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Abstract In order to evaluate the distribution and parti-

tioning characteristics of heavy metals in the large

anthropogenically impacted Pearl River Basin, the contents

of ‘‘anthropophile’’ elements (Cr, Ni, Cu, Zn, Cd and Pb,

which are clearly influenced by human activities) were

determined, and their partitioning coefficients (Kd) between

water and sediments and enrichment factors (EF) were

calculated for samples collected at different locations along

the Pearl River main stream. The modified BCR sequential

extraction procedure (proposed by the European Commu-

nity Bureau of Reference in 1993), which involves the

successive extraction of metals in a decreasing order of

reactivity, was applied. Sediment samples from the upper,

middle, and lower reaches were included in this study. The

results showed that the content of most metals in water and

sediment samples gradually increases from upstream to

downstream, suggesting a possible input from human

activities as shown by their increasing high EF, ranged

from 1.4 to 3.9 for Cu, from 1.4 to 6.7 for Zn, from 2.5 to

59.1 for Cd, and from 1.7 to 8.9 for Pb, respectively. The

higher partition coefficients (Kd) for Cr, Zn, and Pb (105–

106) indicated that they were mainly transported in solid

phase, while parts of Ni, Cu, and Cd were transported in

dissolved phase as they display relatively lower Kd in the

range of 104–105. According to the results of the BCR

leaching, the percentage of non-residual fraction of heavy

metals in the sediments showed a decreasing order of

Cd[ Pb[Zn[Cu[Ni[Cr, implying that Cd and Pb

were more active and bioavailable compared to the other

four metals, and thus would be potentially more harmful to

the watershed ecosystem.

Keywords Pearl River � Water and sediment � Heavy

metals � Partitioning � Distribution

1 Introduction

Heavy metals such as Cr, Ni, Cu, Zn, Cd, and Pb have

attracted increasing attention because of their persistence

geochemistry, toxicity, and possible bio-accumulation in

aqueous environments and ecosystems (Niu et al. 2009;

Zhang et al. 2017; Meng et al. 2016; Li et al. 2017; Odu-

koya and Akande 2015). As critical environmental pollu-

tants and potential ‘‘anthropophile’’ elements (Chen et al.

2014), these metals can be discharged into rivers by both

natural and anthropogenic processes, and be transported in

rivers through various carriers such as in dissolved phase,

suspended particulate matters, sediments, and organisms

(Yang et al. 2017a, b). During transport, heavy metals may

undergo complex exchanges due to adsorption/desorption,

precipitation/dissolution, complexation, redox reactions,

and biouptake processes (Lin et al. 1984; Xie et al. 2012;

Islam et al. 2015; Xiong et al. 2017), which in turn affect

their environmental geochemical behavior and
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bioavailability. Understanding the distribution of metals

among different phases is thus crucial for better evaluating

the environmental impacts of these metals. Though the

distribution of heavy metals has been widely studied in

large rivers draining into relatively pristine basins,

including the Mississippi River (Shiller 1997; Piper et al.

2006), the Amazon River (Gaillardet et al. 1997; Guinoi-

seau et al. 2017) and the Congo River (Dupre et al. 1996),

and small rivers like the Seine River (Chen et al. 2014;

Meybeck et al. 2007), the geochemical characteristics, and

especially the distribution of metals in large anthro-

pogenically impacted rivers, are rarely reported, which

limits our knowledge on the riverine geochemistry of

heavy metals and their transport to the ocean.

In this study, the Pearl River, a large anthropogenically

impacted river located in the south of China, was studied in

order to characterize the distribution and the partitioning of

six typical ‘‘anthropophile’’ elements (Cr, Ni, Cu, Zn, Cd,

and Pb) among different phases. Several studies reported

the spatial distribution, pollution assessment, and sources

of heavy metals in the water and sediments of the Pearl

River. However, most studies focused only on the varia-

tions of total concentrations of certain metals either in a

certain section of the river (Xu et al. 2009; Tang et al.

2015; Deng et al. 2017; Liu et al. 2017), or in one tributary

(Zhou et al. 2013; Liu et al. 2011; Zhao et al. 2012) or in

the estuary (Wang et al. 2004; Ip et al. 2007; Li et al. 2007;

Fan et al. 2010; Pan and Wang 2012). Although these

studies allowed for a better understanding of the geo-

chemical background and the contents and the transports of

metals in the Pearl River (Wang et al. 2007, 2013; Cai et al.

2016), little is known about the distribution and partition-

ing of metals amongst different phases (Li et al. 2007; Wu

et al. 2016). Therefore, further research is needed to better

characterize the distribution and the transport dynamics of

metals and better constrain their ecological effect. In this

study, we systematically investigated the distribution

characteristics and chemical fractions of six typical ‘‘an-

thropophile’’ metals between water and suspended sedi-

ments, and amongst different sediment phases along the

downstream gradient of the Pearl River, by means of the

partitioning coefficient calculation and the BCR sequential

digestion of solid samples (Tessier et al. 1979; Rauret et al.

