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Abstract Heavy metal concentrations in 36 samples of
surface sediments from Hainan Island rivers were deter-
mined to evaluate the level of contamination in the region.
Heavy metal concentrations (mg/kg) of Hainan Island
rivers were in the range of 0.01-0.58 mg/kg for Hg,
0.09-0.70 mg/kg for Cd, 1.80-36.87 mg/kg for As,
15.33-69.32 mg/kg for Pb, 4.46-150.89 mg/kg for Cu,
6.64-104.95 mg/kg for Cr and 22.11-199.11 mg/kg for Zn.
Contamination indices including contamination factor,
enrichment factor, and geoaccumulation index, and multi-
variate statistical analyses indicated that Wenlan River was
relatively at a considerable pollution level; Nandu, Chan-
ghua, Lingshui, Wanquan and Zhubi rivers were at a low-
to-moderate pollution level; Beimen and Ningyuan rivers
were at a level of relatively low pollution. Principal com-
ponent analysis indicated that Cd, Pb, Cr and Zn were
predominantly sourced from anthropogenic sources;
whereas, Cu, As and Hg were from lithogenic sources. This
study would be helpful for sustainable land use and marine
management in the region.
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Introduction

Heavy metals have received huge concern due to its toxi-
city, non-biodegradable, wide sources and accumulative
behaviors (Cooke et al. 1990; Irabien and Velasco 1999;
Yu et al. 2008). Heavy metals discharged into an aquatic
environment by natural or anthropogenic sources during
their transport and a large quantity of free metal ions are
deposited in sediments through adsorption, hydrolysis, and
co-precipitation (Gaur et al. 2005). Heavy metal residues in
sediments can affect water quality and thus accumulate in
aquatic organisms, resulting in potential long-term damage
on human health and the ecosystem (Ip et al. 2007;
Raghunath et al. 1999). Therefore, sediments in an aquatic
environment serve as an important reservoir for heavy
metals and have attracted much attention of researchers
(Dassenakis et al. 1997; Dou et al. 2013; Li et al. 2012;
Singh et al. 2005).

Direct comparison of heavy metal concentration in
sediments is an inappropriate way to assess the level of
heavy metal pollution in sediments, because heavy metals
originate from both crustal and anthropogenic sources and
accumulate in sediments in the same manner (Idris 2008).
Geochemical approaches such as the contamination factor
(CF), enrichment factor (EF), and geoaccumulation index
(Igeo) methods have been widely used to evaluate the
impact of heavy metals in sediments (Chabukdhara and
Nema 2012; Dou et al. 2013; Hu et al. 2013b; Varol 2011;
Zhang et al. 2009). Multivariate statistical analysis ap-
proach, such as principal component analysis (PCA), factor
analysis (FA) and cluster analysis (CA) are increasingly in
use for environmental studies including measurement and
monitoring of heavy metals in water and sediments
(Facchinelli et al. 2001; Hu et al. 2013a; Loska and
Wiechuta 2003; Varol 2011).
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Hainan Island, located in the northern part of the South
China Sea, and separated by the Qiongzhou Strait from the
Leizhou Peninsula of Guangdong, is the second largest
Island of China, with a surface area of 35.4 x 10° km?
(Fig. 1a). Hainan Island is characterized by a radial river
system, mostly originating from the central mountainous
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area with high elevation. With rapid industrial and eco-
nomic development on Hainan Island, these rivers may
have been polluted to different degrees. Various studies on
heavy metal contamination in river estuary and surround-
ing areas of the island have been conducted in recent years
(Dou et al. 2013; Hu et al. 2013a). However, few studies



Environ Earth Sci (2015) 74:5097-5110

5099

have focused on the sediments of the rivers of Hainan
Island.

In this study, we firstly report the heavy metal concen-
tration in sediments of major rivers in Hainan Island in
order to (1) quantify the spatial distribution of heavy metals
in surface sediments of eight rivers in Hainan Island; (2)
assess the state of heavy metal contamination in the rivers
using contamination indices; and (3) identify the possible
sources of heavy metals via multivariate statistical analyses.

Geology and climate of study area

Tectonically, Hainan Island is located at the intersection of
the Pacific oceanic plate, the Indochina Block and the
southern margin of the South China Block (Metcalfe 2009).
Late Paleozoic to Mesozoic granitoids and Cenozoic
basalts dominate exposures on the island, with Proterozoic,
Paleozoic, Mesozoic, and Cenozoic rocks preserved in
isolated outcrops (Xu et al. 2014). Most of these granitoids
are exposed in the central and southern parts of Hainan
Island, and basalts are distributed in the northern part of
Hainan Island (Fig. 2). Paleozoic—-Mesozoic sedimentary
rocks are widely developed in the west and scattered in the
east Hainan Island. Paleozoic sedimentary rocks are shal-
low-marine strata and characterized by sandstone, slate,
and limestone. In contrast, Mesozoic sedimentary rocks are
terrestrial strata and characterized by volcanic-clastic
rocks. Additionally, Quaternary sediments are widely dis-
tributed in the coastal plain around Hainan Island (Fu et al.
2000; Shi et al. 2011).

