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INTRODUCTION

Heavy metals in the environment are not only from
natural sources, such as erosion and weathering process,
but also from anthropogenic emissions, of which the most
important have been the human activities of mining and
smelting (Nriagu, 1998; Boyle et al., 1999; Pacyna and
Pacyna, 2001; Audry et al., 2004; Couillard et al., 2008;
Balogh et al., 2009; Wu et al., 2010). Heavy metals can
be released into the water environment from mining tail-
ings or transported with metal-rich dust during mining ac-
tivities (Ek and Renberg, 2001; Salonen et al., 2006;
Laperriere et al., 2008; Grayson and Plater, 2009; Ostrof-
sky and Schworm, 2011). For example, heavy metals can
be released into the atmosphere during the refining
process due to high temperature smelting (Boyle et al.,
1999; Ek and Renberg, 2001). Acid mining drainage
(AMD) is formed in mining exploitation and the associ-
ated production activities. The AMD effect on the envi-
ronment, often the aquatic environment, can be easily
shown at locations in which heavy metals pose a serious
threat to organisms in the receiving water (Michelutti et
al., 2001; Ostrofsky and Schworm, 2011). Many heavy
metals are toxic to the biota when the concentration ex-
ceeds a specific level (Arnason and Fletcher, 2003; Salo-
nen et al., 2006). The toxicity of heavy metals is due to
their ability to form stable complexes, which may be with
the active site of the denatured protein conformation or
the substitution for the activity of a metal cofactor.

The construction of the Wushan Copper Mine began in
the 1960s (Wu, 1987b), and the goal was to develop the
largest copper mine in Jiangxi, China. The copper remains
active today. During the same period of mine construction
and exploitation, the population of the mine company grew
from 175 in 1966 to 4,077 in 1992 (Li, 1999). Chihu Lake
is located to the northeast of the Wushan Copper Mine, and
the lake shoreline is partly connected to the mine tailing.
Prior to 1989, there was no sewage process system. The
waste water from the spoil and the mine waste was dis-
charged into Chihu Lake through surface or underground
runoff without treatment (Zhao, 1994). The Chihu Lake
water quality has been severely affected by the mine
drainage (Li, 1999). The waste water loading to Chihu Lake
was up to 3.8 million tons, and the Cu loading was 30 tons
in 1989, resulting in a Cu concentration up to 200 mg L–1

in the lake water (Compilation Committee of Chorography
of Science and Technology of Wushan Copper, 1994). In
1989, two sewage treatment plants were installed (Compi-
lation Committee of Chorography of Science and Technol-
ogy of Wushan Copper, 1994). Improved rock processing
and the implementation of waste water treatment can lead
to a reduction in the heavy metal loading to Chihu Lake,
but the risk of the mining activities on Chihu Lake remains.
According to a simple surface sediment survey conducted
by the Nanjing Institute of Geography and Limnology of
the Chinese Academy of Sciences in 2007, the Cu content
ranged from 36.3-382.3 mg kg–1, and the Cd content ranged
from 0.292-10.35 mg kg–1 dry mass. 
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ABSTRACT
Two short sedimentary cores were collected in 2012 from Chihu Lake in the middle Yangtze River Basin using a gravity corer. Heavy

metals, including Pb, Cu, Zn, Cd, Cr, Co, Ni and Mn, and major elements, including Al, Fe, K, Mg and Ti, were measured. Radionuclides,
including 210Pb and 137Cs, were analyzed to date the sediments. The Mn enrichment in the sediments of the two cores did not significantly
influence the distribution of the heavy metals. The Pb, Cu, Zn, Cd, Co and Ni contents have increased over the past 30 to 40 years. The
decrease in the 206Pb/207Pb ratios toward the surface also indicated increasing mining sources of Pb loading to the lake sediments. The
maximum concentration of Cu, Zn and Cd recorded in the 1990s was 2047, 1343 and 60.9 mg kg–1 dry mass, respectively, and the max-
imum enrichment factors of Cu, Zn and Cd were 62, 16 and 206, respectively. The heavy metal enrichment at Chihu sediment was high
overall because of the mining waste discharge.
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Paleolimnology offers a unique historical perspective
for the study of the effects of the Wushan Copper Mine
activities on Chihu Lake and the pre-disturbance environ-
mental conditions of the lake. An analysis of the trace
metals in the lake sediment cores with the chronology can
provide valuable insights into the historical metal inputs
(Boyle et al., 1999; Rose et al., 2004; Yang and Rose,
2005; Couillard et al., 2008). Heavy metals in the Chihu
Lake sediments include not only the anthropogenic source
but also the metal from the natural input of the catchment.
Geochemical methodologies use highly conserved ele-
ments, such as aluminum, iron, lithium and rubidium, to
detect and quantify the anthropogenic metals input
(Franco-Uria et al., 2009; Yao et al., 2009), assuming that
these elements are not influenced by human activity and
can reflect catchment input. In addition, the use of stable
Pb isotopes can enhance our understanding about the
sources of the Pb in the input, and this analytical tool has
been widely used in different ecosystems, including lake
sediments(Farmer et al., 1997; Marcantonio et al., 2002;
Cheng and Hu, 2010). 

