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Abstract

The Pearl River Delta (PRD) is a densely populated special economic zone in South China where rapid develop-

ment since the late 1990s coincided with an increase of many environmental problems in recent years. One of these
concerns is the high concentration of arsenic (As; up to 300 ug/L in groundwater) that has been documented in the
PRD. Likewise, in surface water and soils, As levels are comparatively higher than in other places in China. Arsenic is
discharged from various geogenic sources and anthropogenic activities along the river courses before it drains into
the Pearl River Estuary. In general, relatively low As concentrations in the river are due to the limited input from weath-
ering of parent rocks. In contrast, where mining is an important industry, As levels in the surroundings are higher,
exceeding the national and international standards for drinking water and soil. The presence of sulfide ores and
mining operations, such as extraction of heavy metals and disposal of mine tailings, are most likely responsible for the
sharp increase of As above background levels in several tributaries draining into the Pearl River. Besides, in the mid-
dle and lower reaches of the tributaries, other anthropogenic sources, e.g., industrial effluents and domestic sewage
discharge play an important role in increasing As levels. Finally, rice cultivated in the contaminated areas accumulates
As and poses a health risk to the local people in the watershed.
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Introduction

Arsenic (As) is a ubiquitous metalloid in nature. It is the
20th most abundant element in Earth’s crust (Cullen and
Reimer 1989; Henke 2009) and occurs in more than 240
different minerals in the environment, among which
sulfides, sulfosalts, arsenates, and arsenites are the most
common As-bearing minerals (Thornton and Farago
2012). Arsenic is widely used for producing alloys, batter-
ies, glass, pesticides, textiles, and wood preservation (Gil-
hotra et al. 2018). Arsenic concentration in rocks ranges
between 0.5-2.5 mg/kg (Thornton and Farago 2012);
the world average concentration in soil is 6.83 mg/kg
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(Kabata-Pendias 2010). The global concentration of As in
aquatic systems is variable. Average concentrations and/
or their ranges in natural waters reported are as follows:
groundwater (<0.50—10.0 pg/L), river water (0.83 pg/L in
average, ranging between 0.13-2.10 pg/L), lakes (<0.06—
9.20 pg/L), and open ocean (1.00-3.70 pg/L) (Smedley
and Kinniburgh 2002 and references therein; Missimer
et al. 2018). Because of the high toxicity associated with
As (Smedley and Kinniburgh 2002; Kapaj et al. 2006),
the United States Environmental Protection Agency (US
EPA) and World Health Organization (WHO) suggest
the provisional safe limit in drinking water as 10 pg/L
(US EPA 2001; WHO 2003).

Arsenic contamination has been recorded and studied
globally (Mandal and Suzuki 2002; Smedley and Kin-
niburgh 2002; Ng 2005; Kapaj et al. 2006; Chakraborty
et al. 2015; Singh et al. 2015). Many countries, including
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Argentina, Bangladesh, Bolivia, Canada, Ghana, Hun-
gary, India, Mexico, Nepal, Pakistan, Tanzania, Taiwan,
USA, and Vietnam have all reported As contamination
in the environment, which poses a serious challenge (Ali
et al. 2019 and references therein). In China, arsenic con-
tamination occurs in many provinces with different geo-
logical and geographical conditions (Guo et al. 2014), and
mapping the As-prone areas has been an arduous task.
The Pearl River Delta (PRD) is a highly industrialized
and densely populated region in South China. Accom-
panied by rapid industrialization, economic boom, and
a sharp increase in population since the late 1990s, seri-
ous environmental concerns emerged in the PRD (Ye
et al. 2012; Song et al. 2017). High As concentration
(>300 pg/L) exceeding the national level in ground-
water (10 pg/L for Class III; 50 pg/L for Class IV and
V), soil (20—40 mg/kg for agricultural soil), and surface
water (50 pug/L for Class I, II, and III) were reported by
previous studies (Zhang et al. 2015a; Cui et al. 2018;
Huang et al. 2018a; Zeng et al. 2019). Incidentally,
the naturally high background levels of As along with
humid climate intensifies both physical and chemical
weathering processes and soil degradation, which fur-
ther aggravates the problem in the PRD (Zhang et al.
2006). Arsenic released from minerals through this
process is flushed into adjacent water bodies, settles
in sediments, or is transported further downstream. In
addition to inputs from natural sources or weathering
processes, the anthropogenic contribution from indus-
trial wastewater, burning of coal, and upstream mining
operations are also suggested to be important sources
of As contamination in the region (Huang et al. 2010;
Wang et al. 2010). However, mining, by far, ranks on
top in the PRD among different anthropogenic sources
for contributing to the high As levels in the environ-
ment (Han et al. 2003). In China, non-ferrous As ore
resources are unevenly distributed, with>43% of the
resources located in Guangxi and Yunnan provinces
according to the national estimates of minerals (Chen
et al. 2016). A number of these mines including those
of As, Pb-Zn, and other polymetallic ores are distrib-
uted across the Xijiang and Beijiang River basins. These
mines are the major anthropogenic sources of As in
surface water and sediments that reach the Pearl River
further downstream (Luo et al. 2020; Ru et al. 2018;
Wang et al. 2019a, b; Zhang et al. 2018). For exam-
ple, it is suggested that about 42% of As in the Beiji-
ang River originates from mine sites in its watershed;
the Dabaoshan Mine Site is one of these major sources
contributing to the As pool (Zhen et al. 2016). Water
and sediment-borne As is transported downstream and
it enters the Pearl River Estuary, surrounded by one of
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the most populated regions in China (Zhen et al. 2016).
Hence, it is of vital importance to review the current
pollution status of As in the PRD, identify the existing
and potential sources of As input, and to investigate its
implications on the local population. To the best of our
knowledge, there is an absence of detailed information
or review on the distribution or current status of As for
this particular region in the country.