Hainan Island has a tropical moist monsoonal climate,
and the topography is characterized by mountain in the
central part, and hills and alluvial plains in the coastal areas.
In terms of drainage area and mean discharge of the rivers in
the island, the largest one is the Nandu River, which drains
the central and northern parts of the island and flows
northward to the Qiongzhou Strait (Fig. 1b). The second
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Fig. 2 Geological map (modified by Shi et al. 2011) of Hainan Island

largest one is the Changhua River, initialled at Wuzhi
Mountain and flows westward through granite terrains and
delivers the sediment to the Beibu Gulf. The third largest
river is the Wanquan River, receiving the most abundant
rainfall on the island and flowing eastward from the central
mountains to the South China Sea. In addition, there are five
moderate sized rivers named the Lingshui, Ningyuan,
Zhubi, Beimen and Wenluan rivers on the island (Fig. 1b).
There is limited knowledge about the suspended sediment
yield for these rivers. According to Li (1992), rivers on the
Hainan Island delivered about 4.0 million tons (Mt) solid
sediments in total into the South China Sea annually, among
which the Nandu, Changhua and Wanquan rivers contribute
about 0.84, 0.52 and 0.52 Mt, respectively.

Materials and methods

A total of 36 surface sediment (0-5 cm) samples were
collected in the lower reaches of eight rivers (Nandu,
Wenlan, Beimen, Zhubi, Changhua, Ningyuan, Lingshui
and Wanquan rivers) in Hainan Island using grab samplers
in May 2013 (Fig. 1b). A 50-cm-long sediment core
NDCO1 (Fig. 1b) was recovered from the silt-rich mudflat
in the Nandu River estuary using a hand-driven PVC cor-
ing pipe. At the laboratory, the river sediment samples and
core samples were wet-sieved to remove >2 mm gravels
and plant fragments and then air dried and ground into
homogenous fine powder (Chabukdhara and Nema 2012).

Sediment subsamples (0.25 g) were digested in Teflon
vessels with an acid mixture (5:4:1 HNOs; + HCI + HF, in
volume) (Loring and Rantala 1992) and then heated to 150°
for 24 h on a heating plate. Afterwards, the solution was
evaporated to dryness and extracted with HNOs3, adjusted
to 40 g with double-deionized water. Heavy metals (As,
Hg, Cd, Cr, Cu, Pb and Zn) were analyzed by ICP-AES.
The interferences were corrected by the background cor-
rection and Interelement correction (IEC) methods (Sun
et al. 2014). All the sediment samples were analyzed in
duplicates and the quality assurance was guaranteed
through the Blanks and China Stream Sediment Reference
Materials (GBWO07345, GSD9, and GSD4). The results
were within the range of £10 % of the certified values. The
analytical precision is generally better than 1 % for major
elements and 3 % for trace elements.

Grain-size measurements were carried out using a
CILAS 940L apparatus to obtain the content of clay frac-
tion particles. This facility can measure grains in the
0.3-2000 pm range, with a measurement repeatability of
0.5 %, and reproducibility better than 2 % (Wan et al.
2007). All the experiments were carried out in the Key
Laboratory of Marine Geology and Environment, Institute
of Oceanology, Chinese Academy of Sciences.
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Table 1 Heavy metal concentrations (mg/kg) in surface sediments of Hainan Island rivers