Mining activity is as a point source pollution, and its ef-
fect may primarily be limited to the surrounding environ-
ment. In this study, we analyzed two sediment cores from
Chihu Lake, examining the changes in the heavy metals
over time and evaluating the anthropogenic and natural
heavy metal inputs on the whole Lake Chihu ecosystem. 

METHODS

Study site

Chihu Lake

Chihu Lake, lying on the southern bank of the Yangtze
River (Fig. 1), is situated in the administrative region of
Ruichang County and Jiujiang County. Chihu Lake had
an area of 100.4 km2, but the reclamation during the
1950s-1970s (Compilation Committee of Chorography of
Ruichang County, 1990) and the project from 2011-2013
reduced the lake to 30.4 km2 (Fig. 1). The lake is shallow
with a mean depth of 2.8 m and max depth of 3.5 m. The
catchment area is 360.0 km2 (Wang and Dou, 1998).
Chihu Lake is controlled by a subtropical monsoon cli-
mate with an average annual temperature of 16.5°C, 1394
mm of annual precipitation and 260 frost-free days in each
year (Wang and Dou, 1998).

Nanyang River, originating from the northwestern
hillocks, is the most important inlet river, with a length of
30 km. In the 1970s, the river turned into two adjacent
rivers for flood control during the summer. In 1954, a dam
was installed at Pengjiawan (PJW) (Compilation Commit-
tee of Chorography of Ruichang County, 1990) (Fig. 1).
Since then, Chihu Lake has become a reservoir-type lake
under artificial control. A significant amount of materials
from the Yangtze River entered the lake during the summer

when flooding occurred and was deposited in the lake be-
fore the establishment of the dam. The water level averaged
14.60 m asl, with a maximum of 17.00 m in July 1983 and
a minimum of 12.49 m in July 1968 (Wang and Dou, 1998). 

The pH of the Chihu Lake water is 8.0-8.7. The Ca2+,
Mg2+, Na+ and K+ contents are 37.9 (27.2-48.7) mg L–1,
7.63 (6.08-9.73) mg L–1, 4.53 (0.97-3.57) mg L–1 and 2.25
(3.21-6.40) mg L–1, respectively. The TN and TP values
are 0.72 (0.23-3.6) and 0.040 (0.025-0.070) mg L–1, re-
spectively. Macrophytes are abundant in Chihu Lake. Ac-
cording to an investigation in 1964, the biomass of the
macrophytes in the entire lake averaged 2180 kg per acre
(Wu, 1987a). A survey conducted in 1985 revealed that
the lake was dominated by Potamogeton malaianus Miq.,
Vallisneria spiralis L. and Hydrilla verticillata Royle (Wu,
1987a).

Copper mine

The Wushan Copper Mine contains two ore belts, the
Wushan south ore belt and the Wushan north ore belt. The
south ore belt contains skarn and porphyry Cu orebodies,
which occur at the contact zone of the granodiorite por-
phyry. The north ore belt contains stratiform Cu ore bod-
ies at the lithological boundary between the basal
siliciclastic rocks and the overlying carbonates of the
Middle Carboniferous Huanglong Formation or in frac-
ture zones within the Huanglong Formation carbonates.
The mine contains 1.04-1.17% Cu and a smaller amount
of Au and Ag (Huang et al., 1990). 