To fulfill the knowledge gap, this review summarizes
(1) recent studies concerning the occurrence of As in
groundwater, major river systems, and soils in the PRD;
(2) As sources tracing back to the three major river
basins in the PRD, in terms of geogenic and anthropo-
genic sources; (3) potential effects of high As, which
pose a safety concern for food products, particularly, rice
which is the staple food in this region. The review pro-
vides up-to-date information about the As contamination
status in the PRD and its sources upstream, which sheds
light on regional food and water safety issues, environ-
mental management, and future studies. Keywords such
as arsenic (As), Pearl River Delta, and Pearl River (and
its tributaries) were used to screen peer-reviewed arti-
cles on Google Scholar. The search results were further
limited by the publication year (2010-2020), the scope of
research (environmental studies), and its prevalence in
different media (groundwater, surface water, river water,
soil, sediments, and rice); these articles were closely
examined in writing this review.

Study area

Pearl River (ZhuJiang) is the second biggest river in
China in terms of annual runoff (326 billion m3/year;
Xu et al. 2013), with 3 major tributaries, namely Xiji-
ang River (West River), Beijiang River (North River),
and Dongjiang River (East River). The sub-tropical and
tropical monsoon climate brings abundant precipita-
tion to the PRD during the rainy season (April to Sep-
tember). The mean annual temperature ranges from
14 to 22 °C, and the mean annual precipitation ranges
from 1200 to 2200 mm (Zhang et al. 2007, 2008). Runoff
during the rainy season accounts for ~80% of the total
discharge into the river (Zhang et al. 2007). The alluvial
plains in the downstream sections of the Pearl River
are referred to as the PRD (Fig. 1). The Pearl River is
the most complex water system in South China, with a
catchment extending ca. 450,000 km?. The river drains
into the South China Sea through eight major outlets
in the PRD (Xu et al. 2013). The PRD includes Macau,
Hong Kong, and 9 major cities in Guangdong Prov-
ince (Dongguan, Foshan, Guangzhou, Huizhou, Jiang-
men, Shenzhen, Zhaoqing, Zhongshan, and Zhuhai),
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Fig. 1 The geographic setting for a the Pearl River and its tributaries’ basins,

and b the Pearl River Delta (modified from Xu and Han 2009)

with a total population of>120 million people (Vidal
2010). The Xijiang River, Beijiang River, and Dongji-
ang River basins were assumed to include all associated
major water bodies upstream, as shown in Fig. 1. More

detailed geographical distribution and origin of the
smaller tributaries are described by Zhang et al. (2007).
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Arsenic in the Pearl River Delta

Sampling and analytical methods

Sampling strategies and analytical methods used for the
determination of As concentration vary, depending on
the sample location/medium and the purposes of respec-
tive investigations. For groundwater, samples were usu-
ally collected from available/functional wells in the study
area (Liu et al. 2014; Lu et al. 2016; Huang et al. 2013,
2018a). However, in certain cases, fresh boreholes were
also drilled (Wang et al. 2012). For surface water, samples
from different levels in the river (top, middle, and bot-
tom) were collected and mixed to represent the water
sample from one site (Li et al. 2018; Zhen et al. 2016).
Samples were then filtered through a 0.45-um membrane.
Water samples were usually stored at 4 °C and acidified
with HNO; to pH <2 before analysis (Huang et al. 2013,
2018a; Li et al. 2018; Wang et al. 2012). Sediment and
soil samples were collected either from the surface (grab
samples) or retrieved as profiles (cores) using soil borers
or sediment corers. The samples were dried and passed
through a 2-mm sieve and treated with HNO,—HCIO,
acid for digestion (Cui et al. 2018; Li et al. 2017; Ye et al.
2012). Lin et al. (2018b) passed the samples through a
100-mesh sieve and digested them with HNO; and H,0,,
to remove the organic matter fraction from the soil since
it interferes with analyses. Inductively coupled plasma-
mass spectrometry (ICP-MS) is most commonly used
for measuring As. However, inductively coupled plasma
optical emission spectrometry (ICP-OES) (Li et al. 2017),
atomic absorption spectroscopy (AAS) (Ye et al. 2012;
Zhen et al. 2016), and atomic fluorescence spectroscopy
(AFS) (Lu et al. 2016) have also been used for determin-
ing As concentration.

