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Abstract: To investigate the contamination of PCBs in agricultural soils irrigated chronically with
polluted water and the distribution and migration of PCBs under long-term irrigation, 100 farmland
soil profile samples were collected in the Yellow River irrigation area in Inner Mongolia, China, to
determine PCB content. Cluster analysis was used to identify possible sources of PCBs products, and
the USEPA Health Risk Evaluation Model assessed the health risks posed by PCBs to humans. The
results showed that the detection rates of eight monomers in the different soil layers of each sample
site ranged from 5% to 90%, and the concentration ranged from not detected to 87.71 ng-g~!. The PCBs
content showed a vertical distribution rule of accumulation in the shallow layer, sudden decrease in
the middle layer. Low-chlorinated PCBs were dominant in each soil profile. Source identification
indicated that PCB pollution in the study area originated mainly from the Aroclor1242, Aroclor1248,
Aroclor1016, Aroclor1232, and Aroclor1221 industrial products and domestic transformer oil. Finally,
a health risk assessment demonstrated that child and adult groups in study area were exposed to
negligible carcinogenic and noncarcinogenic risks.

Keywords: Yellow River irrigation area; polychlorinated biphenyl; distribution characteristics; source
apportionment; health risks

1. Introduction

It has been reported that more than 80 countries are currently facing freshwater
shortages, and global water quality is deteriorating [1]. Global freshwater use has increased
by a factor of six over the past 100 years, Agriculture currently accounts for 69% of global
water withdrawals, which are mainly used for irrigation [2]. Pollutants in irrigation water,
particularly persistent organic pollutants (POPs), would be inevitably deposited in the
farmland, absorbed by crops, and finally transferred to the human body, pose potential
threats to the soil-crop system and human health [3]. The control of non-point source
pollution of POPs in the farmland is facing great challenges. The Yellow River is the
fifth-largest river in the world, and the largest water source in northern China, and it is
responsible for the irrigation of farmland in the Yellow River irrigation area. The Yellow
River irrigation area in Inner Mongolia is an important commodity grain and oil production
base for the Inner Mongolia Autonomous Region and for China in general. Ensuring
food security and sustainable agriculture in this area is critical to achieving sustainable
development goals. In recent years, there have been numerous reports on water pollution in
the Yellow River. A study on the distribution and migration of POPs in the Inner Mongolia
section of the Yellow River Polychlorinated biphenyls (PCBs) were detected [4].

PCBs are noted for their persistence, ubiquity, long-range atmospheric transport, bioac-
cumulation [5], and adverse effects on the environment [6] and human health [7]. PCBs
have been extensively used in various industrial and commercial applications, such as
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transformers, capacitors, and plasticizers [8]. After entering the farmland with water, PCBs
will gradually migrate to the deeper layers of the soil, eventually causing groundwater
pollution, and even the entire ecosystem pollution. Although PCBs were banned in 2004
by the Stockholm Convention, they are still frequently detected in farmland soils in many
countries because of their persistence and non-degradable nature [9]. China is a large agri-
cultural country with a long history and large farmlands. Due to the significant historical
production and usage of PCBs, residues of these contaminants have been found at high
levels in farmland soil in some places in China [10-12].

To date, many scholars have studied the PCB pollution in the irrigation farming
area such as farmland sewage irrigation, reclaimed water irrigation, and clear irrigation
areas [13-16]. In the study on the effect of irrigation years on the concentration of PCBs in
agrarian soils, Abrahao et al. found that during the first years of irrigation in the Lerma
basin, irrigation has not significantly influenced the concentrations of PCBs in the soils [17].
Teng et al. collected soil samples from paddy fields in Liaohe River Plain and monitored the
PCBs contents, and verified that there is a significant contribution of long-term irrigation of
polluted river water to PCBs contaminations in paddy soils [18]. Ngweme at al investigated
the levels of PCBs in irrigation water and soils from the vegetable growing sites in Congo,
and evaluated the potential human health risks; the results showed that PCBs did not pose a
carcinogenic risk to the local population [19]. These studies have focused on PCBs’ pollution
of the soil surface. However, there have been few reports on the PCBs’ pollution vertical
distribution characteristics in soils with polluted water. To investigate the contamination of
PCBs in agricultural soils irrigated chronically with polluted water and the distribution
and migration of PCBs under long-term irrigation with the Yellow River irrigation area of
Inner Mongolia in China as the study area, this study investigated PCB contamination in
agricultural soils chronically irrigated with contaminated Yellow River water. The vertical
and spatial distribution characteristics of PCBs in soils of irrigated areas under the effect of
long-term irrigation were studied. The possible product sources of PCBs in the study area
were identified through cluster analysis, and the health risk was evaluated. To contribute a
theoretical basis for the distribution and migration of PCBs in soil and to provide reference
for the study of persistent organic pollutants in irrigated soils by contaminated water, it is
of great significance to seek safe irrigation modes, study food security, and promote the
agricultural sustainable development.

2. Materials and Methods
2.1. Study Area

The Yellow River irrigation area of Inner Mongolia is located at the northern end of the
Yellow River Basin, with a total land area of 19.27 thousand km?. The existing arable land
is 12.52 thousand km?, and the effective irrigation area is approximately 7.3 thousand km?.
The soil type is mainly salinized light color meadow soil and saline soil, and the soil texture
is mainly light sandy loam. The Yellow River irrigation area of Inner Mongolia is composed
of the Hetao irrigation district, Tumochuan irrigation district, and the South Bank of the
Yellow River irrigation district. The Hetao-Tumochuan Plain is the main agricultural
production area in the Yellow River irrigation area of Inner Mongolia. Therefore, the Hetao
(mainly in the Jiefangzha and Wulanbuhe irrigation area) and Tumochuan (Including the
Madihao, Dengkou and National Unity Pumping irrigation area) irrigation areas were
selected as the study area; the study area location is shown in Figure 1. The main crops
grown are wheat, corn, and sunflower. The irrigated area has flat terrain and sufficient
heat, with annual sunshine of 2900-3200 h and frost-free period of 140-180 d. Rainfall in
this area is scarce, with an annual average precipitation of only 130400 mm and annual
average evaporation of 1200-1600 mm. Agricultural production in this area is therefore
entirely dependent on irrigation, with the Yellow River as the main water source.