Sampling site Hg (mg/kg) Cd (mg/kg) As (mg/kg) Pb (mg/kg) Cu (mg/kg) Cr (mg/kg) Zn (mg/kg)
BMO1 0.035 0.226 9.83 48.8 324 62.2 93.7
BMO02 0.032 0.291 4.70 30.6 22.5 36.8 56.7
BMO03 0.020 0.127 2.34 25.2 9.08 233 25.5
WLO1 0.013 0.612 7.56 44.8 60.3 105 199
WL02 0.577 0.402 6.40 37.9 72.6 87.5 159
NDO1 0.015 0.530 7.68 52.8 33.6 76.8 114
NDO02 0.027 0.456 11.5 572 37.9 97.5 135
NDO03 0.043 0.233 8.97 35.8 252 58.8 84.1
NDO04 0.036 0.158 3.56 23.3 13.7 30.4 414
NDO5 0.038 0.126 3.32 26.8 12.1 21.8 424
NDO06 0.019 0.558 10.56 50.1 30.7 74.3 110
NDO7 0.071 0.412 14.9 69.3 39.5 105 157
NDO08 0.022 0.440 6.31 33.7 24.4 63.3 82.4
NDO09 0.011 0.309 5.72 322 16.9 50.0 60.1
ND10 0.007 0.701 5.45 44.6 35.1 80.8 113
CHO1 0.046 0.288 23.0 449 579 21.7 69.7
CHO2 0.026 0.336 16.7 54.9 52.4 33.0 90.2
CHO3 0.075 0.394 36.9 62.2 151 40.7 116
CHO4 0.039 0.294 19.3 51.1 359 42.5 139
LS01 0.025 0.397 3.60 53.1 311 65.2 137
LS02 0.015 0.327 2.15 50.0 22.1 56.6 128
LS03 0.020 0.358 3.04 50.1 23.0 57.5 113
NYO01 0.022 0.133 391 23.3 13.5 15.6 48.0
NYO02 0.026 0.085 1.80 15.3 4.46 6.64 22.1
WQO01 0.077 0.271 4.57 435 26.0 45.8 118
WQO02 0.045 0.391 3.64 422 27.5 56.8 104
WwQO03 0.054 0.519 5.56 53.0 36.7 81.3 143
WQO4 0.020 0.436 9.65 64.7 39.6 90.7 168
WQO05 0.025 0.379 11.17 62.5 39.0 91.5 164
WQO06 0.032 0.414 4.71 45.0 23.5 60.2 102
WwQO07 0.111 0.351 12.3 56.8 35.6 82.5 142
WQO08 0.051 0.177 4.81 339 15.6 36.2 65.0
WQO09 0.086 0.144 2.64 26.1 7.94 19.7 36.5
ZB01 0.013 0.101 6.10 26.1 15.5 235 60.2
7B02 0.068 0.285 19.9 46.5 37.4 69.4 123
ZB03 0.041 0.397 12.2 454 39.0 63.3 113
Maximum 0.58 0.7 36.87 69.32 150.89 104.95 199.11
Minimum 0.01 0.09 1.8 15.33 4.46 6.64 22.11
Mean 0.05 0.33 8.79 43.44 33.35 56.48 102.1
S.D. 0.09 0.15 7.22 13.34 25.16 26.97 44.27

Results and discussion
Heavy metals in sediments of Hainan Island rivers
Concentrations and spatial distribution of heavy metals

(As, Hg, Cd, Cr, Cu, Pb and Zn) in sediments of Hainan
Island rivers are summarized in Table 1 and Fig. 3. The
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ranges of metals in sediments are: 0.01-0.58 mg/kg for Hg,

0.09-0.70 mg/kg for Cd,

1.80-36.87 mg/kg for As,

15.33-69.32 mg/kg for Pb, 4.46-150.89 mg/kg for Cu,
6.64-104.95 mg/kg for Cr, 22.11-199.11 mg/kg for Zn.
The highest concentrations of Hg, Cr and Zn are found at
Wenlan River, possibly due to metallic and industrial
wastewater discharges from Heshe tungsten mine and
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Fig. 3 Concentrations and spatial distribution of heavy metals in sediments of Hainan Island rivers. a Beimen River; b Wenlan River; ¢ Nandu
River; d Changhua River; e Lingshui River; f Ningyuan River; g Wanquan River; h Zhubi River

Table 2 Summary of trace

. Location Hg Cd As Pb Cu Cr Zn References

metal contents (mg/kg) in

surface sediments of Hainan Mean concentration 005 033 879 4344 3335 5648 102.10 This study

Island rivers and adjacent areas o . .
Beihai intertidal zone 0.07 0.22 9.08 16.60 12.71 - - Xia et al. (2008)
Eastern Beibu Bay 0.06 0.16 9.53 2799 5826 53.65 67.28 Dou et al. (2013)
Quanzhou Bay 0.4 059 21.7 67.7 71.4 82 179.6 Yu et al. (2008)
Changhua River estuary 0.02 0.09  9.51 27.0 15.0 53.1 73.7 Hu et al. (2013a)
Yangtze River estuary 0.04 020 11.6 21.9 28.0 52.1 78.0 An et al. (2010)
Pearl River estuary 0.33 5.60 33.1 105.9 81.0 118.1 140.0  Yang et al. (2009)
Primary standard, China 0.20 0.50 20.0 60.0 35.0 80.0 150.0  CSBTS (2002)

industrial area in the upper reaches of the river (Fig. 1b)
(SBSM 2008). The metallic and industrial wastewater from
the Hanlin gold and copper mine plants and industrial
district in the upstream discharged into Nandu River,
making Cd and Pb to reach the highest value. Changhua
River receives metallic wastewater from Baoyou lead-zinc,
Shilu copper and Tuwaishan gold mine plants in the up-
stream and middle reaches and thus has the highest As and
Cu concentrations.

In this study, heavy metal concentrations of the river
sediments from the Hainan Island were compared with

adjacent areas (Table 2). The results show that the
heavy metal concentrations in study area fall within the
range of those of other regions listed. Most elements,
including Hg (0.05 mg/kg), Cd (0.33 mg/kg), Pb
(43.44 mg/g), Cu (33.35 mg/kg), Cr (56.48 mg/kg), and
Zn (102.10 mg/kg), have relatively higher concentra-
tions than those in Changhua River estuary (Hu et al.
2013a), but significantly lower than those of Quanzhou
Bay (Yu et al. 2008). Concentrations of Hg and As
(8.79 mg/kg) in this study are lower than those in Beihai
intertidal zone (Xia et al. 2008) and Eastern Beibu Bay

@ Springer
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Fig. 4 Frequency histograms
and distribution curves of Cr
and Pb (anthropogenic sources),
and As and Cu (lithogenic
sources)
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(Dou et al. 2013), but Cd, Pb, Cr and Zn have higher
concentrations (Table 2). Compared with the national
standard of marine sediment quality of China (GB
18668-2002) (CSBTS 2002), all the heavy metals in the
Hainan Island rivers are characterized by much lower
concentrations (Table 2).