Arsenic in groundwater

Arsenic concentration in groundwater varies widely
across the PRD. Huang et al. (2018a) sampled ground-
water from different types of aquifers throughout the
region. In unconsolidated aquifers, As concentration
was from ND to 303 pg/L (ND, not detectable); in fissure
aquifer it was ND to 21.0 pg/L; and in a karst aquifer it
was ND to 0.25 pg/L; the mean values in these aquifers
were 5.00 pg/L, 1.00 pg/L and 0.40 pg/L, respectively.
Occurrences of high As levels are mostly found in uncon-
solidated aquifers in the Xijiang and Beijiang River delta
(Huang et al. 2018a, b). Lu et al. (2016) observed that
As concentration in shallow groundwater from Guang-
zhou and Zhuhai, sampled in March 2006, ranged from
0.05 to 4.30 pg/L, with a median value of 0.69 ug/L. Liu
et al. (2014) sampled 85 domestic and abandoned wells in
Guangzhou city in July 2006 and found As concentration
from ND to 130 pg/L, with a mean value of 4.24 pg/L. In
Dongguan, As level in samples, collected from 73 wells
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in July 2006, ranging from ND to 176 pg/L, with a mean
value of 7.60 ug/L (Huang et al. 2013). Wang et al. (2012)
collected groundwater from 18 boreholes (depth ranging
from 25 to 45 m) in the central and southern part of the
PRD during the dry season from 2007 to 2008. Ground-
water in the basal aquifers contained relatively high
concentrations of As (up to 161 pg/L), and in aquifer sed-
iments, As concentration ranged from 5.00 to 39.6 mg/kg
(Wang et al. 2012). Although some local hotspots were
observed in these studies mentioned above, the over-
all As level in groundwater is relatively low in general,
with most of the observations below the limits specified
for safe drinking water (10 pug/L) by the US EPA. Since
groundwater in this region is hardly used as a drinking
water resource in households (Hong et al. 2008; An et al.
2011), there is limited concern about the potential effect
of As contamination on humans.

Arsenic in surface water and sediments
In a large-scale monitoring study covering the whole
Pearl River Basin by Zhen et al. (2016), As concentra-
tion was reported to be around 2.09 pg/L in the Pearl
River Estuary, 0.46 pg/L in Dongjiang River, 2.63 pg/L
in Xijiang River, and 19.5 pg/L in Beijiang River. Similar
results in the Beijiang River were reported by Song et al.
(2011), whereas a lower range of concentration from 1.47
to 8.86 pg/L was reported by Li et al. (2018), with bet-
ter quality control. The annual flux of As from 2006 to
2012 was reported to be ~13.5 tons/year from Dongjiang
River, ~ 455 tons/year from Beijiang River, and ~ 620 tons/
year from Xijiang River (Zhen et al. 2016). Metal flux
during the wet season (April to September) accounted
for 76% of the total As input (Zhen et al. 2016). In gen-
eral, from 2006 to 2012, the annual metal flux, includ-
ing that of As, has reduced steadily. Similarly, Han et al.
(2019) concluded that As concentration in the PRD sedi-
ments has decreased from 2004 to 2012 and indicated an
overall improvement in water quality. In particular, the
suspended particulate matter (SPM) plays a crucial role
in transporting heavy metals including As in the PRD
(Ye et al. 2012). This is consistent with a recent study by
Zeng et al (2019) who concluded that SPM in the Xijiang
River carried a high concentration of As. Arsenic is one
of the main contributors to the overall toxicity and poor
water quality among different heavy elements such as Cd,
Hg, Pb, Sb, Se, and Zn carried by SPM in the tributar-
ies (Zeng et al. 2019). A median concentration of 109 mg/
kg As which is 3 times higher than the world average has
been reported from this region (Viers et al. 2009; Zeng
et al. 2019).

Arsenic concentration in sediments ranged from
3.00 to 33.1 mg/kg in the estuary, 24.6-25.0 mg/kg in
Guangzhou, 9.50-19.6 mg/kg in the Guangdong section,
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22.9-23.2 mg/kg in the Pearl River Basin, and an aver-
age of 56.7 mg/kg in the mainstream of Pearl River (Han
et al. 2019 and references therein). Arsenic concentra-
tion in sediments has decreased from 2004 to 2012. Strict
regulation of waste water discharge dramatically lowered
As released from ca. 141 tons in 2005 to 57 tons in 2014
(Han et al. 2019). Consistent with this trend, Ye et al.
(2012) reported a steady decline in heavy metal accumu-
lation from the mid-1990s onwards by analyzing sedi-
ment cores acquired from the Pearl River Estuary. From
1970 to 1990, As increased rapidly from a low (26.7—
28.8 mg/kg) to a comparatively high level (35.8—-76.5 mg/
kg), corresponding to the rapid population growth and
land-use changes in this region (Ye et al. 2012).