Mine exploration in Wushan began in 1959 and con-
tinued until 1965. The Wushan Copper Mine construction
was between 1966 and 1985(Compilation Committee of
Chorography of Science and Technology of Wushan Cop-
per, 1994). In 1970, a contemporary extraction plant was
constructed, and 649.4 tons of copper was extracted until
1971(Compilation Committee of Chorography of Science
and Technology of Wushan Copper, 1994). From 1977-
1983, 300,855 tons of rock was processed in the new ex-
traction plant, averaging approximately 220 tons per day.
From 1986-1990, the extraction plant was reconstructed,
and approximately 800 tons of rock could be processed
per day (Compilation Committee of Chorography of Sci-
ence and Technology of Wushan Copper, 1994). During
the 9th Five-Year (1996-2000), the rock processing capac-
ity at the extraction plant elevated from approximately
1100 tons to 2500 tons per day (Wu et al., 2001). The ore
process in 2009 was as high as 5000 tons per day.

A tailing reservoir near the Chihu Lake was estab-
lished in 1970. The storage capacity of the tailing reser-
voir is 460,000 m3. Up to 1990, 845,500 tons of waste
rock was deposited in the tailing reservoir. Waste rock de-
posited before 1992 in the tailing reservoir contains
0.538% Cu, whereas waste rock deposited after 1992 con-
tained 0.3% Cu (Wang, 1997). Large amounts of spoil
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were deposited in the land area of the mine region. An
analysis in 1977 revealed that the Cu concentration in the
leaching water from these spoils was as high as 4750 mg
L–1 during raining days (Anomournas, 1977). The mine is
located on the western shore of Chihu Lake (Fig. 1) and
is one of the primary environmental factors affecting the

lake water quality in addition to non-point-source loading
from land uses in the lake catchment area. 

Sampling and laboratory analysis
Two short sedimentary cores, CH1 and CH2, were ob-

tained in 2012 from the eastern and western parts of Chihu

Fig. 1. Location of the study area showing Chihu Lake and the coring sites. The dotted line representing the lake area is modified from
Wang and Dou (1998).
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Lake, respectively, using a gravity corer with a diameter
of 5.9 cm (Fig. 1). The lengths of the two cores were 89
and 95 cm, respectively. The core sediments were sec-
tioned at 1.0 cm intervals. The slices were oven dried at
60°C for approximately 72 h. The two cores were selected
for radiometric dating using 210Pb and 137Cs. 

210Pb and 137Cs were determined using EG and G Ortec
Gamma Spectrometry at the Nanjing Institute of Limnol-
ogy and Geography of the Chinese Academy of Sciences.
137Cs was measured at 662 keV, whereas 210Pb was deter-
mined via gamma emission at 46.5 keV. 226Ra was de-
tected in 295 and 352 keV γ-rays emitted by its daughter
isotope 214Pb (Wan et al., 1987). The magnetic suscepti-
bility was measured using a dual frequency Bartington In-
struments MS2 sensor. The loss-on-ignition (LOI550)
procedure followed the protocol by Heiri et al. (2001).
The dried and ground samples (approximately 0.125 g
each) were digested with HCl-HNO3-HClO4 in a Teflon
beaker. Elements, including Pb, Cu, Zn, Cd, Cr, Co, Ni
and Mn, were measured using inductively coupled plasma
mass spectroscopy (ICP-MS) (Agilent Technologies,
Santa Clara, CA, USA, 7700x). Elements, including Al,
Fe, K, Mg, Ti, Ca and total phosphorus (TP), were meas-
ured using ICP-AES (Leeman Labs, Hudson, NH, USA;
Profile DV). The data quality was ensured using dupli-
cates, blanks, and standard reference materials, such as
GSD-18, which was supplied by the Chinese Academy of
Geological Sciences. The recoveries of the metals varied,
but all of the values were over the range of 92-105%, and
the relative standard deviation (RSD) was less than 8%.
Replicates were measured on each sediment sample. The

isotopes 206Pb, 207Pb and 208Pb were measured using ICP-
MS. An international standard reference material
(SRM981-NIST) was selected for calibration. The aver-
age measured ratio of 206Pb/207Pb of the external standard
(GBW04426) was 1.1518±0.0008 (for seven replicates).
A good agreement was obtained between the measured
lead isotope ratios and the certified values for GBW04426
(1.1525). 