1999; Quevauviller et al. 1997), which can provide useful

information on the geochemical activity and bioavailability

of heavy metals in rivers (Zhuang 2015; Yang et al.

2016a, b, c; Wang et al. 2016; Lin et al. 2017; Qiao et al.

2013; Yang et al. 2016a, b, c).

2 Methods and materials

2.1 Background of the Pearl River

The Pearl River is the third longest river in China, with an

area of 454,000 km2 within a range of E102�140–115�530/
N21�310–26�490 (Lu et al. 2009) (Fig. 1). From west to

east, it drains six provinces and two special administrative

regions in southern China, including Yunnan, Guizhou,

Guangxi, Guangdong, Hunan, Jiangxi, Hong Kong, and

Macao. The annual mean precipitation is 1470 mm and

mean annual runoff is about 320 billion m3 yr-1. Recently,

with the implementation of China’s reform and opening-up

policy, the whole basin has encountered rapid urbanization

and industrialization, accompanying rapid economic

development and rapid population growth. These changes

have also led to a series of environmental problems such as

heavy metal pollution (Wang et al. 2013; Han et al. 2014;

Zhao et al. 2017), which potentially threatens the local

ecosystem.

2.2 Sampling

The distribution of sampling locations was shown in Fig. 1.

Twelve samples were collected from upstream to down-

stream in the main stream of the Pearl River during a high

flow cruise in June 2015. According to the watershed

features (Zhen et al. 2016), the Pearl River was divided into

the upper reaches (from the spring to Shilongzhen,

Guangxi Province, including sampling M1-4), middle

reaches (from Shilongzhen to Wuzhou, Guangxi Province,

including sampling M5-9) and lower reaches (from Wuz-

hou to estuary, including sampling M10-12). Water sam-

ples and surface sediment samples were collected from

each location.

The pH was measured in situ by portable Multiparame-

ter (Multi 3430, WTW). Water samples were immediately

filtered after collection through a 0.22 lm mixed cellulose

esters membrane installed in a Teflon filtration system and

then into previously acid-washed polypropylene (Nalgene)

bottles. The filtered solutions for trace elements and cations

analyses were acidified to a pH\ 2 with ultra-pure HNO3

and stored at 4 �C. The sediment sample was collected into

a 50 ml polypropylene centrifuge tube and freeze-dried by

a vacuum freeze dryer (FD-1, Beijing Tianlin Hengtai

Technology Co., Ltd).

2.3 Materials and reagents

All reagents used in the experiments, including HNO3, HF,

CH3COOH, HONH2�HCl, H2O2, and CH3COONH4 were

analytical grade (Sinopharm Chemical Reagent Co., Ltd.,
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China). Deionized water obtained from the Millipore-Q

water (Deionized Advantage A10, Merck Millibo) system

was used in all preparations and experiments, including

preparing 0.11 mol�L-1 CH3COOH, 0.5 mol�L-1

HONH2�HCl, 8.8 mol�L-1 H2O2 and 1 mol�L-1 CH3-

COONH4 for sequential extraction. In addition, sediment

standard reference materials GSD-11 (GBW07311), GSD-

3a (GBW07303a) and soil standard reference material

GSS-7 (GBW07407) provided by the State Technology

Supervision Administration Bureau, China were used in

this study.

All polypropylene centrifuges tubes were soaked in 5%

HNO3 for 24 h and then rinsed repeatedly with deionized

water. The PTFE digestion bombs and Teflon beakers were

soaked in 20% HNO3 for 24 h, then soaked in deionized

water and rinsed repeatedly, and finally were placed in a

ventilation cabinet to dry before using.

2.4 Solid sample digestion

The large mineral particles and plant impurities were

removed and the particle mixture was uniformly ground to

200 mesh using an agate mortar. Twelve samples were

chosen for entire digestion. 50 mg of sediment (and stan-

dards GSD-11, GSD-3a, GSS-7) materials were placed in

pre-treated PTFE digestion bombs. 0.8 ml HF and 1 ml

HNO3 were added to the sealed bombs before heating at

170 �C for 48 h. After digestion, 0.8 ml H2O2 was added to

the samples before evaporation at 120 �C. Afterward, the

residue was dissolved in 5 ml 40% HNO3 and heated at

140 �C for 5 h. After cooling, the samples were diluted by

adding deionized water for analysis. The concentration

results derived from this entire digestion were compared to

those of BCR leaching experiments for recovery and

quality control (see below).