Water 2022, 14, 3472 3of16

£r =
5 5 \
g ‘ s % % Inner Mongolia Autonomous Region in China
=+ U gl i
£ o204 80
=1
;O L | —
5
=
2 4
- =
=)
gl
)
<+
Tumochuan irrigation area
- Legend Legend
) | — Boundary of study area I:I Inner Mongolia
§ —— The Yellow River z [ ] China
@ City boundary ;g b
dem(m) =
High: 1170 0 500 1000 1500 2000
. T . <M !
S Low : 976 =
105°0'0"E  106°00"E  107°00"E IOS%&)"E 109°00'E 110°00"E  11I°00'E S — —— S (A555TE
z "
=l )
= iy —F
5 i
=+ 4 z
0510 20k E
e — KT oy
=
g
z
=
&b
= o . . . -
s ‘___pumping irrigation
=+ \\7/_7
N
Legend o Legend
¥ Sampling points z * Sampling points
[/ Boundary = I Boundary
& dem(m) = dem(m)
ot | High : 1134 = - High : 1150
é il Low : 1005 L Low : 976
106°0'0"E 106°30'0"E 107°0'0"E 107°30'0"E  108°0'0"E 110°30'0"E 111°0'0"E 111°30'0"E

Figure 1. The Yellow River irrigation area in Inner Mongolia and distribution of sampling points.

2.2. Sample Collection

In this study, a total of 20 sampling sites were laid in differing irrigation districts along
the Yellow River in Inner Mongolia (Figure 1), and Global Positioning System was used to
record the specific locations. At each site, a profile (0-100 cm) soil was taken using a hand
soil auger. One sample was collected every 20 cm starting from the soil surface, i.e., 0-20,
20-40, 40-60, 60-80, 80-100 cm, meaning 5 samples were collected for each site and a total
of 100 samples at 20 sites. The samples were labelled, stored in clean special aluminum
boxes, sealed, and frozen at 4 °C until analysis. All the equipment was carefully washed
with acetone and n-hexane and dried before use.

2.3. Material and Reagents

All solvents used pesticide grade for the chromatographic analysis. External cali-
bration standards of PCBs #2, 5, 29, 47, 98, 154, 171, and 201 were purchased from Accu
Standard (New Haven, CT, USA) and all have a highly pure (>98%). The Florisil column
was obtained from Supelco (Bellefonte, PA, USA).

2.4. Sample Extraction and Analysis

After removing pebbles and plant roots, the fresh soils were placed in a freeze-dryer
that removed all water over the course of 24 h, then ground and sieved through sieve. Next,
4.00 g of soil and diatomite (1.00 g) were accurately weighed and mixed before being adding
to the extract pond for accelerated solvent extraction with n-hexane and acetone (V = 1:1).
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The optimized operational variables of the accelerated solvent extraction were as follows:
static extraction time, 6 min; extracting pressure, 1700 psi; extraction temperature, 100 °C;
flush volume, 90%; cycle number, 3. The Florisil columns were first preconditioned with
30 mL of acetone and then rinsed with 20 mL of n-hexane. This mixture was subsequently
concentrated in a preconditioned Florisil column with n-hexane and hexane-acetone as the
eluent, as outlined in the USEPA Method 8082A.

For PCB analysis, a Varian 450 GC system with a CP-5il 5CB (30 m x 0.25 mm; 0.39 pm
thick) and an electron capture detector was used, and the external standard calibration of
the peak area versus the concentration was also determined. The resulting mixture was
further concentrated to approximately 2 mL under a gentle stream of dry nitrogen gas. The
injection port was operated at 280 °C in split-less mode, nitrogen (99.999% pure) was used
as the carrier gas, and the column flow was 1.0 mL-min~!. The linear temperature program
of the GC oven was as follows: the initial temperature was maintained at 80 °C for 2 min,
then heated to 180 °C at 10 °C-min~! and then 250 °C for 10 min at 3 °C-min~! before
being set to a temperature program from 250 to 280 °C at 20 °C-min~! and maintained for
8 min.

Quality assurance and quality control were performed using a five-level multipoint
calibration standard based on the peak area. Laboratory blank, laboratory blank spike,
and matrix spike samples were run for the eight PCBs in parallel with the samples to
check for any contaminants during concentration and detection. The concentration of the
lowest calibration standard was taken as the limit of quantitation (LOQ). The LOQs of
PCBs ranged from 0.1 to 0.3 ng-g~!, and recoveries between 84.25% and 109.25%. In all the
blank samples, all values were lower than the detection limit. These results indicate that
the method was accurate and replicable.

2.5. Statistical Analysis

Analysis of data using SPSS 25.0. The Kolmogorov-Smirnov test was used to test the
data and determined that all data conformed to the normal distribution. The results were
explained via cluster analysis, which was used to categorize £gPCBs values in similar sets
and clarify their sources.