RESULTS 

Sediment chronology

In the CH1 core, the first appearance of 137Cs was
recorded at 28.5 cm (Fig. 2), which can be dated to the
early 1950s, assuming that there was no vertical immigra-
tion of 137Cs in the core. 137Cs peaked at 20.5 cm, which
may be dated to 1963 and corresponds to a nuclear test in
the early 1960s, although there was another peak at a
depth of 8.5 cm. The later peak was not selected as the
1963 time marker because erosion could have subse-
quently brought deposited 137Cs in the catchment into
Chihu Lake. 137Cs peaked at 20.5 cm in the CH1 core, sug-
gesting an average sediment rate of 0.42 cm a–1.

Using the CIC (constant initial concentration) model
of 210Pb, the average sediment rate of 0.84 cm a–1 can be
calculated in the section in the CH1 core, which was quite
different from 137Cs result. 210Pb CRS (constant rate of
supply of 210Pb ) model and composite model from CRS
are commonly used to date sediment ages of shallow lakes
at Yangtze River Basin (Rose et al., 2004; Wu et al., 2008;
Liu et al., 2012; Yao and Xue, 2015). The CRS model

Fig. 2. Vertical profiles of 226Ra, 210Pbt (total 210Pb), 210Pbex and 137Cs at Chihu Lake.
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gave an age of around 2000 at 20.5 cm depth where 137Cs
peaked revealing the discrepancy between the two meth-
ods. It can be found that at the bottom of the CH1 core,
the 210Pb reached equilibrium with 226Ra, implying that the
bottom of the core was approximately 130-150 years old.
In this study we selected composite model of 210Pb to date
CH1 core using the 137Cs date as a reference point. 

In the CH2 core, the first appearance of 137Cs was
recorded at 32.5 cm, and 137Cs then peaked at 24.5 cm (Fig.
2), corresponding to the early 1960s. The 137Cs marker gave
an average sediment rate of 0.51-0.56 cm a–1. An average
sediment rate of 0.71 cm a–1 in the layers of 0-42.5 cm also
can be obtained using the CIC model based on the relation-
ship between the excess 210Pb and the sediment depth in the
CH2 core. The inconsistency between the two independent
methods suggested that the 210Pb CIC dating method was
unsuitable for sediment layers of 0-42.5 cm at the CH2 site.
For sediments below 54.5 cm, the dates also cannot be ob-
tained due to the very high activities of the excess 210Pb
(Fig. 2). In this study, we established the sediment chronol-
ogy of the upper 32.5 cm layers of the CH2 core from the
137Cs distribution. For the lower parts of the core, the sedi-
ment age was used based on the comparison of the mag-
netic susceptibility, showing an excellent correlation
between CH1 and CH2 with small differences in the depth
of the two significant peaks (Fig. 3). 

LOI550, Ca and TP

Generally, the two cores showed an increase in the
LOI550 with decreasing depth, except for the top 10 cm lay-
ers of the CH1 core (Fig. 4). Very low values of the LOI
occurred in certain layers between 40 and 65 cm of the
CH2 core. The continuous increase in the LOI550 represents
the increasing organic matter in the lake sediment, which
is comparable to the pattern in the organic matter previ-

ously reported for recent lacustrine sediments from the
Yangtze River Basin (Xue et al., 2010; Zhang et al., 2010).
The TP concentrations were relatively low at depths less
than 60 cm in the two Chihu cores (Fig. 4). In the upper
60 cm sediments, the TP value remained relatively stable,
although a small increase can be observed in the upper-
most layers. The Ca concentrations were higher in the
upper 25 sediments compared with those in the lower part
in the CH1 core (Fig. 4). In the CH2 core, the Ca contents
generally decreased from the bottom to approximately 30
cm then increased upward to 8.5 cm and, finally, showed
a decrease to the surface sediment (Fig. 4). 

Changes in the metals and the 206/207Pb in the cores 

In the CH1 and CH2 cores, the Fe, Al, K, Mg and Ti
contents decreased from 30 cm to approximately 15 cm

Fig. 3. Sediment magnetic susceptibility (cmass) of the CH1
core and the CH2 core.