2.5 Sequential extraction of heavy metal

in sediments

Three sediment samples from the upper, middle, and lower

reaches of the Pearl River Basin (as well as standard

materials GSD-11, GSD-3a, GSS-7) were selected for the

modified BCR sequential extraction experiments (Rauret

et al. 1999). This procedure led to the extraction of four

separate fractions: exchangeable (or weak acid soluble-

extractable), reducible (or iron-magnesium oxides), oxi-

dizable (or organic-sulfide bound), and residual. The

details of the procedure are given as follows:

1. The exchangeable fraction (F1): 250 mg of sediment

and 10 ml of 0.11 mol�L-1 acetic acid were mixed in a

50 ml polypropylene centrifuge tube and stirred by a

water bath oscillator (SHA-B, Changzhou Runghua

Electric Co., Ltd) for 16 h at constant temperature of

30 �C before centrifugation (by a desktop high speed

centrifuge, TG1650-WS, Shanghai Luxiangyi cen-

trifuge instrument Co., Ltd) at 5750 r�min-1 for

20 min. The supernatant was carefully transferred to

Fig. 1 Location of samples in the Pearl River, southern China
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a Teflon beaker. The residue was then washed with

10 ml of deionized water and centrifuged. The water

supernatant was then recuperated and combined with

the acetic acid supernatant. The final solution was

evaporated to dryness at 100 �C. Finally, the residue

was dissolved in 10 ml of 10% HNO3 and transferred

to a polypropylene centrifuge tube and stored at 4 �C
for analysis.

2. The reducible fraction (F2): 10 ml of 0.5 mol�L-1

hydroxylamine hydrochloride was added to the residue

derived from step (1) and the particles adhereding to

the inner wall of the centrifuge tube were detached

using sonication. The whole tube was stirred for 16 h

at 30 �C. The separation of the extract, collection of

the supernatant, and rinsing of residues were the same

as described in step (1).

3. The oxidizable fraction (F3): 2.5 ml of 8.8 mol�L-1

hydrogen peroxide was slowly added to the residue

from step (2), and the tubes were then covered and the

residue was digested for 1 h at room temperature. The

samples were then heated at 85 �C with a lid for 1 h

and then evaporated until the volume of solution was

less than 1 ml. Subsequently, another 2.5 ml of

8.8 mol�L-1 hydrogen peroxide was added to allow

digestion at 85 �C with a lid for 1 h before evaporation

to near dryness. Finally, 12.5 ml of 1 mol�L-1 ammo-

nium acetate (adjusted to pH 2.0 ± 0.1 with HNO3)

was added to the residue and immediately stirred at

30 �C for 16 h. Then the extraction procedure was

performed as described in step (1).

4. The residual fraction (F4): 4 ml HF and 4 ml HNO3

were added to the residue obtained from step (3) and

transferred to PTFE digestion bombs. The bombs were

sealed and heated at 170 �C for 48 h. After cooling,

4 ml of hydrogen peroxide were added and then heated

at 120 �C until near dryness. Finally, 10 ml 10%

HNO3 was added and the final solution was transferred

to a polypropylene centrifuge tube and stored at 4 �C
for analysis.

2.6 Concentration measurement and extraction

recovery control

The contents of trace elements Cr, Ni, Cu, Zn, Cd, and Pb

in water and different fractions derived from digestion and

our sequential extraction were determined by inductively

coupled plasma mass spectrometer (ICP-MS, NexION

300X, PE), and cations were determined by inductively

coupled plasma optical emission spectrometer (ICP-OES,

Wasst-mpx, Agilent) at the State Key Laboratory of

Environmental Geochemistry (SKLEG), Chinese Academy

of Sciences, Guiyang. The quality for concentration

analysis was controlled by adding an external standard

(Rh) and measurements of the well-calibrated international

standards (1640a, NIST). The relative standard deviation

was less than 5% for all elements.

The quality control for entire digestion and the

sequential extraction procedure was assessed using blank

samples, sample replicates, and standard reference mate-

rials (GSD-11, GSD-3a, GSS-7). Blank samples were

treated following the same procedures with entire digestion

and sequential extraction, and their contents of the six

interest elements were negligible compared to the total

mass of the six elements in samples. The standard devia-

tions of the replicate samples were \ 10%. The concen-

trations of heavy metals from entire digestion demonstrated

a good agreement with their reference values, and the

recovery rate of Cr, Ni, Cu, Zn, Cd, and Pb were

101% ± 3%, 101% ± 1%, 99% ± 1%, 91% ± 7%,

96% ± 3%, and 93% ± 7%, respectively.

The recovery of the sequential extraction was calculated

as follows:

Recovery ð%Þ ¼ CF1 þ CF2 þ CF3 þ CF4ð Þ=Ctotal content½ �
� 100%

ð1Þ

where C represented the mass of heavy metals in different

extracted fractions of the sediment. Ctotal content represented

the mass of heavy metals in entire digestion. The overall

recoveries ranged from 72.0% to 108.1%, and were

84% ± 10%, 91% ± 3%, 92% ± 4%, 83% ± 1%,

99% ± 5%, and 99% ± 4% for Cr, Ni, Cu, Zn, Cd, and

Pb, respectively.

3 Results

3.1 Concentration of metals in water and sediments

Total concentrations of metals in water and sediments are

listed in Table 1 and shown in Fig. 2.