2.6. Health Risk Assessment Methods
2.6.1. Exposure Assessment

The USEPA health risk assessment model was used to assess the exposure of PCBs
in farmland soil in the Yellow River irrigation area from three exposure routes: ingestion,
dermal, and inhalation, according to the chronic daily intake (CDI). The CDI in soil was
computed by following Equations (1)—(3) [20]:

Cx IngR x EF x ED x CF

CDling = BW x AT o
CxSA x AF x EF x ED x ABS x CF
CDlier = BW x AT @
C x InhR x EF x ED
CDIp, = 3)

PEF x BW x AT

where CDljy,g, CDlgey, and CDI;yy, refer to the exposure amount (mg-(kgd)’l) of soil pollu-
tants under ingestion, dermal, and inhalation, respectively. C is the concentration of PCBs
in the soil (mg-kg~!). Other parameters and their meanings are listed in Table 1 [21-23].
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Table 1. Exposure evaluation parameter values.
Selected Values
Symbol Meaning of Parameters
Adults Children
CF Conversion factor (kg-mg~!) 10-° 10-°
EF Exposure frequency (d-a~1) 350 350
ED Exposure frequency (a) 24 6
BW Body weight (kg) 70 15
AT Averaging time, non-carcinogenic/ carcinogenic (d) 8760/25,550 2190/25,550
IngR Ingestion rate of soil particle (mg-d ') 100 200
SA Contact surface area of skin with soil (cm?) 5700 2800
AF Soil-to-skin adherence factor (mg~cm*2) 0.07 0.2
ABS Dermal absorption factor (%) 0.13 0.13
InhR Inhalation rate (m3-d—1) 16 8
PEF Particle emission factor (m3 -kgfl) 1.36 x 10° 1.36 x 107
2.6.2. The Carcinogenic Risk
The carcinogenic risk (R7) is calculated as follows:
R;= CDIZ'XSFZ' (4)
Rr =) R; ®)

where R; is the carcinogenic risk generated by different routes, dimensionless; Rt is the total
risk of cancer under multiple routes, without dimensionality; and SF is the slope factor of
carcinogenesis via different routes (kg-d-mg~!). The SF value of PCBs is 2 kg-d-mg~! for
ingestion and the dermal route, and 2.18 x 10~ kg d-mg~! for inhalation [24]. According
to the US Environmental Protection Agency [20], a range of 107° to 10~ is considered an
acceptable level of cancer risk.

2.6.3. The Non-Carcinogenic Risk

The non-carcinogenic risk ( HI) is calculated as follows:

CDI;
HO: = py (6)
HI =Y HQ, @)

where HQ); is the non-carcinogenic risk generated by different approaches, dimensionless;
HI is the total noncarcinogenic risk across multiple pathways, nondimensional; and RfD;
is the reference dose of non-carcinogenic pollutants in different channels, mg-(kg-d)~!. The
RfD value of PCBs is 2.3 x 10 mg (kg-d)~! [20]. An HI value of 1 is the acceptable hazard
quotient [20].

3. Results
3.1. Distribution Characteristics of Polychlorinated Biphenyls (PCBs) in Soil Profiles
3.1.1. Vertical Distribution of PCBs

The statistical analysis results for PCBs in the 0-100 cm soil profile in the Yellow
River irrigation area of Inner Mongolia are shown in Table 2. The detection rates of eight
monomers in different soil layers from each sample point ranged from 5% to 90%, and their
concentrations ranged from Nd-87.71 ng-g~!. The highest concentration was found in the
2040 cm soil layer, and the lowest concentration was concentrated in the 40-60 cm soil
layer. Overall, the content of PCBs in the deeper soil profile in the study area increased and
the coefficient of variation was high.
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Table 2. Statistical characteristics of PCBs in soil.

Soil L L. Low-Chlorinated PCBs High-Chlorinated PCBs
Profiles Statistical Characteristics
PCB1 PCB5 PCB29 PCB47 PCB98 PCB154 PCB171 PCB201
Concentration range/ng- g’l 0-71.13 0-9.40 0-10.21 0-18.19 0-15.23 0-3.32 0-0.88 0-1.05
Mean of rnonorner/ng-g’1 6.55 1.71 2.37 5.77 2.29 0.37 0.11 0.11
0-20 cm Coefficient of variation/% 229.01 135.35 107.24 83.13 183.07 214.81 264.7 272.45
Detection rate/% 90 60 85 80 50 35 10 10
Mean/ng-g’1 16.4 2.75
Concentration range/ ng-g’1 0-56.14 0-8.22 0-20.14 0-22.42 0-18.15 0-1.12 0-1.84 0-3.25
Mean of monomer/ngg‘1 10.23 2.24 2.53 5.22 2.82 0.23 0.21 0.34
2040 cm Coefficient of variation/% 185.63 127.43 166.93 114.87 170.96 146.85 248.48 255.18
Detection rate/% 85 75 85 85 60 40 20 20
Mean/ng-g~! 20.23 3.61
Concentration range / ng- g’l 0-22.73 0-5.20 0-11.13 0-12.82 0-6.51 0-2.74 0-1.22 0-2.74
Mean of monomer/ngg*1 3.9 1.33 2.93 3.59 0.72 0.25 0.17 0.06
40-60 cm Coefficient of variation/% 125.84 115.01 99.78 100.68 201.29 244.33 191.84 435.89
Detection rate/% 90 60 90 70 40 30 25 5
Mean/ng-g~! 11.76 1.21
Concentration range/ng- g’l 0-87.71 0-19.49 0-6.08 0-21.92 0-22.49 0-6.69 0-0.63 0-1.69
Mean of monomer/ng-g*1 8.73 2.76 1.44 4.53 2.24 0.59 0.05 0.17
60-80 cm Coefficient of variation/% 216.41 164.73 110.48 111.34 223.26 258.25 272.44 237.49
Detection rate/% 80 80 80 75 50 25 20 25
Mean/ng-g’1 17.46 3.05
Concentration range/ng- g’l 0-36.11 0-11.24 0-77.09 0-15.56 0-9.53 0-1.17 0-1.25 0-1.21
Mean of monomer/ngg’] 4.82 2.3 5.4 4.72 1.73 0.2 0.14 0.12
80-100 cm Coefficient of variation/% 166.79 140.04 306.98 98.44 155.22 155.13 22477 255.94
Detection rate/% 80 65 75 70 50 40 25 15
Mean/ng-g’1 17.24 2.2