Arsenic in soils

Arsenic concentration in 298 agricultural soil samples
collected across the PRD was analyzed and an average
value of 11.6 mg/kg was reported by Lin et al. (2018b).
Soil profiles collected from Hong Kong show a high
variation of As concentration and ranged from 9.57 to
1986 mg/kg (Li et al. 2017) and 2.30 to 1510 mg/kg (Cui
et al. 2018). The authors indicated that As(V) dominated
(>98%), and since it formed complexes with Fe oxides,
there was limited potential for As to be released into the
aqueous phase (Cui et al. 2018).

Arsenic sources and controlling factors

The background value of As in soil in the Guangdong
Province ranged from 8.90 to 9.60 mg/kg (GPEMC
1990; Zhang et al. 2006), which is higher than the global
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average of 6.83 mg/kg (Kabata-Pendias 2010). The aver-
age concentration of As (23.8 mg/kg) in topsoil from
the Xijiang River Basin (Guangxi Province section) was
much higher than the PRD (11.6 mg/kg) and Yangtze
River delta (8.30 mg/kg) (Liu et al. 2018). The relatively
high background concentration of As in the PRD and
Guangdong Province indicates a naturally high concen-
tration of As from geogenic sources in this region (Zhang
and Wang 2001) with additional inputs from anthropo-
genic sources that are further detailed below.

Geogenic sources

Granite is the dominant rock type (accounting for >40%)
in Guangdong Province (along the Beijiang and Dongji-
ang River sections) (Zhang et al. 2006). Large outcrops
of limestone and sandy-shale are widespread. In the
southwest part of Guangdong Province (middle and
lower reaches of the Xijiang River Basin), metamorphic
and magmatic rocks (basalt) dominate (Fig. 2; Zhang
et al. 2006; Xu and Han 2009). Intense precipitation dur-
ing monsoon and enhanced weathering of parent rocks,
increase the release of As multifold (Morin and Calas
2006) within the catchment. Besides, regional faults
with NNE and NE-trend in the Guangdong Province,
cut through the sandstone and sandy-shale rock types,
intensifying weathering processes and release of As into
groundwater (Zhang et al. 2006).

Arsenic concentrations in 260 soil samples across
Guangdong Province ranged from 1.20 to 309 mg/kg,
0.60 to 340 mg/kg, and 1.30 to 255 mg/kg, in the A, B, and
C-horizons, respectively (Zhang et al. 2006). While most

Detrital sedimentary rock
:I Carbonate rock (2.6 mg/kg)
:’ Metamorphic rock (<5 mg/kg)

Magmatic rock (1.5 mg/kg)

a specific site in the Pearl River Delta

South China Sea

Fig. 2 Geologic map of parent rocks for the Pearl River Basin (modified from Xu and Han 2009). The global average concentration of arsenic in
different parent rocks indicated by Smedley and Kinniburgh (2002) is used as a reference to provide an overview that does not necessarily pertain to
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sites had relatively low As concentrations, areas with
high As content were mainly located where limestone
and sandy-shale were the dominant parent rocks (Zhang
et al. 2006). The upper Xijiang River is well-known for its
karst landform (Zhang and Wang 2001), which affects
the distribution of As. Hence, As is enriched in soil, sedi-
ment, and topsoil in the weathered carbonate watershed,
which is attributed to the high weathering rate and for-
mation of iron oxides and clay minerals (Qu et al. 2020).
Arsenopyrite (FeAsS) and arsenolite (As,O;) were the
major As-rich minerals and they are responsible for the
high As content in soils (Zhang et al. 2006). Consistent
with this, the red soil in South China, which forms from
weathering of limestone, sandy-shale, and granite, con-
tains a naturally higher concentration of As, and it takes
longer for exogenous As (e.g., from mining activities) to
settle into the more immobile and less bioavailable state
(Wang et al. 2015). Red soil, lateritic red soil, and latosol
are the common surface soil types in Guangdong Prov-
ince accounting for 19.3%, 38.1%, and 4.9%, respectively,
of the soil cover. These soils with low As adsorption
capacity contribute to the leaching of As into groundwa-
ter (Guo et al. 2011; Lin et al. 2018a).