Concentration in water The concentrations of heavy

metals in water ranged from 0.40 to 2.17 lg/kg (aver-

age: 0.80 lg/kg) for Cu, from 0.12 to 2.31 lg/kg (average:

0.62 lg/kg) for Zn, from 0.17 to 0.90 lg/kg (average:

0.42 lg/kg) for Ni, from 0.16 to 0.40 lg/kg (average:

0.24 lg/kg) for Cr, from 0.01 to 0.08 lg/kg (average:

0.03 lg/kg) for Pb, and from 0.005 to 0.096 lg/kg (aver-

age: 0.025 lg/kg) for Cd in the Pearl River.

Concentration of Cr in water slightly increased before

the effluent Liujiang River (M4), then decreased overall

downstream. Concentration of the other metals in water

generally increased from upstream to downstream, with

relatively higher concentrations observed after the
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confluence of the Beijiang River (M11) and at the estuary

(M12) (Fig. 2). Of particular interest was that the Pb

concentration showed a peak after the effluent Beipanjiang

River (M2). These variations likely indicated the direct

impact of tributary input on metal concentrations.

Concentration in sediments The total concentrations of

heavy metals in sediments ranged from 48 to 259 mg/kg

(average: 162 mg/kg) for Zn, from 49 to 101 mg/kg (av-

erage: 75 mg/kg) for Cr, from 13 to 95 mg/kg (average:

47 mg/kg) for Pb, from 19 to 69 mg/kg (average: 38 mg/

kg) for Cu, from 18 to 41 mg/kg (average: 30 mg/kg) for

Ni, and from 0.2 to 3.3 mg/kg (average: 1.67 mg/kg) for

Cd in the Pearl River Basin. This result was consistent with

the values reported in Xiong et al. (2017) on the Nanpan

River in the upper reaches of the Pearl River and Cai et al.

(2016) on Shunde waterways in the lower reaches of the

Pearl River. Individual samples or the averages in the

watershed systematically exhibited lower values than pre-

vious studies (Xiong et al. 2017; Cai et al. 2016; Niu et al.

2009; Liu et al. 2017; Xie et al. 2012; Yang et al. 2017a, b;

Zhu and Wang 2012) (Table 2). These values were higher

relative to the average values in the upper continental crust

(UCC) (Rudnick and Gao 2003), with the exception for Cr

and Ni.

The spatial distribution of heavy metals in the sediments

of the Pearl River Basin (Fig. 2) showed that from

upstream to downstream (M1 to M12), the concentration of

Cu, Zn, Cd, and Pb gradually increased, while those of Cr

and Ni generally remained constant.

3.2 Enrichment factor (EF) of heavy metals

in sediments

There were different factors that potentially influenced the

enrichment or depletion of trace elements in river sedi-

ments (Chen et al. 2014). The enrichment factor (EF) was

widely used to discriminate between anthropogenic and

natural sources and to reflect the extent of environmental

contamination (Zhao et al. 2017; Viers and Dupre 2009). In

this study, the EF was calculated by comparing with UCC

according to:

EF(X) ¼ ðX/Al)sample=ðX/Al)UCC ð2Þ

Fig. 2 Heavy metal contents of water and sediments in the Pearl River, southern China
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where X was the concentration of interest element (Cr, Ni,

Cu, Zn, Cd and Pb), using Al for normalization here. The

concentrations of Zn, Cu, Cd, and Pb in the sediments were

higher relative to the average values in the upper conti-

nental crust (UCC; Rudnick and Gao 2003), with the EF

values increasing from upstream to downstream. The

concentrations of Cr and Ni in the sediments are generally

comparable to the average values in the upper continental

crust, with the EF values remaining constant from upstream

to downstream. Overall, most heavy metals have enrich-

ment factors (EF) over 1 (Table 1).

3.3 Speciation distributions of heavy metals

in sediments

The distribution of six heavy metals in different fractions

of sediments was shown in Fig. 3. Cr, Ni, Cu, and Zn were

mainly distributed in residual fraction, with the proportion

of 73%–88%, 59%–67%, 36%–68%, and 33%–66%,

respectively. The proportion of residual fraction decreased

gradually from upstream to downstream, meanwhile the

total proportion of exchangeable fraction, reducible frac-

tion, and oxidizable fraction increased gradually down-

stream for Ni, Cu, Zn, and Cd. However, the total

concentrations of these four elements in the residual frac-

tion did not decrease significantly downstream (Table 3),

and therefore the decreasing proportion of residual fraction

was probably caused by the increased presence of metals in

the other three fractions.

The proportions of non-residual fraction of elements in

sediments showed large variation towards downstream,

with the order of Pb (84.2%)[Cd (82.2%)[Zn

(34.3%)[Ni (32.6%)[Cu (32.0%)[Cr (14.6%) in the

upstream, of Cd (94.7%)[ Pb (81.1%)[Zn

(65.6%)[Cu (47.4%)[Ni (39.4%)[Cr (11.8%) in the

midstream, and of Cd (96.0%)[ Pb (83.7%)[Zn

(67.5%)[Cu (63.6%)[Ni (40.6%)[Cr (27.4%) in the

downstream of the Pearl River, respectively (Fig. 3).