The detection rate of ) _gPCBs in the study area was 100% and decreased gradually along
the vertical section. The contents of } '§PCBs ranged from not detected to 120.65 ng-g~!. The
3 sPCBs in each soil layer was in the order 2040 > 60-80 > 80-100 > 0-20 > 40-60 cm. Apart
from the average concentration of 40-60 cm at 12.97 ng-g~!, the average concentrations of
the other soil layers were all within 5 ng-g~!, and the vertical distribution was relatively
uniform in all profiles (Figure 2). The detection rate and content of low-chlorinated PCBs
were higher than those of high-chlorinated PCBs in all profiles. The detection rate of low-
chlorinated PCBs ranged from 65% to 90%, and the content of low-chlorinated PCBs in
each layer accounted for 85.13-90.67% of the total PCB content. It is noteworthy that the
concentration order of low-chlorinated PCBs in each layer was the same as ) sPCBs, and
the vertical distribution trend was similar to that of ) gPCBs (Figure 2). The distribution
of PCBs in the study area was dominated by low-chlorinated PCBs. The detection rate
of high-chlorinated PCBs ranged from 5% to 60%. In contrast with low-chlorinated PCBs,
the content of high-chlorinated PCBs in the 2040 cm soil layer was higher than that in
the 80-100 cm soil layer, indicating that it was more difficult for high-chlorinated PCBs to
migrate to deeper soil than low-chlorinated PCBs.

The composition of PCBs in each soil layer of the study area consisted mainly of PCB1
and PCB47. The proportion of high-chlorinated PCBs in each layer was lower than 15%,
the monomer of high-chlorinated PCBs was mainly PCB98, and the content of 6-8 PCBs in
each layer was lower than 1 ng-g~!. Pentachlorobiphenyl is often used as domestic paint
additives, it is speculated that PCBs in the study area were related to domestic paint additives.
Our results indicate that the use of and residue from PCB-containing products are potential
sources of PCBs in farmland soil in the Yellow River irrigation area of Inner Mongolia. The
composition characteristics of PCBs in the topsoil were as follows: PCB1 (34.21%) > PCB47
(30.10%) > PCB29 (12.37%) > PCB98 (11.94%) > PCB5 (8.94%) > PCB154 (1.55%) > PCB171
(0.45%) > PCB201 (0.44%) [4]. This is essentially consistent with the composition structure of
PCBs in the Inner Mongolia section of the Yellow River (PCB47 > PCB29 > PCB5 > PCB154 >
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PCB201 > PCB98 > PCB171). The component distribution of PCBs in the soil profile (Figure 2)
suggested that the types of PCBs in the deep soil were similar to those in the shallow soil.
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Figure 2. Concentration and component distribution of PCBs in soil profiles.

3.1.2. Spatial Distribution of PCBs

The distribution trend of PCBs in the Yellow River irrigation area of Inner Mongolia is
shown in Table 3, the order of mean XgPCB concentrations in different soil profiles in different
irrigation areas was Wulanbuhe > Dengkou and National Unity > Madihao > Jiefangzha.
The degree of pollution was the most serious in the Wulanbuhe irrigation area, and the
mean concentration of XgPCBs in each soil core in this irrigation area ranged from 24.24 to
68.50 ng-g !, which was approximately 3-6 orders of magnitude higher than those in other
irrigation areas. The residual PCBs in the other irrigation areas were low.

Table 3. Contents of PCBs in different irrigation areas (ng-g ).

Soil

Jiefangzha Irrigation Wulanbubhe Irrigation Madihao Irrigation Dengkou and National

Homologue Profil Unity Irrigation
rofiies
Range Mean Range Mean Range Mean Range Mean
0-20 cm 4.21-29.98 12.37 4.28-74.01 28.03 9.77-14.48 12.13 10.23-26.10 20.88
L Horinated 20-40 cm 3.21-49.16 10.82 54.82-57.39 55.74 7.82-14.58 11.2 17.11-37.99 23.96
OW‘; C%““ate 40-60 cm ND-14.01 8.24 12.00-29.56 22.07 10.76-12.39 11.57 4.24-23.23 13.79
s 60-80 cm ND-20.93 7.99 3.56-96.51 435 12.79-17.94 15.37 9.12-40.58 25.02
80-100cm  ND-23.46 8.8 0.28-120.65 4295 5.73-16.44 11.09 ND-35.91 2424
0-20 cm ND-2.40 0.83 9.68-15.23 12.92 2.33-2.57 2.45 ND-2.29 0.57
Hish_chlorinated 20-40 cm ND-8.75 1.93 6.39-18.15 12.77 2.36-6.53 445 ND-37.00 0.92
1gh—c Cormate 40-60 cm ND-3.71 1.2 ND-6.51 217 2.06-2.38 2.22 ND ND
PCBs 60-80 cm ND-12.58 1.97 ND-22.49 10.17 3.88-4.87 437 ND ND
80-100 cm ND-6.38 1.28 ND-9.53 5.67 5.36-6.20 5.78 ND-1.40 0.35
0-20 cm 4.72-29.98 13.2 15.46-89.24 40.95 12.10-17.05 14.57 10.23-26.10 21.45
20-40 cm ND-57.91 12.75 61.39-75.54 68.5 10.19-21.11 15.65 17.11-37.99 24.88
5 PCBs 40-60 cm ND-17.72 9.44 18.51-29.56 24.24 13.13-14.45 13.79 4.24-23.23 13.79
8 60-80 cm ND-30.44 9.97 11.58-119.00 53.67 16.67-22.81 19.74 9.12-40.58 25.02
80-100cm  ND-29.82 10.07 7.77-120.65 48.62 11.09-22.64 16.86 ND-35.91 24.59