Fig. 4. Depth profiles of the LOI, Ca and TP in the cores from Chihu Lake.
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and then remained relatively stable (Fig. 5). Significant
changes in the Fe, Al, K, Mg and Ti contents can be ob-
served between 40 and 65 cm in the CH2 core. Fe is dia-
genetic and mobile in many aquatic systems, depending
on the redox conditions (Boyle et al., 1999). The small
increase in the Fe content in the upper sediments and the
synchronous changes with Al, K and Mg indicated that
this metal was not significantly influenced by the diage-
netic remobilization process (Fe:Mn) within the Chihu
sedimentary cores (Fig. 5). 

Fig. 6 presents the heavy metal profiles for the Chihu
Lake cores. Generally, Pb, Cu, Zn, and Cd increased
sharply from approximately 25 cm to 12.5 cm and then a
slight decrease until 4.5 cm. The maximum concentrations
for Pb, Cu, Zn and Cd were 77.6, 337, 325 and 9.31mg
kg–1 dry mass, respectively in the CH1 core. Cr, Co and
Ni profiles paralleled those of Fe, Al, and K in the CH1
core (Figs. 5 and 6). The Mn concentration demonstrated
a very high value in the 13-14 cm sediment in the CH1
core. The maximum concentrations for Pb, Cu, Zn and Cd
were 174, 2047, 1343 and 60.9 mg kg–1 dry mass, respec-
tively, in the CH2 core. The Mn concentration increased
sharply in the uppermost sediments in the CH2 core. 

The 206Pb/207Pb and 208Pb/206Pb ratios showed a signifi-
cant decrease or increase (P<0.01) after the 1960s (at ap-
proximately 25 cm) in the CH2 core (Fig. 7). At depths less
than 15 cm, the 206Pb/207Pb or 208Pb/206Pb ratios were rela-
tively stable, and these ratios showed a linear relationship.

PCA analysis

After testing the suitability of the dataset for factor
analysis the multivariate technique of principal compo-
nents analysis (PCA) varimax rotation was applied to the
analyzed matrix of the metals, the LOI, TP and magnetic
susceptibility of the Chihu sediments. Rotation of the fac-
tor solution is required for an improved interpretation.
Two significant components were distinguished from the
analyzed data. To interpret a group of variables to be as-
sociated with a particular factor, loadings greater than 0.6
were considered. 

The first axis explains 58% of the total variance con-
tribution in the CH1 core sediment, correlate positively
with Al, Fe, K, Mg, Ti, Cr, Co, Ni and the magnetic sus-
ceptibility and negatively with Ca (Tab. 1). The first axis
primarily reflected the detrital input from the catchment.
The second axis, explains 33% of the common variance
of the data set, is highly loaded with Cu, Cd, Pb, Zn, Mn,
LOI and TP (Tab. 1), which primarily represented the
materials of anthropogenic influence. The results of the
PCA analysis of CH2 were different from those of CH1
(Tab. 1). The first axis explains 46% of the total variance
contribution in the CH2 core sediment, correlate posi-
tively with Cu, Cd, Pb, Zn, Mn, Co, Ni and LOI,
whereas the second axis is positively loaded with Al, Fe,
K, Mg, Ti, Cr, TP and the magnetic susceptibility, and
negatively with Ca (Tab. 1).

Fig. 5. Depth profiles of the major elements and Fe:Mn ratio in the cores from Chihu Lake. a) CH1 core. b) CH2 core.
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Enrichment factors
Enrichment factors (EF) are commonly used to point

out the degree of heavy metal pollution in sediments by
normalizing the elemental distributions to a conservative
element, such as Al, Fe or Ti (Covelli and Fontolan, 1997).

These elements including Al, Fe and Ti are derived
from the weathering of the parent materials in the local
bedrock and reflect the natural variability in the sedi-
ments. Al, Fe and Ti have been widely used as tracer ele-
ments in heavy metal pollution studies. In this study, Al
was used to generate the enrichment factors. If the lake
sediments completely originated from the initial soil or
bed-rock without an anthropogenic influence, then the EF
value should be 1. When the EF value is larger than 1,
there should be another source in addition to a natural
input, which can be attributed to an anthropogenic input.
The contents of the metals in the lower section of the two

Chihu Lake cores (deposited before 1950s) were generally
low and constant, indicating limited pollution due to a
lower population, few industrial activities (such as mining
and refining) in the catchment. Thus, the sediments prior
to 1950s were used as the background for the assessment
of trace metals pollution in the present work.