According to these values, Cd, Pb, and to a lesser extent Zn

and Cu in the sediments were more active at midstream and

downstream than upstream with a clearly increasing pro-

portion of non-residual fractions.

4 Discussion

4.1 Potential sources of heavy metals in the Pearl

River

The spatial concentration variations and relatively lower

enrichment factors (\ 2) of Cr and Ni were suggested to be

mainly controlled by natural processes rather than anthro-

pogenic contribution. The Pb, Cd, Zn, and Cu, however,

were suggested to be dominantly enriched by anthro-

pogenic activities, as they displayed much higher enrich-

ment factors ([ 1.5) toward downstream (Fig. 4). The

enrichment of these heavy metals could be attributed to the

importing of the tributaries, including the Liujiang River,

Table 2 Local and regional comparison of heavy metal contents in surface sediments of Pearl River Basin with other studies

Sampling locations Cr (mg/kg) Ni (mg/kg) Cu (mg/kg) Zn (mg/kg) Cd (mg/kg) Pb (mg/kg) References

Local comparison

Nanpan River 150 – 80 239 4.52 101 Xiong et al. (2017)

Nanpan River 58.7 25.6 28.3 69.3 0.51 16.6 Liu et al. (2017)

M1 (Nanpan River) 63 30 32 76 0.18 23 This study

Sanshui 131 69 100 525 26.07 136 Xie et al. (2012)

Jiujiang 124 53 62 441 6.29 78 Xie et al. (2012)

M11 (Sanshui) 67 27 47 215 1.81 73 This study

Shunde 111 30 98 312 1.72 92 Cai et al. (2016)

Shunde 130 69 178 810 36.23 458 Xie et al. (2012)

Guagnzhou 93 – 348 383 1.72 103 Niu et al. (2009)

Background of Guagnzhou 35 – 16 55 0.72 37 Niu et al. (2009)

M12 (Shunde) 60 26 69 217 3.32 95 This study

Regional comparison

Average – 41 86 213 3.82 79 Yang et al. (2017a, b)

Average 73 – 87 222 2.34 78 Zhu and Wang (2012)

Upper continental crust 92 47 28 67 0.09 17 Rudnick and Gao (2003)

Average 75 30 38 162 1.67 47 This study
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Guijiang River, Hejiang River, and Beijiang River, where a

large amount of the mining and chemical industries and

concentrated (Zhou et al. 2013; Dang et al. 2016; Ning

et al. 2017; Wang et al. 2014; He et al. 2015; Xu et al.

2009). Although the main bedrock lithology in the basin

changed from carbonate to silicate after M4 (Fig. 1), which

would partially explain the Cr and Ni budgets in the Pearl

River sediments, this lithological contribution with an

increase of clay minerals (from silicate bedrocks) would be

limited to the other four metals as they have much higher

enrichment factors relative to the UCC (Rudnick and Gao

2003) (Fig. 4) which indeed was mainly composed of sil-

icates (Gaillardet et al. 2003; Chen et al. 2014). The abrupt

increase of several metals [e.g. EF (Cr) = 2.8 at the

sampling point M3] likely indicated a local contamination

or a tributary contribution into the river section (Fig. 4).

The results of Pearson correlation analysis showed that

Cr was only positively correlated with Ni, and there was no

significant correlation between Cr and other elements

(Table 4; Fig. 5). Cu, Zn, Cd, and Pb elements in sedi-

ments were significantly positively correlated (Table 4;

Fig. 5), and their contents increased gradually from

upstream to downstream, suggesting that these elements

may be controlled by the same sources or processes. In

fact, as discussed in the following section, Cu, Zn, Cd, and

Pb were all byproducts of current mining and industrial

activities, and their gradual increase downstream probably

Fig. 3 Distribution of heavy metals in different chemical fractions in the sediments of the Pearl River, southern China
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indicated an increase of such anthropogenic input (Wen

et al. 2013).

4.2 Partitioning of metals between dissolved

and particulate loads

The solid-solution-interaction of heavy metals can be

described in terms of partition coefficient Kd, which is

defined as the ratio of the adsorbed and/or the total par-

ticulate concentration (Cs) to the dissolved concentration

(Cw) of the same chemical component (Benoit and Rozan

1999; Fu et al. 2013), and was qualitatively used for

investigating the distribution of heavy metals between

water and particulate. Some researchers have described Kd

as an important physicochemical characteristic parameter

of heavy metal pollution in water environment (Li et al.

2011; Benoit and Rozan 1999). Under the physical and

chemical conditions of natural rivers, the partition coeffi-

cient of heavy metals between water and particulate could

potentially be used to assess the migration ability and the

potential ecological effects that ensue (Chen and Zhou

1992). Though heavy metals are principally accumulated

and transported in sediments in river systems (Chen et al.