The content of PCBs in different irrigation plots was dominated by low-chlorinated
PCBs, and the highest concentrations of low- and high-chlorinated PCBs were observed
in the Wulanbubhe irrigation area soil profile. The distribution characteristics of low-
chlorinated biphenyls in different irrigation areas were basically consistent with £gPCBs;
high-chlorinated PCBs were significantly different, and the mean concentrations of high-
chlorinated PCBs from high to low were Wulanbuhe > Madihao > Jiefangzha > Dengkou
and National Unity. The high-chlorinated PCBs in the Dengkou and National Unity
pumping irrigation areas were lower than 1 ng-g~!, and were not detected in the 40-80 cm
soil layers.
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Figure 3 shows the concentration and component distribution of PCBs in the soil
pro-files of the different irrigation fields in the study area. The trend of low-chlorinated
PCBs and ) gPCBs was consistent across all irrigation fields. The concentrations of low-
chlorinated PCBg and ) _gPCBs in the surface layer of the Jiefangzha irrigation area showed
accumulation characteristics, gradually decreasing from 0-60 cm, and slightly increasing
from 60-100 cm, with a small variation range. Diametrically opposite, in Madihao irrigation
area, the PCBs distribution of 0-60 cm was stable, and the concentration of 60-80 cm
increased to a certain extent, which accumulated in deep soil. Variation characteristics
in the Wulanbuhe irrigation area were similar to Dengkou and National unity pumping
irrigation areas. Moving down the soil profile, the concentration first increased, then
decreased, and then increased, with relatively significant changes; the concentration range
was wider in the Wulanbuhe irrigation area. The content of high-chlorinated PCBs in
different sections in various irrigation fields showed little difference, and the vertical
distribution was uniform without obvious change characteristic patterns.
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Figure 3. Concentration and component distribution of PCBs in soil profiles of different irrigation
areas. (a) Jiefangzha irrigation areas; (b) Wulanbuhe irrigation areas; (c) Madihao irrigation areas;
(d) Dengkou and National Unity pumping irrigation areas.

The vertical distribution of each component of PCBs in the soil was analyzed. All
monomers were detected in different soil layers in the Jiefangzha irrigation area, with
a small degree of dispersion. Among them, PCB1 and PCB29 showed obvious trends.
With increasing depth, the proportion of PCB1 gradually increased, whereas that of PCB29
gradually decreased. The soil layers in the Wulanbuhe irrigation area were dominated by
PCB1, PCB29, and PCB98, indicating that the pollution of PCBs in this area was related to
the domestic PCBs products, which was consistent with the above speculation. PCB1 was
widely distributed from 0-80 cm, PCB29 was concentrated in deep soil, and PCB98 was
concentrated in shallow soil. The vertical distribution of each monomer in the profiles of
Madihao, Dengkou and National Unity pumping irrigation area were uniform.

3.2. Source Apportionment of PCBs in Shallow Soil

PCBs are synthetic compounds, and the main source of environmental PCB pollution is
the production and manufacture of products containing PCBs. After entering soil, air, water,
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and other media, PCBs can undergo metabolic transformation through physical, chemical,
and biological processes. Their migration and transformation behaviors include adsorption
and desorption [25], abiotic degradation (photolysis [26], hydrolysis [27], volatilization [28],
biodegradation [29], and bioaccumulation [30]. The soil in the present study received PCBs
mainly through atmospheric deposition, water irrigation, and biological decay.

The Aroclor series in the United States is the most common PCB product in the
global PCBs production history; typical Aroclor products include [31] Aroclor1016, Aroclor
1221, Aroclor1232, Aroclor1242, Aroclor1248, Aroclor1254, Aroclor1260, Aroclor1262, and
Aroclor1268. Of PCBs produced in China, 90% are trichlorinated biphenyls, which are
mostly used in the production of capacitors and transformers, and 10% are pentachlorinated
biphenyls, which are commonly used as paint additives [23]. The main components of
these PCB products and domestic transformer oils are summarized in Table 4 [32,33].

Table 4. Main components of some PCB products (%).

Aroclor
Homologue Domestic Transformers
1016 1221 1232 1242 1248 1254 1260 1262 1268
Monochlorobiphenyl 1.1 63 35 14 2

Dichlorobiphenyl 17 31 19 18 18 0.3 0.24 0.33 9
Trichlorinated biphenyl 48 43 19 37 4 0.7 0.41 11 63
Tetrachlorobiphenyl 33 1.4 21 37 36 14 0.95 1.3 0.1 24
Pentachlorinated biphenyl  0.77 0.18 4.2 6.5 4 54 8.2 29 0.15 4

Hexachlorinated biphenyl 0.56 26 39 22 0.49

Heptachlorobiphenyl
Octachlorobiphenyl

4.1 43 53 5.6
0.43 7.3 17 41

The sources of PCB pollution in agricultural soil in the Yellow River irrigation area of
Inner Mongolia are complicated owing to the influence of various factors. According to the
above analysis, the PCBs content in the study area was higher in the shallow soil, and they
did not readily migrate; the PCBs in the deeper soil were related to the migration of PCBs
in the shallow zone. Therefore, the main product sources of PCBs in the shallow soil were
identified. Cluster analysis was used to analyze the relationship of PCBs components in
soil samples from the Hetao and Tumochuan irrigation areas, domestic transformer oil, and
Aroclor series PCB products to determine the possible sources of PCBs in the study area.

