240Pu/239Pu atom ratio in the Unitary area was 0.186 ± 0.021.
Similar distribution patterns of 240Pu/239Pu in surface soils have also been observed in
studies of soils from the European Union and Japan [38,39]. In particular, in the study
of Yang et al. [39], they proposed that the representative AM ± SD of the 240Pu/239Pu
atom ratio in Japan was 0.186 ± 0.015 based on the normal distribution of the results for
80 surface soils. Our calculated AM(240Pu/239Pu) (0.186 ± 0.021, n = 264) in the Unitary
area was almost identical to that of Yang et al. [39].

In 1999, Kelley et al. [15] calculated the averaged values of 240Pu/239Pu atom ratios
in different latitude bands by analyzing soil samples collected worldwide. Their reported
240Pu/239Pu atom ratios were 0.178 ± 0.019 (2σ) for 0° N–30° N and 0.180 ± 0.014 (2σ)
for 30° N–71° N, respectively. Hereafter, these characteristic values have been historically
regarded as referential for the global fallout. However, in the study of Kelley et al. [15], the
number of soil samples was rather small (n = 7 for 0° N–30° N and n = 24 for 30° N–71° N)
regardless of the large scale of the investigated latitude bands. Especially for China where
the spatial variability of 240Pu/239Pu had not been well reported, only one soil sample
was compiled in their study [16]. Besides, they recommended the arithmetic mean of the
240Pu/239Pu values while the robustness of the arithmetic mean had not been checked
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statistically (probably due to the small sample size). Moreover, all the soil samples analyzed
in their study were collected in 1970–1971, before the easing of the Chinese nuclear tests
(1964–1980). Thus, the contribution of the Chinese nuclear tests—especially high-yield tests
that might have had a higher 240Pu/239Pu —was discounted by Kelley et al. [15], which
probably led to somewhat of an underestimation of the overall global fallout 240Pu/239Pu
atom ratio.

For the above-mentioned reasons, based on the statistical analysis of the 240Pu/239Pu
dataset in the Unitary area and the similarity of 240Pu/239Pu atom ratio in neighboring
Japan, we recommend a slightly higher value of 0.186± 0.021 as a representative baseline to
characterize the global-fallout derived Pu in Chinese soils as a substitute of the previously
used 0.180 ± 0.014 proposed by Kelley et al. [15].

Surface 239+240Pu Concentrations

As in Table 2, the 239+240Pu activity concentration for each of the 20° N–30° N,
30° N–40° N, and 40° N–50° N latitude band varied a lot. For the entire Unitary area, the
239+240Pu concentration in the surface soils ranged from 0.003 mBq/g to 4.783 mBq/g with
a median of 0.129 mBq/g; similar ranges of 0.078–1.43 mBq/g and 0.18–4.79 mBq/g have
also been reported in the neighboring countries including Japan [39,40] and Korea [41–43],
respectively.

Meanwhile, we noted that the 239+240Pu concentrations in the Unitary area were not
evenly distributed. The UP (0.242 mBq/g) is an order of magnitude lower than the upper
range (4.783 mBq/g) as in Table 2. It is the same situation for every latitudinal band
(Table 1). Similarly, in the study of Yang et al. [39], which investigated Pu in Japanese soils,
the reported maximum 239+240Pu concentrations were as high as 1.46 mBq/g while 77.5%
of the soils had a 239+240Pu concentration of less than 0.15 mBq/g. All the divergences in
statistics indicated that the 239+240Pu concentrations data in surface soils were in general
highly skewed to their lower ranges (Figure 4). However, this tendency was usually ignored
in separate studies where the arithmetic mean (AM) was frequently used to describe the
level of 239+240Pu in surface soils. While most of the 239+240Pu concentration was in the
lower percentile, the sporadic occurrence of high values in individual samples might cause
obvious fluctuations of the AM, especially when the data size was small. Accordingly,
we recommended employing the range together with MED to characterize the level of
239+240Pu concentration in soils in future studies.