The EF values of Cr showed nearly no fluctuation
from the bottom to the surface, which indicated that the
element in the lake sediments had little or no anthro-
pogenic influence. The EF values of Cd, Cu, Pb, and Zn
retained the synchronous trends with their concentrations,
which started to increase approximately during the 1960s
(Fig. 8). This fact implies that these elements received
more anthropogenic inputs after the 1960s in Chihu Lake
than prior to that decade. The anthropogenic input of Cd,
Cu, Zn, and Pb increased rapidly to 13 cm and, after-
wards, showed a small increase or remained stable. 

Fig. 6. Depth profiles of the heavy metals in the cores from Chihu Lake. a) CH1 core. b) CH2 core.
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DISCUSSION

Metal mobility

For heavy metals released from mining waste, the
studied lake is a suitable sink because heavy metal records
have demonstrated a succession, which most likely relates
to different solubility and adsorption properties of the
metal cations. These metals were released via the oxida-
tion process and were transported with acid waters leaking
from the mine area until they were buried in the Chihu
Lake sediment by adsorbing to the organic matter or by
precipitation process. The solubility of lead is less than
that of copper and zinc (Adriano, 1986), which most
likely explains the anthropogenic lead increase approxi-
mately 10 years later (Fig. 8).

Manganese enrichment in the surface sediments of the
lakes around the world is common, which may cause
metal redistribution (Boyle, 2001). In our study, the Mn
contents in the surface sediments (the top 5 cm) were sig-
nificantly elevated in the CH2 core, and a very high Mn
value occurred at 13 cm of the CH1 core (Fig. 6). The
PCA revealed that the Mn changes are not controlled by
debris input in the lake (Tab. 1). The source of Mn from
mining activities can also be excluded because the Mn
profiles were not parallel to Cu and Cd, which were pri-
marily from mining waste. Therefore, these extreme
changes in Mn imply a reactive Mn redox chemistry. The
Mn in the sediments is dissolved under reducing condi-
tions, migrates upward and accumulates in the oxidized
surface sediments. However, in this study, the Mn redox
cycling did not appear to significantly influence the redis-

tribution of the trace elements because these elements did
not show very high concentrations in most of the layers
in which Mn was enriched. 

The changes in the heavy metal contents related to
mining are reproduced among the two cores, suggesting
that they exhibit a relatively conservative behavior in the
Chihu Lake sediments. The rapid upcore increase in the
Cu, Pb, Zn and Cd concentrations in the two cores indi-
cates little reworking of these metals within the sediments.
Therefore, once incorporated into the sediments, it is un-
likely that these mining-related metals were significantly
altered by post depositional processes in the Chihu Lake
sediments. 

Evidence for anthropogenic heavy metal
contamination

The pre-mining heavy metal concentrations (e.g., Cu,
Zn, and Cd) were relatively stable and were similar to the
historic concentrations reported from Poyang Lake in
Jiangxi (Liu, 1990; Yuan et al., 2011). The recent sedi-
ment Cu, Cd, Zn and Pb concentrations in the Chihu Lake
were more variable due to the effect of human activities,
such as mining. The maximum sedimentary contents of
the heavy metals related to copper mining were excep-
tionally high and above the standards for marine sediment
and soils (GB18668-2002, GB15618-2008). The maxi-
mum concentration for Zn exceeds 1000 mg kg–1 dry mass
(DM), 2000 mg kg–1 DM for Cu and 60 mg kg–1 DM for
Cd (Fig. 6). These values are more than one or two orders
of magnitude higher than the mean background levels for
unpolluted lake sediments in the middle Yangtze River

Fig. 7. Depth profiles of the Pb isotope ratios, 206Pb/207Pb vs 208Pb/206Pb, at the CH2 core from Chihu Lake.
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drainage (Liu, 1990; Liu et al., 2007; Yuan et al., 2011;
Wu et al., 2012; Bing et al., 2013). However, comparable
high heavy metal contents have been found elsewhere,
e.g., from Moshui Lake, receiving a high metal load due
to the rapid urbanization and industrialization in Wuhan
City (Liu et al., 2008). Chen et al. (2008) have also re-
ported that the lead, zinc and copper concentrations in
stream sediments exceeded 1% DM, extending kilometers
away from the mining activities. 