The clustering results of soil samples in the Hetao irrigation area, domestic transformer
oil, and Aroclor series PCB products are shown in Figure 4, which can be divided into five
categories. The first category included 11 shallow soil samples from the Hetao irrigation
area, four types of Aroclor industrial products (Aroclor1242, Aroclor1248, Aroclor1016, and
Aroclor1232), and domestic transformer oil. This grouping implied that the PCBs in these
11 samples may come from the four types of Aroclor industrial products and domestic
transformer oil. The second, third, and fourth categories did not include any soil samples:
the second category included Aroclor1260 and Aroclor1262; the third category was only
Aroclor1268; and the fourth category was Aroclor1254. The fifth category included three
soil samples and Aroclor1221, which, therefore, may be the source of PCB contamination in
these three samples. In conclusion, PCBs in 78.57% of samples in shallow soil in the Hetao
irrigation area originated from Aroclor1242, Aroclor1248, Aroclor1016, and Aroclor1232
products and domestic transformer oil. On the other hand, PCBs in 21.43% of the samples
were obtained from Aroclor1221 products.
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Figure 4. Hierarchial dendogram for soil samples in Hetao irrigation area, Aroclor PCBs and Chinese
transformer oil.

The clustering results of soil samples in the Tumochuan irrigation area, domestic
transformer oil, and Aroclor series PCB products are shown in Figure 5, which can also be
divided into five categories. The first category included six samples of shallow soil in the
Hetao irrigation area, four types of Aroclor industrial products (Aroclor1242, Aroclor124S,
Aroclor1016, and Aroclor1232), and domestic transformer oil. Therefore, the PCBs of the
above six sample points may come from these four types of Aroclor industrial products
and domestic transformer oils. The second category was Aroclor1221, the third included
Aroclor1260 and a Aroclor1262, the fourth was Aroclor1268, and the fifth was Aroclor1254.
In conclusion, PCBs in shallow soil of Tumochuan irrigation area originated from Aro-
clor1242, Aroclor1248, Aroclor1016, and Aroclor1232 industrial products and domestic
transformer oil.

Combined with the above analysis results, the PCB pollution in shallow soil in the
Yellow Irrigation area of Inner Mongolia mainly came from Aroclor1242, Aroclor1248,
Aroclor1016, and Aroclor1232 products and domestic transformer oil, and a small part
came from Aroclor1221 products.
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Figure 5. Hierarchial dendogram for soil samples in Tumochuan irrigation area, Aroclor PCBs and
Chinese transformer oil.

3.3. Health Risk Assessment of PCBs in Shallow Soil

The carcinogenic and non-carcinogenic risk of PCBs in 0-20 and 20-40 cm soil through
ingestion, inhalation, and dermal contact was assessed and is presented in Tables 5 and 6.
PCBs in the study area pose a certain risk of cancer in children. The cumulative carcinogenic
risks to adults and children in the 0-20 cm soil were 5.46 x 10~7 and 1.15 x 107, respec-
tively, and 6.80 x 107 and 1.42 x 10~°, respectively, in 2040 cm soil. The carcinogenic risk
values of PCBs to children in both soil layers were higher than the minimum acceptable
risk values stipulated by the USEPA, and the potential threat of PCBs to children could not
be ignored. From the perspective of different exposure pathways, the carcinogenic risk to
adults and children is in the order of oral ingestion > skin contact > respiratory inhalation.
The carcinogenic risk to children caused by oral ingestion in soil of 20-40 cm is greater than
1078, and is thus the main pathway of carcinogenic harm to children. The contribution rate
of respiratory inhalation to carcinogenic risk in the two groups was very small.

The cumulative hazard quotients of adults and children in 0-20 cm soil were 0.035
and 0.290, respectively, and 0.043 and 0.361, respectively, in 20-40 cm soil, which did not
cause non-carcinogenic harm to adults and children. Under three exposure modes, the
non-carcinogenic risk of oral exposure was the highest, followed by skin contact, and the
respiratory route hardly had any risk. It is worth paying attention to that, regardless of
the exposure route, the carcinogenic and non-carcinogenic risks in children (who are less
physically strong than adults) are higher than those in adults; thus, the potential threat
posed by PCBs to children should be carefully considered.

The carcinogenic and non-carcinogenic risks of different monomers in the 0-20 cm soil
were as follows: PCB1 > PCB47 > PCB29 > PCB98 > PCB5 > PCB154 > PCB171 > PCB201;
and in 2040 cm soil were as follows: PCB1 > PCB47 > PCB98 > PCB29 > PCB5 > PCB201 >
PCB154 > PCB171, which corresponds to the occurrence level of each monomer in the soil,
and the health risk caused by 2040 cm soil was greater than that caused by 0-20 cm soil.
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Table 5. Carcinogenic and non-carcinogenic risks of PCBs in 0-20 cm soil.