Anthropogenic sources

Rapid growth in the Chinese economy triggered a sig-
nificant increase in mining leases for extracting various
heavy metal(loid)s including As from the mineral-rich
deposits (Shi et al. 2017). The rise was exponential and
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today China holds about a 50% share of the global mar-
ket for As-containing compounds and has been the sin-
gle largest producer in the world since 2005 (Shi et al.
2017). Non-ferrous metal ores are the major sources of
As, accounting for about 79% of the total As resources in
China (Fig. 3). Mining of copper, lead, zinc, and coal con-
tributes to 16%, 25%, 50%, and 5%, respectively, of total
As produced in China (Shi et al. 2017). It is indicated that
over 90% of the total input of As in the environment is
due to the fact that oversupply of As-based products in
the market has resulted in a low price, and therefore, it
is not economically viable to extract As from different
by-products of mining (e.g., mine tailings, slag, flue dust,
and wastewater; Shi et al. 2017).

Hence, a significantly high concentration of aqueous
As occurs close to the mine resulting from weathering
of mine tailings, waste dumpsites, or slag (Fig. 4). As the
contaminants travel downstream, sediments sequester
As and other heavy metal(loid)s into the solid phase by
adsorption, precipitation, and co-precipitation with sec-
ondary minerals (Chen et al. 2018; Luo et al. 2020). High
pH, abundant CO,*~, HCO, ", and Ca’" ions generated
from weathering of the karst terrain and carbonate dis-
solution promotes precipitation, and thereby, natural
attenuation of As occurs in the environment (Ru et al.
2018). These natural processes result in As concentra-
tion in most parts of these river basins remaining lower
than the national and international standard for drinking
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Fig. 4 The occurrence of arsenic in non-ferrous ores in Guangdong Province. The bar charts show the value of As concentration reported divided
by the regional average. The regional average of As concentration in river water is 0.46 pg/L (Dongjiang River), 2.63 pg/L (Xijiang River), and
5.46 pg/L (Beijiang River), respectively (Li et al. 2018; Zhen et al. 2016). The average As concentration in sediments is 23.2 mg/kg in the upper,

water (10 pg/L) except around the mines (WHO, 2003;
GB 5749-2006).

However, in the lower reaches of Xijiang, Beijiang, and
Dongjiang Rivers, and some parts of the PRD that are far
from these mines, a slight increase in As concentration
occurred downstream in sediments and surface waters.
Zhuang et al. (2018) concluded that urbanization in these
parts of the PRD was more likely to drive the observed
high As levels. The contamination may be from industrial
effluents and domestic sewage discharge (Yang et al.2017;
Zhuang et al. 2018). The resulting heterogeneity observed
in As concentrations in the PRD within the same section
was probably due to the differences in anthropogenic
activities in the basin (Han et al. 2019). Ye et al. (2012)
observed higher As concentration in sediments close to
the northwest coast of the Pearl River Estuary, whereas
the low concentration in the southeast. A large number
of pollutants from the Xijiang River and Beijiang River
and other industrial sources located on the west coast
contribute to the spatial differences.

Other major anthropogenic sources of As in the PRD
are emissions derived from combusting coal in ther-
mal power plants and extraction of metals from min-
eral ores (smelting and ore beneficiation processes). The
annual emission of As in 2014 in Guangdong Province
was 32.6 tons from industrial activities (Sha et al. 2019).
The authors indicated that combustion of coal, non-fer-
rous metal processing and smelting, and iron and steel
industry contributed to nearly 48%, 25%, and 24% of As
emissions, respectively (Sha et al. 2019). Arsenic emis-
sions from coal combustion were comparable between
the PRD and non-PRD regions in Guangdong Province.
In contrast,>90% of As emission from processing and
smelting of non-ferrous metals and the iron and steel
industry originated from the non-PRD region in Guang-
dong Province (Sha et al. 2019). The distinction in the
provenance of emissions is unambiguously related to
human activities in the basin. Furthermore, the atmos-
pheric concentration of As from cities outside the PRD
was considerably lower than the PRD itself (Duan and
Tan 2013). It was suggested multiple factors affected
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the atmospheric transport of As such as precipitation,
wind speed, and particle size. The high-altitude emission
points in the non-PRD region enable atmospheric pollut-
ants to travel over long distances before they are depos-
ited (Zhang et al. 2015b; Sha et al. 2019). Atmospheric As
concentration recorded in most major cities in Guang-
dong Province exceeded the Chinese national ambient
air quality standard (6 ng/m®) and concentration (6.6 ng/
m?) corresponding to an excess lifetime risk of 1:1,00,000
by the World Health Organization (WHO, 2000). PRD is
among the areas with the highest atmospheric As concen-
tration in China (Duan and Tan 2013), with 28.6 ng/m?
in Shenzhen, 31.8 ng/m? in Zhaogqing (Yang et al. 2009),
39.2 ng/m?® in Guangzhou, and 96.9 ng/m® in Foshan.
The wet deposition was dominant during the rainy sea-
son due to high precipitation and low PM, ; (particulate
matter) levels in the air. In contrast, there was no varia-
tion in As levels for dry deposition throughout the year
(Huang et al. 2018b). Inorganic As is the major species in
atmospheric deposition of PM (Huang et al. 2018b). The
proportion of As(IlI) depositing (with a mean of 50%) is
much higher than that carried by atmospheric particles
(1-30%). Huang et al. (2018b) suggested that this trend
probably resulted from the transformation of As(V) to
As(IIT) during the course of atmospheric transport and
deposition of PM. Wet deposition transported a higher
amount of As(III) species than during dry deposition
because it was more soluble (Huang et al. 2018b).