Hilton et al.’s (1985) procedure can be used to detect
the contribution of the anthropogenic heavy metal pollu-
tion. This procedure is performed by identifying a depth
at which the heavy metal concentrations vary independ-
ently. At the Chihu Lake, such a depth can be simply iden-
tified for Pb, Cu, Cd, Zn, Co or Ni, thus making it possible
to determine the anthropogenic heavy metal contribution
(Fig. 9). For Cr, the depth cannot be identified, thus mak-
ing it difficult to determine the anthropogenic Cr contri-
bution (Fig. 9). A lower anthropogenic contribution of Cr
to the Chihu Lake sediments relative to the natural sources
may explain the difficulty. In addition, high sediment rates
further caused the low enrichment of Cr in the lake.
Therefore, mining activities did not appear to significantly
influence the Cr concentration. 

Lead (Pb) is a particularly well-known pollutant asso-
ciated with mining and other human activities, such as ve-
hicle transportation, coal combustion, lead ore
exploitation and use, among others. Lead can be easily
transported to aquatic systems by river or atmosphere. The
206Pb/207Pb ratios for the pre-mining Chihu sediments were
approximately 1.20. And the value of 1.20 for 206Pb/207Pb
can be regarded as background value at Chihu Lake. The
copper mining source of lead showed a 206Pb/207Pb value
of 1.151-1.152 (Huang et al., 1990). Regional sources of
lead also have a relatively low value of 206Pb/207Pb (Fig.
10). In the CH2 core of Chihu Lake, the 206Pb/207Pb ratios
remained low or continued to decrease in recent sedi-
ments, indicating the increasing anthropogenic source of
lead to the CH2 site over the past decades (Fig. 7). 

Sources of anthropogenic heavy metal

The legacy of this Cu mining manifests itself within
the local soils and the sediments of Chihu Lake. Cu, Pb,
Zn and Cd anomalies in the local soils have been identi-
fied in the mining area (Liu et al., 1986) and have been
linked to mining activities at the Wushan Copper Mine.
The concentrations of Cu, Pb, Zn and Cd in the Chihu
Lake sediments were significantly enriched, also reflect-
ing the influence of the mining waste at the Wushan Cop-
per Mine.

The mining effect may be limited in areas adjacent to
the mine, or they can be transported off-site. There is a
heavy metal (Cu, Pb, Zn, and Cd) decline with the dis-
tance from the source in the Chihu Lake sediment record.

The distance-decline effect is related to the mechanism
by which the pollution metal is transferred to the sediment
record. The sediments of the CH2 core, located near the
Wushan Copper Mine, received large amounts of heavy
metals from the drainage of the mine waste and a lesser
amount of atmospheric deposition of heavy metals. The
lead isotopic ratios and the metal contents revealed an-
thropogenic loading of the heavy metals into the lake after
the 1960s, which corresponds to a period of Wushan Cop-
per Mine exploitation and development. 

In contrast to Cu or Cd, which showed very high EF
values, the enrichment factors of Pb in the topmost sedi-

Tab. 1. Factor loadings after the Varimax rotation (PC extracted
2 factors).

              CH1 core             CH2 core
                            Axis 1            Axis 2                  Axis 1         Axis 2

Al                          0.94                                                                0.94
Fe                          0.98                                                                0.97
K                           0.95                                                                0.89
Mg                        0.97                                           -0.72            0.65
Ti                          0.94                                                                0.88
Mn                                               0.83                     0.66
Ca                         -0.81                                                               -0.93
TP                                                0.62                                         0.89
c                            0.87                                                                0.79
Zn                                                0.97                     0.97
Cr                          0.98                                                                0.96
Co                         0.95                                            0.98
Ni                          0.99                                            0.97
Cu                                                0.89                     0.96
Cd                                                0.83                     0.93
Pb                                                0.95                     0.97
LOI                                              0.89                     0.89

LOI, loss on ignition.

Fig. 8. Enrichment factors of the heavy metals at the Chihu Lake
sediment cores.
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ments were approximately 7 and 2 in CH2 and CH1, re-
spectively (Fig. 8). The extent of the Pb enrichment at the
CH1 site was comparable to many lakes located in the
middle and Yangtze River Basin in which there is no point
pollution of Pb (Rose et al., 2004; Liu et al., 2007; Yao et
al., 2009; Yuan et al., 2011). The low enrichment of Pb at
CH1 implies that the atmospheric source of Pb loading to
the lake cannot be ignored or may even be a major source
to the lake sediment at the CH1 site. 