In this work, the data of heavy metal concentration was
tested with SPSS software, which suggested that the data
followed a lognormal distribution. The frequency his-
tograms and associated distribution curves for a lithogenic
(As and Cu), and anthropogenic sources (Cr and Pb) are
shown in Fig. 4. Some of the heavy metal concentrations
show a wide variation as reflected by large standard de-
viation values. Due to these variations, mean concentration
might be significantly affected by extremely high or low
values. Median and/or geometric mean concentrations, on
the other hand, will not be affected by these extreme val-
ues. Therefore, median concentrations of heavy metals are
used for calculation in this study (Pekey 2006; Reimann
et al. 2011).

Assessment of heavy metal pollution

Indication of contamination factor (CF)

Contamination factor is usually used to evaluate the pol-
Iution status of the environment by single substances

(Hakanson 1980). This factor is calculated by dividing by
background value:

@ Springer
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Values of the contamination factor are characterized as
follows: CF < 1 indicates low contamination; 1 < CF < 3
is moderate contamination; 3 < CF < 6 is considerable
contamination; and CF > 6 is very high contamination
(Hakanson 1980).

In most cases, it is difficult to determine the typical
background of heavy metals for a given watershed due to
the complex lithology and weathering features within the
drainage areas (Audry et al. 2004; Zhang 1995). Moreover,
it is essential to choose appropriate background values
which are not influenced by anthropogenic process. Thus,
the average element concentration values of 5 samples
below 45 cm depth of Core NDCO1 was regarded as not
influenced by anthropogenic process and have been se-
lected as a reference baseline.

The results of contamination factors (CFs) values are as
follows (Table 3): Hg, 0.18-14.43 (median 0.80); Cd,
0.45-3.69 (median 1.81); As, 0.40-8.21 (median 1.38); Pb,
0.48-2.19 (median 1.42); Cu, 0.22-7.49 (median 1.53); Cr,
0.15-2.32 (median 1.29); Zn, 0.36-3.27 (median 1.83)
(Table 3). The median CF value of Hg (0.80) is the lowest,
indicating a “low contamination”, while the median CF
values of As (1.41), Cr (1.49), Cd (1.72), Zn (2.23), Pb
(1.60), Cu (1.84), are less than 3.0, indicating a “moderate
contamination”. As shown in Fig. 5, Wenlan River has
relatively high CF value, while Beimen and Ningyuan
River have relatively low CF values, and the other five
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f’I;t);:SS( Cl\lé[s;t?orczreliﬁﬁlerzscz; Sampling sites Hg Cd As Pb Cu Cr Zn

*Ilga:;e;ig‘:ied in the Hainan BMO1 0.88 1.19 2.19 1.54 1.61 1.37 1.54
BM02 0.80 1.53 1.05 0.97 112 0.81 0.93
BMO3 0.50 0.67 0.52 0.80 0.45 0.52 0.42
WLO1 033 322 1.68 1.41 2.99 231 3.7
WL02 14.43 2.11 1.43 1.19 3.60 1.93 2.62
NDO1 0.38 2.79 171 1.66 1.67 1.70 1.88
NDO02 0.68 2.40 2.57 1.80 1.88 2.16 222
NDO03 1.08 1.23 2.00 1.13 1.25 1.30 1.38
NDO4 0.90 0.83 0.79 0.73 0.68 0.67 0.68
NDO5 0.95 0.66 0.74 0.85 0.60 0.48 0.70
NDO06 0.48 2.94 235 1.58 1.53 1.64 1.81
NDO7 178 2.17 331 2.19 1.96 2.32 2.58
NDOS 0.55 232 1.41 1.06 1.21 1.40 1.36
ND09 0.28 1.63 127 1.02 0.84 111 0.99
ND10 0.18 3.69 1.21 1.41 1.74 1.79 1.86
CHO1 1.15 1.52 5.12 1.42 2.88 0.48 1.15
CHO2 0.65 1.77 3.71 173 2.60 0.73 1.48
CHO3 1.88 2.07 8.21 1.96 7.49 0.90 1.91
CHO4 0.98 1.55 429 1.61 178 0.94 2.29
LS01 0.63 2.09 0.80 1.67 1.54 1.44 225
LS02 0.38 172 0.48 1.58 1.09 1.25 2.10
LS03 0.50 1.88 0.68 1.58 1.14 1.27 1.85
NYO1 0.55 0.70 0.87 0.73 0.67 0.34 0.79
NYO02 0.65 0.45 0.40 0.48 0.22 0.15 036
WQO1 1.93 1.43 1.02 1.37 1.29 1.01 1.94
WQO02 1.13 2.06 0.81 1.33 1.36 1.25 171
WQO03 1.35 2.73 1.24 1.67 1.82 1.80 236
WQO4 0.50 2.29 2.15 2.04 1.97 2.01 277
WQO05 0.63 2.00 2.49 1.97 1.94 2.02 2.69
WQO6 0.80 2.18 1.05 1.42 1.17 1.33 1.68
wQO7 278 1.85 274 1.79 1.77 1.82 234
WQO08 1.28 0.93 1.07 1.07 0.77 0.80 1.07
WQ09 2.15 0.76 0.59 0.82 0.39 0.43 0.60
ZB01 033 0.53 1.36 0.82 0.77 0.52 0.99
ZB02 1.70 1.50 442 1.46 1.86 1.53 2.02
ZB03 1.03 2.09 272 1.43 1.94 1.40 1.87
Min 0.18 0.45 0.40 0.48 0.22 0.15 0.36
Max 14.43 3.69 821 2.19 7.49 232 3.27
Median 0.80 1.81 1.38 1.42 1.53 1.29 1.83