Controlling factors

Both natural and anthropogenic processes play an impor-
tant role in controlling the behavior of As in ground-
water. Arsenic is released into groundwater mainly by
reduction of Fe/Mn oxyhydr(oxides) and decomposition
and mineralization of organic matter (Huang et al. 2018a,
b, 2014; Liu et al. 2014; Wang et al. 2012). Natural weath-
ering of parent rocks is the main source of solid-phase As
input (Wang and Jiao 2014). Liu et al. (2014) found that
in the Guangzhou region groundwater lying close to the
regional fault line had a significantly higher concentra-
tion of As. Sediments close to the fault line with low-per-
meability restrict groundwater from cycling and provide
a reducing environment. It was also observed that a rela-
tively slow recharge of surface water into porous aquifers
characterized by low-lying topography provides a condi-
tion that favored reduction of Fe-hydroxides resulting in
the As enrichment (Liu et al. 2014).

Huang et al. (2013) observed that groundwater hydrol-
ogy in the river basins was controlled by the lateral flow
from rivers and the network of irrigation channels in
agricultural fields. Hence, the authors recommended that
groundwater in unconsolidated aquifers near the river
course should not be used for irrigation purposes since
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they could be contaminated. In contrast, groundwater
from unconsolidated aquifers far from the river course
could be safely used for irrigation. In urban areas, the
input of As-bearing sewage discharge into the river had a
limited effect because dilution reduces As concentration
(Liu et al. 2014). In addition, the input of phosphate from
sewage and agricultural fertilizers affected the distribu-
tion of As in groundwater because it competes with As.
Likewise, nitrate altered the redox potential and limited
the release of As (Liu et al. 2014).

To the southwest of the PRD, groundwater was mainly
of Na—Cl type, whereas in the northeast region, it was of
Ca(HCO;), and Na(HCO;) type (Wang and Jiao 2012).
The input of sulfate from the intrusion of seawater and
its reduction, instead of oxidation, favored the formation
of pyrites, which sequestered dissolved As by co-precip-
itation and controlled the ambient As levels (Wang et al.
2012; Huang et al. 2013). Besides seawater intrusion,
the switchover to Na-Cl type groundwater could also
result from domestic sewage discharge and the applica-
tion of chemical fertilizers (Huang et al. 2013). Huang
et al. (2013) concluded that As in groundwater in Dong-
guan arose from urban centers where paper and printing
industries were located. In addition, leachate from nearby
landfills and direct discharge of wastewater containing
a high concentration of As-contaminated surface water
used for irrigation along the river course aggravated the
problem (Huang et al. 2013). Besides, Ye et al. (2012)
concluded that temporal change of As concentration in
sediments was related to rapid urbanization since the
1990s; this was concomitant with land-use changes and
population growth, which increased wastewater and
sewage discharge. This assumption is supported by the
emergence of NO,™, SO,”, and Mg**-type groundwater
observed between 1980 and 2006, which coincided with
the local economic transformation to a manufacturing-
based economy since the 1980s (Du et al. 2012; Huang
etal. 2013).

Seasonal variation is considered to have a minor effect
on As concentration in major fluvial tributaries and the
PRD (Zhen et al. 2016). This trend, however, differs on
a local scale and partly depends on land-use practices.
For example, a large variation in As concentration was
reported upstream close to the mines (Luo et al. 2020;
Liu et al. 2018). The high concentration of As along with
other heavy metals (cadmium, lead, zinc) during the rainy
season resulted from the overflow of mine tailings, waste
ponds, and/release from treatment plants as stormwa-
ter that discharges into the local fluvial outlets. Liu et al.
(2018) suggested that it was mainly the floodwater that
was responsible for transferring the heavy metal(loid)s to
agricultural soils, resulting in significant contamination
in the fields. Besides, Lin et al. (2018b) and Hu and Cheng
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(2016) concluded that agricultural practices (irrigation,
deep tilling, and use of fertilizers) and natural occur-
rences in soils were the major sources of As. Hence, the
flux of heavy metal input during the wet season (April—
September) was much higher than the dry season coin-
ciding with the variation in seasonal runoff (Zhen et al.
2016). Accompanied with dilution, greater runoft tends
to bring a large amount of particulate matter, colloids,
and humic material, which are important media for car-
rying As and other heavy metals (Yang et al.2017; Zeng
et al. 2019). The contaminated material settled down in
sediments in the Pearl River Estuary which serves as a
sink (Zhen et al. 2016).