Carcinogenic Non-Carcinogenic
Receptors Monomer
Ring Rier Rinn Rr HQing HQ e HQjun HI
PCB1 123x 1077 638x108 158x107* 187 x107 780x103 405x10° 9.18x107 1.19x 1072
PCB5 322x1078%  167x107% 413x10° 489 x10% 204x10° 106x10% 240x1077 3.10x10°3
PCB29 445 %1078  231x10% 571x10°1 676x10% 282 x10° 146x10% 332x1077 429x103
PCB47 1.08x1077 562x107% 139x107%* 164x1077 687x103 356x10° 8.08x1077 1.04x 1072
Adults PCB98 430x 1078  223x108 551x10°15 653x10% 272x10° 141x10% 320x1077 414x1073
PCB154 556 x 107 2.89x107° 714 x107' 845x107° 353 x10* 1.83x107* 415x107% 536x10°*
PCB171 161 x 1072 836 x 10710 207 x1071® 245x10° 1.02x10"% 530x10° 120x108 155x10~*
PCB201 1.60 x 1072 828 x 10710 205x 10716 243 x10™° 1.01x107% 525x107° 1.19x107% 154 x107*
»gPCBs 360 x 1077 187 x 1077 461 x107* 546x1077 228x1072 118x1072 268 x10°® 347 x 102
PCB1 287 %1077  1.05x 1077 921 x1071 392x1077 728x1072 265x1072 214x107® 993 x 102
PCB5 751 x 1078  273x10°% 241x10°15 1.02x1077 190x10"2 693x107° 560x 1077 2.60 x 102
PCB29 1.04x 1077 378 x1078 333 x1071° 142x1077 263x1072 959x103 775x1077 3.59 x 1072
PCB47 253 x 1077 920x 1078 810x 1071 345x1077 641 x1072 233x107% 189 x107® 874 x 1072
Children PCB98 1.00 x 1077  3.65x 108 321 x1071° 137x1077 254x1072 926x103 748 x10~7 347 x 1072
PCB154 130 x 1078 473 x 1077 416 x 1071 177 x107% 329x1073 120x103 9.68x 1078 449 x 1073
PCB171 376 x 107 137 x107° 121x1071 513x107° 954x10"* 347x10* 280x10°® 1.30x 1073
PCB201 373x107°  136x107° 119x1071 508x10° 945x10* 344x10* 278x10°% 129x 103
¥4PCBs 840 x 1077 3.06x1077 269x107¥ 115x10° 213x10°' 775x10°2 626x107° 290 x 107!
Table 6. Carcinogenic and non-carcinogenic risks of PCBs in 20-40 cm soil.
Carcinogenic Non-Carcinogenic
Receptors Monomer
Ring Reer Riun Rr HQing HQg.r HQiun HI
PCB1 192x 1077 997 x1078 247 x107#* 292x107 122x1072 632x10° 143x10° 1.85x 102
PCB5 420%x 1078 218 x 1078 538 x10°1 638x10% 266x10° 138x10% 313x1077 4.04x 1073
PCB29 476 x 1078 247 %1078  610x 10715 723x10°% 3.02x10° 157x10% 355x107 458x 103
PCB47 981 x 1078 509x10% 126x107™ 149x107 622x10° 323x10% 732x107 945x1073
Adults PCB98 531 x1078 275x107% 6.80x 1071 806x10% 336x103 174x10% 396x1077 511x 1073
PCB154 427 x107° 221 x107? 547 x10°1 648 x107° 270x107* 140x10"* 318x10°% 4.11x10°*
PCB171 404%x107° 209x10? 518x10°® 613x107° 256x10% 133x10* 3.01x10°% 3.89x10°*
PCB201 639%x 1077 332x1077 820x107® 971 x10° 405x10* 210x107* 477x10°% 6.15x10°*
¥sPCBs 448 x 1077  232x1077 574x10"™ 680x1077 284x102 147x102 334x10°° 431x102
PCB1 449 x 1077  1.63x1077 144x107™ 612x107 114x1071 414x102 335x10°® 155x10°!
PCB5 980 x 1078 357 x1078 314x10"1 134x107 249x1072 9.05x10% 731x1077 3.39x 102
PCB29 111x 1077 404 x107% 356 x1071° 152x1077 282x1072 1.03x1072 829x1077 3.84 x 1072
PCB47 229 %1077 833x10°% 734x10°® 312x1077 581 x102 211x102 171x10° 792 x 102
Children PCB98 124 x1077 451x108 397 x107° 169x107 314x102 114x102 923x1077 428x 1072
PCB154 995x 1077 362x1077 319x10°1 136x10% 252x10° 919x10* 742x10% 344x10°3
PCB171 942 x107° 343 x107° 3.02x1071 128x10% 239x10° 870x10* 7.03x10°® 3.26x 1073
PCB201 149 x 1078 543 x 1077 478x107® 203x107% 378x103 138x10° 111x107 5.16x1073
¥gPCBs 1.04x107® 380x1077 335x107* 142x10% 265x10"! 964x10"2 779x10°° 3.61x 1071

4. Discussion

In this study, the vertical distribution of PCBs is aggregation in the shallow layer and
a sudden decrease in the middle layer. The soil PCBs in the process of vertical migration
are more likely to be enriched in shallow soil rich in organic matter: in this regard, the
20-40 cm range of long-term soil is disturbed by farming tools, relatively tight, with low
porosity, large soil bulk density, and poor permeability. All of this elevates the concentration
of PCBs in the soil. The crops developed strong roots at 40-60 cm. On the other hand,
crop roots have the ability to absorb PCBs in the soil rhizosphere; additionally, roots
secrete biosurfactants that can promote mass transfer and the degradation of PCBs in soil.
In addition, their metabolic activities provide a suitable micro-ecological environment
for microorganisms to survive, which can enhance indigenous microorganisms with the
ability to degrade PCBs in soil [34,35]. Therefore, the PCB content in the 40-60 cm soil
layer was low. The low concentration of PCBs in the surface soil could be attributed to
the continuous loss of surface soil water via evaporation and erosion, and some of the
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PCBs were transferred to the atmosphere via water evaporation. However, some PCBs
migrated to the lower soil because of gravity, irrigation, and precipitation, among other
factors. Increased concentrations of PCBs in deep soils may pose a threat to groundwater.
The combination of the long history of irrigation with Yellow River water in this area;
the influence of irrigation leaching is far-reaching, and the distribution and migration of
PCBs will be affected to a certain extent by soil tillage. The detection rate and content of
low-chlorinated PCBs were higher than those of high-chlorinated PCBs in all profiles.