rivers fall in moderate level. Most mean CF values are less
than 3.0, which indicates a low-to-moderate contamination.
Generally, mean CF values of Hainan Island rivers are
higher than Yangtze River estuary (An et al. 2010), and
lower than Pearl River estuary (Yang et al. 2009).

Indication of enrichment factor (EF)

Enrichment factor is a useful tool to discriminate between
natural and anthropogenic sources and to reflect the status

of heavy metal pollution (Sakan et al. 2009). In a closed
system, the mobility, transport and fractionation of heavy
metals are a function of the chemical form of the element,
which, in turn, is controlled by the physicochemical and
biological characteristics of the system (Bacon and
Davidson 2008). The water-soluble heavy metal elements
were readily absorbed by fine particle fraction of river
sediments, such as hydrated oxides of iron and manganese,
organic compound and clay minerals (Sakan et al. 2009). In
order to eliminate the influence of grain size and mineral
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Fig. 5 Contamination factor
(CF) of heavy metals in the
surface sediments of Hainan
Island rivers, Yangtze River and
Pearl River. Background of Al
of Yangtze River and Pearl
River from Yang and Li (1999)
and Peng et al. (2003),
respectively. The dotted lines
represent the level of CF
(Hakanson 1980)
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composition on elemental concentrations and alleviate the
variations produced by physicochemical processes of the
heterogeneous sediments and crustal rocks, heavy metal
concentrations are generally normalized by conservative
elements, such as Al, Fe, Sc (Amin et al. 2009; Bhuiyan
et al. 2011; Meza-Figueroa et al. 2009; Pekey 2006). In this
study, heavy metals and Al average concentration of 5
samples below 45 cm depth of core NDCO1 were used as
the background values. EF is calculated using the following
equation:

_ (Me/Al)Sample (2)

(Me/Al)Background ’

where (Me/Al)gampie and (Me/Al)gackground are the ratios of
concentration of metals to Al of samples and background
references. EF values were interpreted as follows: EF < 1
indicates no enrichment; 1-3 is minor enrichment; 3-5 is
moderate enrichment; 5-10 is moderately severe enrich-
ment; 10-25 is severe enrichment; 25-50 is very severe
enrichment; and >50 is extremely severe enrichment
(Sakan et al. 2009).

The EF ranges of the heavy metals of Hainan Island
rivers sediments are as follows (Table 4): Hg 0.15-12.43
(median 0.69); Cd 1.01-8.29 (median 4.06); As 1.09-22.24
(median 3.74); Pb 1.09—4.92 (median 3.19); Cu 0.38-12.73
(median 2.61); Cr 0.23-3.62 (median 2.00); Zn 0.51-4.62
(median 2.59) (Table 4). The median EF values of Cu, Cr
and Zn are between 1 and 3, indicating a “minor enrich-
ment”, while Hg is less than 1, suggesting “no enrich-
ment”. The median EF values of Cd, As and Pb are higher
than 3, indicating “moderate enrichment”. The low EF
values (0.5-1.5) indicate that the metal is entirely from
crustal materials or natural processes, while higher EF
values than 1.5 suggest a significant contribution of
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noncrustal materials to the trace metals (Zhang and Liu
2002). In this study, the median EF values for almost all
metals except Hg were >1.5 in the sediments of the rivers,
suggesting a significant anthropogenic impact on the metal
levels in the rivers. Specifically, Wenlan River has
relatively high EF value (Fig. 6), while Beimen and Nin-
gyuan rivers have relatively low EF value, and the other
five rivers fall in their moderate level. Most median EF
values of the rivers are less than 5.0, suggesting no en-
richment to moderate enrichment. In general, median EF
values of Hainan Island rivers are higher than Yangtze
River estuary, and lower than Pearl River estuary.