Arsenic accumulation in rice

The use of As-contaminated surface water and ground-
water for irrigation is the major source of As in agricul-
tural land (Ravenscroft et al. 2009). The uptake of As by
plants poses a threat to human health mainly through
ingestion (Peralta-Videa et al. 2009). Notably, rice is par-
ticularly vulnerable to As contamination (Meharg et al.
2008). In particular, food safety issues have aroused sig-
nificant attention in the south, east, and southeast Asia,
where rice is part of the staple diet in the food chain. The
more mobile species, As(III), dominates in the paddy
field, where reducing conditions favor the reduction of

Table 1 Arsenic concentration (mg/kg) in paddy soil and rice from
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As(V) to As(III). Cultivated on contaminated paddy soil,
rice is observed to bioaccumulate high concentrations of
As worldwide (Meharg et al. 2008).

The average As concentration in rice from China was
0.05 mg/kg (Fang et al. 2014), lower than 0.20 mg/kg,
which is the permissible limit according to the Food
Safety Standard in China for rice (GB 2762-2017). Rice
from Guangdong Province ranged from non-detect-
able values to 0.23 mg/kg and from 0.07 to 0.19 mg/
kg reported in two recent studies (Lin et al. 2015; Ma
et al. 2017), with an average of 0.06 mg/kg and 0.11 mg/
kg, respectively (Table 1). Arsenic concentration in rice
grains from the PRD ranged between 0.13-0.28 mg/kg
and 0.21-0.43 mg/kg from two different rice cultivars,
with an average of 0.19 mg/kg and 0.29 mg/kg, respec-
tively (Lu et al. 2010). Samples collected from paddy
fields adjacent to mining areas (Ma et al. 2017), and those
irrigated with surface water polluted by industrial waste-
water (e.g., from an electronic waste dissembling indus-
try; Lin et al. 2015) were affected. Consistent with these
trends, rice grains from agricultural fields near the acid
mine drainage-affected areas have higher As concentra-
tion in the province, with most samples exceeding the
food safety threshold (Table 1). Thus, human activities
play an important role in influencing the distribution of
As in paddy soil and rice in the PRD.

mine-impacted paddy fields, Guangdong Province, and the Pearl

River Delta
n Soil Range Average Literature
Rice grain Straw Root Rice grain Straw Root
Fankou mine 20° 10.2£4.20 0.18-0.39 1.60-6.90 11.1-594 0.25 3.30 256 Lietal (2014)
Lechang mine 8? 80.8+259 0.17-0.38 2.10-104 24.8-52.0 0.28 5.80 350
Lianhuashan mine 73° 77.7+£257 0.03-1.04 1.11-12.7 186-2136 0.36 5.86 1003 Liuetal. (2015)
1072 80.0 ND'-1.00 0.22-28.0 40.0-2136 0.32 3.00 822 Yu et al. (2016)
Dabaoshan mine 16° 176-279 - - - 0.51 7.35 200 Liao et al. (2016)
952 - 0.07-045 - - 0.19 - - Zhu et al. (2008)
Pearl River Delta 17¢ 13.7+£128 0.13-0.28 0.93-6.19 354-327 0.19 3.70 99.0 Luetal. (2010)
12¢ 10.2+6.30 0.21-043 1.66-18.0 24.5-240 0.29 5.74 102
Guangdong Province 41b - 0.07-0.19 - - 0.11 - - Ma et al. 2017)
260P ND-0.23 - - 0.06 - - Lin et al. 2015)
China 9P - ND-0.31 - - 0.05 - - Fang et al. (2014)
Chinese standard - - - - - 0.20 - - GB 2762-2017¢
EU standard - - - - - 0.25° - - Commission
_ _ _ _ _ 0.20P _ _ Regulation (EU)
2015/1006

@ Unpolished (brown) rice,

b Polished (white) rice,

¢ Huahang-Simiao cultivar,

d peizha-Taifeng cultivar,

¢ Threshold of contaminants in food, the Chinese national Standard for Food Safety (GB 2762-2017),

f Non-detectable value
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In the northern part of Guangdong Province, rice
grains contained an average of 0.25 mg/kg and 0.28 mg/
kg As in paddy fields affected by the Fankou and Lechang
Pb-Zn mines (Table 1) (Li et al. 2014). The concentra-
tion in the paddy field was as high as 120 mg/kg, which
is 4 times China’s soil environmental quality standard for
agricultural land (20-30 mg/kg; GB 15618-2018). Arse-
nic concentration in paddy soil from the Lianhuashan
tungsten mine (Liu et al. 2015) in eastern Guangdong
Province, was up to 163 mg/kg, which was more than
5 times higher than the specified safety limit. Likewise,
in paddy fields, As concentration was up to 221 mg/kg,
which was 5 times the permissible limit for agricultural
land in China. The average concentration of As in rice
grains was 0.36 mg/kg and 0.32 mg/kg as reported by Liu
et al. (2015) and Yu et al. (2016), respectively. Zhu et al.
(2008) conducted a field survey in areas affected by the
Dabaoshan Mine operation and found that the average
As concentration was 0.19 mg/kg in rice. A more recent
study, reported an average value of 0.51 mg/kg As around
the Dabaoshan mine (Liao et al. 2016), which was more
than 2.5 times the food safety standard (GB 2762-2017).