Compared with high-chlorinated PCBs, low-chlorinated PCBs had lower octanol water
distribution coefficients (logKow), weaker hydrophobicity, and were more likely to migrate
with soil moisture. The soil profiles of the study area were dominated by low-chlorinated
PCBs, this characteristic is consistent with the composition profile of PCBs in farmland soil
in China [36] and with the low-chlorinated PCBs content in PCB-containing products (24.7%
of tetrachlorobiphenyls). PCB98 is the dominant high-chlorinated PCBs in each soil layer,
Pentachlorobiphenyl is often used as domestic paint additives, it is speculated that PCBs in
the study area were related to domestic paint additives. The composition characteristics of
PCBs in the topsoil is essentially consistent with the composition structure of PCBs in the
Inner Mongolia section of the Yellow River, suggesting that irrigation using Yellow River
water is one of the reasons for the accumulation of soil PCBs in the study area. Meanwhile,
compared with a study on PCBs in the urban atmosphere of Inner Mongolia [37], it was
found that the composition of PCBs in the soil of the Yellow River irrigation area was
consistent with that in the atmosphere. Therefore, the channels for PCBs entering the soil
in the Yellow River irrigation area of Inner Mongolia include irrigation with Yellow River
water, dechlorination degradation, and atmospheric deposition over the Inner Mongolia
autonomous region. The PCBs in the deep soil may be related to the migration of PCBs in
the shallow zone.

The distribution trend of PCBs in the Yellow River irrigation area of Inner Mongolia
was higher in the west and lower in the east. The degree of pollution was the most serious in
the Wulanbubhe irrigation area. The concentration of mining companies, energy companies,
and substations in the Wulanbuhe irrigation area once produced a large amount of tar,
plasticizer, and other waste raw materials and waste power equipment, the volatilization
and leakage of waste gas and waste liquid led to an increase in PCB content in the soil.
The Wulanbubhe irrigation area is close proximity to the entrance of the Inner Mongolia
section of the Yellow River. The pollutants discharged into the Yellow River from industrial
parks in Wuhai City and the Alxa League, along with irrigation with Yellow River water,
enter the farmland soil in the Wulanbuhe irrigation area in large quantities, resulting in
high soil pollution. The residual PCBs in the other irrigation areas were low, indicating that
there was no centralized point source pollution. The Yellow River has a large sand content
and coarse sand, which readily absorb PCBs present in water [38]. Due to adsorption in
the higher reaches of the river, the contents of PCBs in the middle and lower reaches of
the river were reduced to a certain extent, and the content of PCBs in the irrigation areas
was also greatly reduced. In addition, PCBs content is also related to soil organic matter
content, physical and chemical properties, and tillage methods; cli-mate change can also
cause changes in the soil environment [39], which in turn could impact PCBs contents. The
high-chlorinated PCBs in the Dengkou and National Unity pumping irrigation areas were
low. It was inferred that there was no historical residue of PCB products, and the degree of
transformation from high- to low-chlorinated PCBs by degradation was higher than that of
other irrigation fields.

The vertical distribution of components in each irrigation tract in the study area dif-
fered; the overall characteristics were as follows:(1) PCB1 is a non-negligible component in
all irrigation tracts, with contribution rates ranging from 12-81%, indicating that PCBs in
the study area are highly biodegradable. (2) Tetrachlorobiphenyl (26—-45%) accounted for
the highest proportion in all soil layers of the irrigation areas, except for the Wulanbuhe irri-
gation area; dichlorobiphenyl (5-29%) and trichlorinated biphenyl (3-25%) also accounted
for significant proportions, which agrees with distribution results of PCBs obtained in a
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study of rural soil in China [36]. (3) Low-chlorinated PCBs migrated to the deep soil more
easily, whereas high-chlorinated PCBs tended to accumulate in the upper soil. This finding
is related to the differences in the physical and chemical properties, as well as the migration
abilities of different monomers.

Analysis of the results of the health risk evaluation found that both carcinogenic and
non-carcinogenic risks caused by PCBs in the 0-20 and 2040 c¢m soils corresponded to the
concentration of each monomer, indicating that the concentration of pollutants in the soil
had a great impact on the health risk assessment. Wu analyzed the sensitivity of all risk
indices for health risk assessment of nitrogen pollution in groundwater in the Songnen
Plain [40]. Their results indicated that pollutant concentration was the most sensitive of
all indexes, contributing more than 90% to the risk value, and playing a decisive role in
determining the risk value.

5. Conclusions

This study investigated the distribution, source, and risk of PCBs in agricultural soils
of the Yellow River irrigation area in China. The results indicate the widespread occurrence
of PCBs, even though these compounds have been banned for over 30 years, due to their
extensive historical usage and persistent nature. Low-chlorinated PCBs were dominant
in each section. Source identification indicated that PCB pollution in the study mainly
originated from Aroclor1242, Aroclor1248, Aroclor1016, Aroclor1232, and Aroclor1221
industrial products and domestic transformer oil. The lifetime carcinogenic and non-
carcinogenic risks of PCBs through ingestion, inhalation, and dermal contact indicate that
PCB residues in agricultural soils were at a low-risk level.
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