Geoaccumulation index (Igeo)

Geoaccumulation index is basically a single metal ap-
proach to quantify metal pollution in sediments and defined
by the following equation:

Igeo = log,(Cn/(1.5 x Bn)), (3)

where Cn is the measured concentration of the examined
metal (n) in the sediment and Bn is the geochemical
background concentration of the metal (n), the average
element concentration values of 5 samples below 45 cm
depth of Core NDCO1 were used as the background values.
Factor 1.5 is the background matrix correction factor due to
lithogenic effects (Miiller 1979). Miiller has distinguished
seven classes of geoaccumulation index (Miiller 1981).
Class 0 (practically unpolluted), Igeo < 0; Class 1 (unpol-
luted to moderately polluted), 0 < Igeo < 1; Class 2
(moderately polluted), 1 < Igeo < 2; Class 3 (moderately
to heavily polluted), 2 < Igeo < 3; Class 4 (heavily pol-
luted), 3 < Igeo < 4; Class 5 (heavily to extremely pollut-
ed): 4 < Igeo < 5; Class 6 (extremely polluted), Igeo > 5.
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Table 4 Enrichment factors (EFs) for sediments of all sites studied in the Hainan Island rivers

Sampling site Hg Cd As Pb Cu Cr Zn
BMO1 0.75 2.67 5.93 3.46 2.73 2.14 2.17
BMO02 0.69 3.44 2.84 2.17 1.90 1.27 1.31
BMO3 0.43 1.50 1.41 1.79 0.77 0.80 0.59
WLO1 0.28 7.24 4.56 3.18 5.08 3.60 4.62
WLO02 12.43 4.75 3.86 2.69 6.12 3.01 3.70
NDO1 0.32 6.27 4.63 3.75 2.84 2.65 2.65
NDO02 0.58 5.39 6.95 4.06 3.19 3.36 3.13
NDO03 0.93 2.76 541 2.54 2.13 2.03 1.95
NDO04 0.78 1.87 2.15 1.65 1.15 1.05 0.96
NDO5 0.82 1.49 2.00 1.90 1.02 0.75 0.98
NDO06 0.41 6.60 6.37 3.55 2.59 2.56 2.56
NDO7 1.53 4.88 8.97 4.92 3.33 3.62 3.64
NDO8 0.47 5.20 3.81 2.39 2.06 2.18 1.91
ND09 0.24 3.65 3.45 2.29 1.43 1.72 1.39
ND10 0.15 8.29 3.29 3.16 2.96 2.79 2.62
CHO1 0.99 341 13.86 3.19 4.89 0.75 1.62
CHO2 0.56 3.97 10.05 3.89 4.42 1.14 2.09
CHO3 1.62 4.65 22.24 4.42 12.73 1.40 2.69
CHO04 0.84 3.48 11.62 3.62 3.03 1.46 3.23
LSO1 0.54 4.70 2.17 3.77 2.62 2.25 3.17
LS02 0.32 3.87 1.30 3.55 1.86 1.95 2.96
LS03 0.43 4.23 1.83 3.55 1.94 1.98 2.62
NYO1 0.47 1.57 2.36 1.65 1.14 0.54 1.11
NYO02 0.56 1.01 1.09 1.09 0.38 0.23 0.51
WQO1 1.66 321 2.76 3.08 2.19 1.58 2.74
WQ02 0.97 4.62 2.20 3.00 2.32 1.96 241
WwQO03 1.16 6.14 3.35 3.76 3.10 2.80 3.33
WQ04 0.43 5.15 5.82 4.59 3.34 3.13 3.90
WQO05 0.54 4.48 6.74 443 3.29 3.15 3.79
WQO06 0.69 4.89 2.84 3.19 1.98 2.08 2.36
WQO07 2.39 4.15 7.42 4.03 3.00 2.84 3.30
WQO08 1.10 2.10 2.90 2.40 1.31 1.25 1.51
WQ09 1.85 1.71 1.59 1.86 0.67 0.68 0.85
7ZBO01 0.28 1.19 3.68 1.85 1.31 0.81 1.40
7ZB02 1.46 3.37 11.98 3.30 3.15 2.39 2.85
ZB03 0.88 4.70 7.35 3.22 3.29 2.18 2.63
Min 0.15 1.01 1.09 1.09 0.38 0.23 0.51
Max 12.43 8.29 22.24 4.92 12.73 3.62 4.62
Median 0.69 4.06 3.74 3.19 2.61 2.00 2.59

The calculated Igeo values of heavy metals are as fol-
lows (Table 5): Hg —3.10 to 3.27 (median —0.91); Cd
—1.75 to 1.30 (median 0.27); As —1.90 to 2.45 (median
—0.12); Pb —1.63 to 0.54 (median —0.08); Cu —2.76 to
2.32 (median 0.03); Cr —3.35 to 0.63 (median —0.22); Zn
—2.04 to 1.13 (median 0.29). The median Igeo of Hg, As,
Pb and Cr are less than zero (Igeo < 0), suggesting that the

Hainan Island rivers have not been polluted overall by
these metals. In contrast, median Igeo values of Cd, Cu and
Zn are all between 0 and 1, indicating that these rivers are
in the level of “unpolluted to moderately polluted”.
Among the eight major rivers of Hainan Island, Wenlan has
relatively high Igeo value (Fig. 7), Beimen and Ningyuan
rivers have relatively low Igeo value, the other 5 rivers
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have moderate values. All the rivers’ median Igeo values
are <2, indicating unpolluted to moderately polluted level.
In general, median Igeo values of Hainan Island rivers are
higher than Yangtze River estuary, and lower than Pearl
River estuary.