2014; Deng et al. 2017; Xu et al. 2009), dissolved metals

(including colloidal form) are more bioavailable and thus

potentially display much direct environmental effect. The

partition coefficient of a metal can be calculated as follows:

Kd ¼ Cs

Cw
ð3Þ

where Cs (mg�kg-1) was elemental concentration of solid

phase and Cw (mg�L-1) was the total concentration

remaining in water at equilibrium.

The mean partitioning coefficients of Cr, Ni, Cu, Zn, Cd,

and Pb in the Pearl River were 3.4 9 105, 9.1 9 104,

5.4 9 104, 4.0 9 105, 7.1 9 104 and 2.3 9 106, respec-

tively (Table 1). The ranges of Kd for each element were

consistent with the results reported for the upper reaches of

the Xijiang River (Liu et al. 2017). Similar findings were

also reported for the Seine River Basin in France (Chen

et al. 2009). The high partition coefficients (e.g. above 105)

indicated that the elements migrated mainly in the form of

particulate phase, while the relatively lower values (e.g.

below 104) would suggest that the transportation in dis-

solved phase is becoming more important (Guéguen and

Dominik 2003). A comparison of the range of the partition

coefficients for the six investigated metals was illustrated

in Fig. 6. The partition coefficient of Cr, Zn, and Pb varied

from 1.9 9 105 to 5.5 9 105, 9.4 9 104 to 8.5 9 105 and

Fig. 4 Spatial variation of enrichment factors (EF) of heavy metals in

the Pearl River, southern China

Table 4 The results of Pearson

correlation analysis between

heavy metals in the Pearl River

Basin

Cr Ni Cu Zn Cd Pb

Pearson correlation coefficient of heavy metal elements in sediments (n = 12)

Cr 1

Ni .637* 1

Cu 0.046 0.392 1

Zn 0.209 .664* .765** 1

Cd 0.283 .616* .835** 0.896 1*

Pb - 0.076 0.313 .931** 0.859 0.857 1**

Pearson correlation coefficient of heavy metal elements in water (n = 12)

Cr 1

Ni - .673* 1

Cu - 0.546 .934** 1

Zn - 0.312 .716** .830** 1

Cd - 0.407 .828** .947** .926** 1

Pb 0.045 0.193 0.4 .595* 0.498 1

*Correlation is significant at the 0.01 level

**Correlation is significant at the 0.01 level
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2.4 9 105 to 7.0 9 106, respectively, indicating that these

three metals were more concentrated (and migrated) in

particles, compared to the other three metals Ni, Cu, and

Cd, whose partition coefficients ranged from 2.9 9 104 to

1.7 9 105, 3.2 9 104 to 8.0 9 104 and 2.4 9 104 to

1.4 9 105, respectively.

The partitioning coefficients showed large variations for

single elements, and even some interesting trends with

water pH (Fig. 7), which may be caused by either the

Fig. 5 Relationship between heavy metals in the Pearl River, southern China

Fig. 6 Diagrams showing

partition coefficients of heavy

metals in the Pearl River,

southern China
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change in source contribution or in situ exchange processes

triggered by, for example, biological processes or adsorp-

tion/precipitation characteristics of sediments directly or

indirectly controlled by pH. From upstream to downstream,

the Kd values of Cr increased gradually as the pH

decreased, showing a significant negative correlation with

pH, whereas Kd values of Ni and Cu clearly decreased with

pH from upstream to downstream, indicating particulate

forms were favored at high pH for those two metals. The

Kd value of Zn, Cd, and Pb remained almost constant from

upstream to downstream and showed no correlation with

pH. These distinct variation trends suggested that, under

acid conditions, Cr would be enriched in sediment toward

downstream, whereas particulate Ni and Cu may gradually

decrease.

From upstream to downstream, the DOC (Table 1)

generally showed an increasing trend. However, Zn, as an

essential nutrient for organisms, did not display a corre-

sponding variation in its Kd value, thus excluding the

influence of biological processes on metal Kd changes. The

element partitioning may be also influenced by river water

pH. In fact, all waters displayed a gradual decrease of the

pH downstream (Fig. 7), resulting from either the major

lithology change from carbonate in the upper reaches to

silicates in the lower reaches, or most likely the increasing

contribution of anthropogenic inputs (e.g. mining wastes,

waste waters, industrial discharges) with relatively low pH

(Cong and Zhao 2003). As acid condition was not con-

ducive for metal adsorption, and under low pH condition

heavy metals in the particles would be readily released into

the water, resulting in a lower Kd value. Therefore, the

adsorption may impact Kd and thus partially explain the Kd

trend with pH, at least for metals Ni or Cu. However, the

different trends illustrated by other metals would suggest

that such in situ exchange effect was not dominant Though

further systematic study is needed to better assess the

mechanisms causing the change of metal distribution with

pH downstream the Pearl River, our results showed that

(see the above discussion) the upstream–downstream

variation of metal partitioning was likely derived from the

contribution of different sources.