Arsenic concentration in rice varies depending on the
different parts of the plants that are analyzed; As concen-
tration indicated the following trend roots > straw > grain
(Lu et al. 2010; Li et al. 2014; Liu et al. 2015; Liao et al.
2016; Yu et al. 2016). Inorganic As was the dominant spe-
cies over organic arsenicals, and As(III) dominated over
As(V). The concentration of As(III) in rice correlated
with the total As levels. The ratio of As(III) to total As
decreased with increasing total As levels, which prob-
ably resulted from the restricted accumulation and/
translocation within rice grains (Ma et al. 2017). Unpol-
ished brown rice had a higher proportion of inorganic
As and it is mostly located in the outer layer of the grain,
whereas As in polished white rice is distributed more
uniformly (Meharg et al. 2008). As(V) and phosphate
share the same co-transporter. However, with a phos-
phorous deficiency in soils, iron-manganese plaque
forms on the surface of the root and it acts as a mode for
sequestering As (Meharg 2004). As(III) shares the same
pathway with silicon through silicic acid transporter into
the root zone, which is a highly efficient process (Ma and
Yamaji 2008). It is reported that the presence of adequate
phosphorus and silica, which are competitive elements,
reduced adsorption of As in plants (Lu et al. 2010; Yu
et al. 2016). Therefore, phosphorus and silica play an
important role in influencing As levels in rice grains (Yu
et al. 2016). Li et al. (2014) attributed the differences in
uptake of As by rice to different pH levels, where the
solubility of predominant As(IIl) species in paddy soil
increased with a decrease in pH (Sahoo and Kim 2013).
However, Li et al. (2014) argued that high As levels in rice
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around polluted mines did not result solely from the high
As levels in soil; soil properties and biological processes
also significantly affected As accumulation. It is the com-
bined effects of desilicification, allitization (i.e., weather-
ing under sub-tropical climate resulting in accumulation
of Fe and Al), deficiency of nutrients, and naturally high
concentrations of As typical in different soil types in the
study area that resulted in high As uptake in rice. Hence,
remediation measures to mitigate the uptake of As and
other heavy metals have been introduced which, include
planting cash crops (sugarcane and mulberry) as part of
crop rotation, introducing hyperaccumulators, biochar
amendment, etc. (Chen et al. 2002; Qin et al. 2021). High
As concentration in other parts of rice is also considered
an indirect potential risk to humans since the husk and
straw in the grain are usually used as feedstock for cattle
and poultry, which may affect humans through the feed-
stock-meat—human pathway (Liao et al. 2016). Finally,
atmospheric deposition of As, on the surface of plants, is
also of concern and behooves detailed studies.

Conclusions

Arsenic is one of the most toxic and abundant
metal(loid)s in sediments and surface water in the PRD.
Arsenic in the study area mainly occurs from geogenic
sources and it is stable and relatively immobile. How-
ever, As occurs in high concentrations in special set-
tings and is significantly influenced by anthropogenic
sources (in particular mining) in the upstream sections
of the Pearl River Basin. In the lower reaches of the
basin, other sources derived from industrial and sew-
age inputs influence the distribution of As. The Beiji-
ang and Xijiang catchments have abundant non-ferrous
and polymetallic ores and indicate high As levels in its
catchment. The Beijiang River has the highest As con-
centration, whereas the Xijiang River has the largest
flux of dissolved or SPM-borne As into the PRD. The
Dongjiang River is of less concern due to the lack of
mineral resources and low urbanization in its catch-
ment. Effective measures should be taken to efficiently
treat wastewater from mining activities, especially
during the rainy season to reduce its transport down-
stream, which might have a positive effect on reducing
the accumulation in agricultural soils and plants. It is
crucial to assess the effectiveness of mine water treat-
ment and the fate of pollutants for their high concen-
tration and potential toxicity. Rice as a staple food in
South China is particularly vulnerable to As contamina-
tion since rice from polluted areas has a higher concen-
tration of As than those less affected by mining. Finally,
to address the potential food and water safety issues
induced by As contamination, more studies focusing on
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the biogeochemical cycling of As from source to sink in
the region are needed.
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