4. Conclusions

In this study we investigated the sources and the impact areas of Pu in Chinese soils
to illustrate the state-of-the-art of the levels and distributions of 240Pu/239Pu atom ratios
and 239+240Pu concentrations. The moving average in combination with statistical analysis
was firstly employed to partition different geographical areas with the 240Pu/239Pu dataset
from the public literature, resulting in three areas based on the sources’ terms of Pu. The
Ternary area, which represented the 80° E–105° E, 35° N–50° N of China, was supposed
to have multiple sources of Pu including the STS, LNTS and the global fallout. This area
was characterized with slightly lower 240Pu/239Pu atom ratios (0.048–0.216 with a median
of 0.174) as well as elevated 239+240Pu concentrations (0.005–1.99 mBq/g with a median
of 0.416 mBq/g). Meanwhile, the Binary area, covering the 35° N–45° N, 100° E–115° E,
was considered to have received an extra contribution of Pu from the high-yield nuclear
tests at the LNTS besides the global fallout. The 240Pu/239Pu atom ratio (0.147–0.221 with a
median of 0.200) in this area was the highest across China. The implication of the high-yield
nuclear tests over the Binary area has not been seen before, which is worth more focus
in the future. The remainder was partitioned as the Unitary area, which was supposed
to have only received the exclusive influence of global fallout. Further statistical analysis
of the data in the Unitary area suggested that a 240Pu/239Pu ratio of 0.186 ± 0.021 (AM
± SD) was more representative or area-specific for characterizing the global fallout in
Chinese soils. Besides, we have found the skew of the frequency distribution of 239+240Pu
concentration data towards the lower range, which indicated that the commonly used
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arithmetic mean of 239+240Pu might be easily affected by sporadic high values, while the
range together with the median of 239+240Pu concentration should be more representative
in order to characterize the level of 239+240Pu concentration in the soils.
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Appendix A

Table A1. Summary of the MED(240Pu/239Pu) in different shots.

80–90◦ E 85–95◦ E 90–100◦ E 95–105◦ E 100–110◦ E 105–115◦ E 115–125◦ E 120–130◦ E

40–50◦ N 0.1745 0.169 0.168 0.1665 0.189 0.186
35–45◦ N 0.1765 0.176 0.172 0.1775 0.1875 0.200 0.185 0.184
30–40◦ N 0.186 0.186 0.186 0.187 0.1825 0.183
25–35◦ N 0.185 0.185 0.183 0.183 0.182
20–30◦ N 0.182 0.186 0.182 0.184 0.188

Table A2. Summary of the AM ± SD (240Pu/239Pu) in different shots.

80–90◦ E 85–95◦ E 90–100◦ E 95–105◦ E 100–110◦ E 105–115◦ E 115–125◦ E 120–130◦ E

40–50◦ N 0.171± 0.024 0.172± 0.031 0.162± 0.040 0.147± 0.043 0.194± 0.022 0.188± 0.023
35–45◦ N 0.181± 0.014 0.181± 0.028 0.170± 0.037 0.170± 0.034 0.186± 0.017 0.194± 0.018 0.191± 0.019 0.186± 0.023
30–40◦ N 0.188± 0.016 0.184± 0.014 0.186± 0.018 0.188± 0.021 0.186± 0.017 0.186± 0.021
25–35◦ N 0.186± 0.012 0.186± 0.015 0.184± 0.017 0.186± 0.018 0.187± 0.021
20–30◦ N 0.182± 0.017 0.189± 0.019 0.186± 0.020 0.184± 0.020 0.189± 0.020

https://www.mdpi.com/article/10.3390/atmos13050769/s1
https://www.mdpi.com/article/10.3390/atmos13050769/s1
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Appendix B

Table A3. Statistical test results (p values) of the 240Pu/239Pu and the 239+240Pu dataset among
different areas †.

Statistical Test 240Pu/239Pu Atom Ratio 239+240Pu Concentration

(a) Among 20–30◦ N, 30–40◦ N, 40–50◦ N (of the Unitary area)
Brown Forsythe 0.49 0.007
Kruskal-Wallis 0.92 0.14

One-way ANOVA 0.71 (0.009) *
(b) Between the Unitary area and the Ternary area

Brown Forsythe 0.10 <1 × 4−10

Rank sum test <1 × 5−10 <1 ×6−10

Students’ t <1 × 6−10 (<1 × 5−10) *
† Values marked as bold indicated the results were significant at 0.01 confidence level. * Invalid results due to the
heteroscedasticity.

Appendix C

Figure A1. The rank correlation of 240Pu/239Pu with ln(239+240Pu) in the Ternary (orange) and
Unitary (blue) areas. The data of the Ternary area was selected with the 240Pu/239Pu ranged between
0.166–0.194.
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