4.3 Distributions of heavy metals amongst solid

phases and the potential ecological effects

Although the contents of heavy metals in the Pearl River

water were classified as human drinking water reference

(I) according to the environmental quality standards for

Fig. 7 Relationship between

partition coefficients of heavy

metals and the pH values in the

Pearl River, southern China
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surface water (GB 3838-2002), and the heavy metal con-

tents in the sediment were also below the aquatic sediment

quality guidelines (Chen et al. 2001), heavy metals con-

tained in sediment particles could be released into the

overlying water again under certain conditions, forming

‘‘secondary pollution,’’ which is also likely to be poten-

tially harmful to the riverine ecosystem. From the above

analysis results it was clear that heavy metals were trans-

ported in the Pearl River mainly in solid phase, with mean

Kd range from 5.4 9 104 to 2.3 9 106. However, not all

heavy metals contained in sediments have an environ-

mental impact; it depended on their chemical speciation/

fraction. In the following section we further discuss the

distribution of heavy metals in different sediment fractions

with a goal of elucidating the proportion of adsorbed

metals and their ecological effects.

In the four chemical fractions derived from our BCR

experiments, the metals in exchangeable fraction were

much more active and thus easily uptaken by biota, espe-

cially when the acidity changed. The reducible fraction

referred to metals in the oxides, and the elements of oxi-

dizable fraction were mainly bound to sulfides or organic

matter. The fact that the heavy metals in these two fractions

can be indirectly assimilated by organisms indicated a

relatively weak migration potential and environmental

effects compared to the first fraction (Hu et al. 2014). In the

residual fraction, metal was considered to be a component

of the crystal lattice of minerals, and was thus not

bioavailable and had a poor environmental mobility (Zhang

et al. 2017). Therefore, the distributions of elements in

variable chemical fractions of sediments were pivotal for

assessing the potential biological toxicity and environ-

mental impact of heavy metals in aquatic ecosystems (Is-

lam et al. 2015).

The exchangeable fraction mostly referred to metals

adsorbed onto sediments (Zhang et al. 2017). In this study,

all six metals showed an increase proportion of

exchangeable species downstream (Fig. 3), contrasted with

the downstream pH decrease that would strengthen

adsorption effect. This indicated that the Kd variation was

not mainly derived from riverine adsorption. Moreover,

except for Cr, the exchangeable fraction of the other five

metals was relatively low (\ 20% for Zn and Cu and

even\ 10% for Ni, Cr, and Pb), confirming again the

limited impact of adsorption on particulate metal budget.

Cr and Ni were mainly distributed in the residual frac-

tion, and their proportion remained quasi constant from

upstream to downstream. This suggested that the distribu-

tion of Cr and Ni were relatively insensitive to the variation

of surrounding conditions (Nemati et al. 2011). The

extremely low proportion of Cr in non-residual fraction in

all samples may be resulted from the refractory behavior of

Cr during surface weathering processes and its inability to

form precipitate or complex with carbonates or Fe/Mn

oxide-hydroxide (Sundaray et al. 2011).

The proportion of Cu in residual fraction decreased from

upstream to downstream, whereas the proportion of non-

residual fractions increased from upstream to downstream.

This suggested that Cu became more mobile and

bioavailable in the middle and downstream. In contrast to

the residual fraction, the reducible fraction and both other

fractions of Cu became more important downstream. The

decrease trend of Kd would thus mainly be controlled by

the decline of Cu in residual phase. Therefore, the change

of Cu Kd and its distribution among chemical fractions

were not mainly affected by the pH, but may be influenced

by the sources.

Similar to Cu, except for the residual fraction, the

reducible phase was another important Zn carrier in river

sediment. This result was consistent with previous obser-

vations (Li et al. 2001; Yu et al. 2010) that Fe/Mn oxides

might be an important transporter of metals. Zn (and Cu)

bounded to Fe/Mn oxides may be explained by the fact that

the amorphous sesquioxides have a greater ability to adsorb

and retain heavy metals such as Zn onto their specific

surface area (Ahdy and Youssef 2011). The similarity

between the atomic radius of Zn and Fe made the above

exchange possible (Ahdy and Youssef 2011). Zn in the

exchangeable fraction could be interpreted by its co-pre-

cipitation with the carbonates due to similar mineral

structure and ionic radius of Zn and Ca (Crocket and

Winchester. 1966) and Zn associated with calcite (either

tetrahedrally coordinated Zn (II) adsorbed at the calcite

surface or octahedrally coordinated Zn (II) incorporated in

the calcite structure) was reported (Priadi et al. 2011). Parts

of Zn were carried by sulfide, which was consistent with

previous research (Qiao et al. 2013). The occurrence of

significant quantities of Zn sulfide in suspended matter was

also proved in the anthropogenically impacted Seine River

(Priadi et al. 2011; Chen et al. 2014). Carbonates may be

derived from natural processes prior to joining the river

system in the basin, but sulfide was likely input by human

activities (Liu et al. 2017; Deng et al. 2017).