In summary, the major rivers of Hainan Island are in the
level of unpolluted to considerable polluted status based on
multiple evaluation indexes including CF, EF and Igeo
(Figs. 5, 6, 7). Specifically, Wenlan River is relatively at a
high pollution level, which is at a moderate to considerable
level. Nandu, Changhua, Lingshui, Wanquan and Zhubi
rivers are at a low-to-moderate pollution level. Beimen and
Ningyuan rivers are at a level of relatively low pollution.
Compared with Chinese large rivers, the pollution level of
Hainan Island rivers is lower than Pearl River estuary, but
higher than Yangtze River estuary.

Heavy metals sources
Principal component analysis (PCA)

In order to extract dominant factors of spatial variations of
heavy metals, PCA of heavy metal concentration and clay
contents in river sediments of Hainan Island was per-
formed. The rotated component matrixes of the PCA are
presented in Table 6. The loading plot of the first two
principal components of the samples is depicted in Fig. 8.
The results indicate that the variability of heavy metals can
be expressed by two principal components that together
explain 66.9 % of the total variance.

The first principal component (PC1), accounting for
49.1 % of the total variance, has high loadings of Cd, Pb, Cr
and Zn. This suggests that these metals may have similar
sources of natural and/or anthropogenic origins. The second
component (PC2), explaining 17.8 % of the total variance,
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has relatively high loadings on As, Hg, Cu and clay con-
tents. The fine clay particles play an important role to carry
trace metals in rivers (Ip et al. 2007), thus we can conclude
that As, Hg and Cu are from lithogenic sources. The main
anthropogenic source for heavy metals can be the direct
discharges of waste water with metal contaminants from
local industrial and urban. Such industrial sources in Hainan
Island may include the tungsten mine, gold mine, copper
mine and lead-zinc deposits. In addition, preliminary
studies argued that the distributions of Cd are closely re-
lated to the intensive use of phosphate fertilizers (Xia et al.
2011; Zhang and Shan 2008). Therefore, we suggest that
Cd, Pb, Cr, Zn in Hainan River sediments originated pri-
marily from anthropogenic sources based on the evidence of
a large number of mineral deposits and agricultural devel-
opment in the river basins of Hainan Island.

Cluster analysis

Cluster analysis (CA) was also applied to the river sedi-
ment quality data set to identify the rivers with similar
pollution level. The CA dendrogram (Fig. 9) shows that the
eight rivers can be grouped into three statistically sig-
nificant clusters. Cluster 1 (Wenlan River) is at a relatively
high pollution level. Cluster 2 (Nandu, Changhua, Ling-
shui, Wanquan and Zhubi rivers) is at a moderate pollution
level. Cluster 3 (Beimen and Ningyuan rivers) is at a level
of relatively low pollution.

Wenlan River is located in the northern Hainan Island
characterized by low altitude and flat terrain. The long
residence time of water and sediment, high population
density and widely distributed mining and industry in this
area together result in high pollution of the river. Beimen
and Ningyuan river basins have only a very few mines,
which maybe the main reason of relatively low pollution
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’111‘1?12:? (?ge?)??iﬁcsigzﬁizﬁsno £ all Sampling sites Hg Cd As Pb Cu Cr Zn
Etlz;gt;‘ifr‘i in the Hainan BMO1 ~0.78 ~0.33 0.55 0.04 0.10 ~0.13 0.04
BMO02 —-0.91 0.03 —0.52 —0.64 —0.43 —0.88 —0.69
BMO03 —1.58 —1.17 —1.52 —0.91 —1.74 —1.54 —1.84
WLO1 —2.21 1.10 0.17 —0.09 1.00 0.62 1.13
WLO02 3.27 0.50 —-0.07 —0.33 1.26 0.37 0.81
NDO1 —2.00 0.90 0.19 0.15 0.15 0.18 0.32
NDO02 —1.15 0.68 0.78 0.27 0.33 0.52 0.56
NDO03 —0.48 —0.29 0.41 —0.41 —0.26 —0.21 —0.12
NDO04 —0.74 —0.85 —0.92 —1.03 —1.14 —1.16 —1.14
NDO5 —0.66 —1.18 —1.02 —0.83 —1.32 —1.64 —1.11
NDO06 —1.66 0.97 0.65 0.07 0.02 0.13 0.27
NDO7 0.24 0.53 1.14 0.54 0.38 0.63 0.78
NDO8 —1.45 0.63 —0.09 —0.50 —0.31 —0.10 —0.15
NDO09 —2.45 0.12 —0.24 —0.56 —0.84 —0.44 —0.60
ND10 —-3.10 1.30 —0.31 —0.09 0.22 0.25 0.31
CHO1 —0.38 0.02 1.77 —0.08 0.94 —1.65 —0.39
CHO02 —1.21 0.24 1.31 0.21 0.79 —1.04 —0.02
CHO3 0.32 0.47 245 0.39 2.32 —0.74 0.35
CHO4 —0.62 0.04 1.52 0.10 0.25 —0.68 0.61
LS01 —1.26 0.48 —0.90 0.16 0.04 —0.06 0.58
LS02 —2.00 0.20 —1.65 0.07 —0.45 —0.26 0.49
LS03 —1.58 0.33 —1.15 0.07 —0.39 —0.24 0.31
NYO01 —1.45 —1.10 —0.79 —-1.03 —1.16 —2.12 —0.93
NY02 —1.21 —-1.75 —1.90 —1.63 —2.76 —-3.35 —2.04
WQO1 0.36 —0.07 —0.56 —0.13 —0.22 —0.57 0.37
WQO02 —0.42 0.46 —0.89 —0.17 —-0.14 —0.26 0.19
WQO03 —0.15 0.86 —0.28 0.16 0.28 0.26 0.65
WQO04 —1.58 0.61 0.52 0.44 0.39 0.42 0.88
WQO05 —1.26 0.41 0.73 0.39 0.37 0.43 0.84
WQO06 —-0.91 0.54 —0.52 —0.08 —0.36 —0.17 0.16
WwQO07 0.89 0.30 0.87 0.26 0.24 0.28 0.64
WQO08 —-0.23 —0.68 —0.49 —0.49 —0.96 —0.91 —0.49
WQ09 0.52 —0.98 —1.35 —0.86 —1.93 —1.79 —1.32
ZB01 —2.21 —1.50 —0.14 —0.87 —0.96 —1.53 —0.60
7ZB02 0.18 0.00 1.56 —0.03 0.31 0.03 0.43
ZB03 —0.55 0.48 0.86 —0.07 0.37 —0.10 0.32
Min -3.10 —1.75 —1.90 —1.63 —2.76 —3.35 —2.04
Max 3.27 1.30 2.45 0.54 2.32 0.63 1.13
Median —-0.91 0.27 —0.12 —0.08 0.03 —0.22 0.29
level. In contrast, Changhua, Wanquan, Lingshui and  Conclusions

Zhubi rivers are all typical mountainous rivers, which have
a lower water-storage capacity and a quicker response to
short precipitation episodes. Nandu River has the largest
catchment areas and water volume. Therefore, these rivers
can transport significant sedimentary loads with associated
pollutants in short periods of time, which place them at a
moderate pollution level.

Several heavy metals in the surface sediments of the major
rivers of Hainan Island were evaluated by different
assessment methods, including contamination factor (CF),
enrichment factor (EF), geoaccumulation index (Igeo),
PCA, and cluster analysis (CA). Wenlan River has the
highest concentrations of Hg, Cr and Zn; Nandu River have
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Fig. 7 Geoaccumulation index 8
(Igeo) of heavy metals in the
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Pearl River. Background of Al
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respectively. The dotted lines
represent the level of Igeo
(Miiller 1981)
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Table 6 The rotated component matrixes of heavy metals in sedi-
ments of Hainan Island rivers

Elements Component
1 2

Hg 0.23 0.22
Cd 0.79 —0.39
As 0.55 0.75
Pb 0.90 —0.02
Cu 0.71 0.62
Cr 0.84 —0.47
Zn 0.92 —0.24
Clay 0.30 0.12
Total variance % 49.09 17.83
Cumulative % variance % 49.09 66.92

Extraction method: principal component analysis

the highest values of Cd and Pb; and Changhua River has
the highest values of As and Cu.

Based on the variations of CF, EF and Igeo, Hainan
Island rivers are in the level of unpolluted to considerable
polluted; Wenlan River is relatively at a moderate to
considerable pollution level; Nandu, Changhua, Lingshui,
Wanquan and Zhubi rivers are at a low-to-moderate pol-
lution level; Beimen and Ningyuan River are at a level of
relatively low pollution.

According to PCA, two different source models exist in
the sediments. Cd, Pb, Cr and Zn are predominantly
originated from anthropogenic sources; whereas, Cu, As
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and Hg from lithogenic sources. Cluster analysis (CA)
grouped eight rivers into three statistically significant
clusters. Wenlan river is relatively at a high pollution level.
Nandu, Changhua, Lingshui, Wanquan and Zhubi rivers
are at a moderate pollution level. Beimen and Ningyuan
rivers are at a level of relatively low pollution. Natural
factors including topography, mines distribution, river
catchment areas and water volume, and anthropogenic
factors including mining, industrial and the local residents
discharge waste caused different heavy metal enrichment
levels in these rivers.
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