Interestingly, Cd was mainly distributed in exchange-

able fraction and reducible fraction, with the proportion of

37%–67% and 23%–40%, respectively. However, the

proportion of reducible fraction decreased gradually from

upstream to downstream, whereas the proportion of

exchangeable fraction increased significantly toward

downstream. Two mechanisms may be responsible for this

variation: (1) Cd has special affinity with carbonates and

would precipitate simultaneously with the carbonate min-

erals at alkaline environments/high pH (Ahdy and Youssef

2011), and (2) Cd has special geochemical characteristics

on the Earth‘s surface: it exists in the form of sulphide

when the environmental is reduced, and in the form of
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oxides in the strong oxidation environment. The Cd oxide

is easily oxidized to CdSO4 and then transferred into

aqueous solution in the strong oxidation environment

(Yang et al. 2016a, b, c). In this study, the increasing

percentage of exchangeable fraction was considered to be

only affected by the source, because the downstream

environment was weaker in oxidation from the perspective

of the distribution of reducible fraction; therefore, Cd was

easier to convert from oxide to sulfide under these cir-

cumstances. In weak oxidation environment in the middle

and lower reaches, Cd was difficult to oxidize from an

oxidizable fraction to a reducible fraction or even to CdSO4

and then co-precipitated with carbonate in the form of ions.

Finally, as discussed above, it was concluded that the

increase in the exchangeable fraction was affected by the

source rather than the transition from other fractions caused

by changes in redox conditions in the river system. The

global enrichment of Cd in the surface soil layer of the

whole basin would be an important contributor (Li et al.

2007; Zhen et al. 2016). Furthermore, the proportion of Cd

in residual fraction decreased gradually from upstream to

downstream, indicating that Cd in the downstream was

more prone to migrating and had thus higher pollution

potential for aqueous environments.

Pb was mainly distributed in reducible fraction, which

accounted for 70%–71% of total Pb. Residual fraction

accounted only for 16%–19%. In fact, Pb could easily form

stable complexes with Fe and Mn oxides. Pb could not only

adsorb to manganese and iron during oxide/hydroxide co-

precipitation, but also interact with Fe or with itself to form

a stable and solid compound (Zhang et al. 2017). There-

fore, it could explain the relatively high proportion of

reducible Pb.

In summary, Cd and Pb have the strongest geochemical

mobility among the six heavy metals analyzed in the Pearl

River, and may bring potential ecological and biological

risks once the river conditions change. At the opposite side

of the spectrum, the geochemical activities of Cr and Ni

were the weakest and have the weakest environmental

effect.

5 Conclusions

In this study, the distribution of six anthropophile elements

(Cr, Ni, Cu, Zn, Cd, and Pb) was investigated based on the

concentration measurement and the modified BCR leach-

ing experiments with a goal to evaluate the potential eco-

logical and biological risks induced by these heavy metals

in the Pearl River. Except for Cr, the content of other

metals in water gradually increases from upstream to

downstream, and the fluctuation of concentration clearly

indicates that the concentration is affected by the tributary

remittance. The fact that the contents of Cu, Zn, Cd, and Pb

in sediments increased gradually downstream and their

relatively higher enrichment factors suggested an increas-

ing anthropogenic contribution derived from human

activities, such as mining and industry. The relative con-

stant variations of Cr and Ni concentrations (and thus EFs)

would indicate a main natural contribution (e.g. by

weathering processes) rather than anthropogenic input. All

metals displayed higher partition coefficients (Kd) between

sediment and water (in the range of 104–106), indicating

that they were mainly transported in solid form. The rela-

tively lower Kd values for Ni, Cu, and Cd (in the range of

104–105) implied a more potential ecological risk effect of

these metals, as their dissolved phases are more important.

The large ranges and geographical variations of Kd for

these six metals were likely caused by the contribution of

different sources rather than in situ exchange processes.

Our results showed that Kd values of Cr continuously

increased from upstream to downstream; conversely, Ni

and Cu decreased toward downstream, whereas Zn, Cd,

and Pb remained almost constant. Our BCR experiments

demonstrated that Cr, Ni, Cu, and Zn were mostly con-

centrated in residual fraction, while Cd was mainly in

exchangeable fraction and Pb in reducible fraction. Except

for Pb, the proportion of non-residual fractions for metals

Cr, Ni, Cu, Zn, and Cd increased towards downstream,

implying increasing biogeochemical mobility and potential

environmental effects of these metals in the lower Peal

River reaches, a region with high population and important

economic activities. Though systematic work is needed to

better identify the exact contributing sources and mecha-

nisms controlling the exchange of metals among different

riverine phases, our study clearly demonstrated that the

distribution and partitioning should be taken into account

when investigating the geochemistry of metals and their

potential ecological effects in a river system.
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