To further investigate the possible sources of Pb in the
sediments, the Pb isotopic compositions of the sediments
were compared with the mining ores and other environ-
mental samples (Fig. 10). The plot of the 206Pb/207Pb and
208Pb/206Pb ratios of the CH2 core sediments represents the
Pb isotopic compositions during different historical peri-
ods. Prior to the 1960s, the 206Pb/207Pb ratios were at their
highest, representing the background values during the
pre-mining era (Fig. 10). Since the 1960s, the 206Pb/207Pb
ratios have decreased, and have more closely resembled
those of the mining materials (the Wushan copper)
(Huang et al., 1990) and the regional sources of lead
(Mukai et al., 2001; Zhang et al., 2006). The similar sig-
nature of the isotopic composition makes it difficult to
quantitatively identify the local or regional sources of lead
pollution of the Chihu Lake sediment. If the CH1 site pri-
marily receives an atmospheric input of lead, then the
mining waste source of Pb at CH2 was 0.001 g cm–2 esti-
mated from the comparison of the anthropogenic flux of
Pb in the two cores. 

Historical change in the anthropogenic heavy metals 

The similar heavy metal pollution signals identified
within the two sediment cores of Chihu Lake allows them
to be compared with the mining activities and the Cu pro-
duction at the Wushan Copper Mine. Detailed records
exist for the Wushan Copper Mine, including dates for the
start of Cu mining, the population of the mine and for ore
production (Compilation Committee of Chorography of
Science and Technology of Wushan Copper, 1994; Li,
1999; Wu et al., 2001). 

Mining began in 1970 in the Wushan Copper Mine
area; however, the onset of changes in the sedimentary
heavy metal profile was approximately during the early
1960s in the two cores, which appears to predate the open-
ing of the copper mining era. Although there is a level of
uncertainty in the 210Pb dating and the bioturbation, re-
suspension, and diffusion that can distort the onset of
changes in the sedimentary record, another explanation
must be considered. The Wushan Copper Mine construc-
tion that started in 1966 can also enhance the metal (such
as Cu) loading into the Chihu Lake sediment. Population
changes at the Wushan mine demonstrated a strong rela-
tionship with the Cu concentration after 1965 (Fig. 11),
further confirming the above explanation. From 1978-
1985, new techniques were introduced, leading to a rapid
increase in the production and processing (Compilation
Committee of Chorography of Science and Technology
of Wushan Copper, 1994). In addition, the population in-

Fig. 9. Baseline estimates based on the procedure of Hilton et al. (1985). The filled squares represent samples that have a metal contri-
bution from pollution. The open circles are those samples in the pre-mining period.
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creased rapidly during this time. Therefore, copper and
other metals in the Wushan Lake sediments increased
sharply during this period. However, after the mid-1980s,
the Cu concentration did not parallel the ore production
(Fig. 11). An analysis of the waste rock from the
tailing reservoir revealed that after 1992, the Cu content
decreased from 0.538% to 0.3% (Wang, 1997), which in-
dicated the effect of the introduction of mining waste
treatment in 1989.Additionally, most likely after 1989, the
environmental protection, such as waste treatment, re-
sulted in the reduced loading of the heavy metals from the
mining waste to Chihu Lake. 

Influence of mining pollution on the lake plants 

The LOI began to increase after the 1950s in both of
the cores. However, the magnitude of the increase of the
LOI in CH1 was larger than that in CH2 (Fig. 12). There
are two explanations for the difference in the two cores.
First, more phosphorus inputs in the CH1 site caused
more aquatic plants to grow; therefore, more organic mat-
ter was deposited compared with the CH2 site. Second,
the abundance of aquatic plants was affected by the min-
ing waste. The CH2 site was close to the Wushan copper
mining area, whereas the CH1 site was relatively distant
from the copper mine. The heavy metal analysis also re-
vealed that the CH2 site was heavily polluted with a Cu
concentration above 1000 mg kg–1 dry mass. The macro-
phyte surveys conducted in 1985 indicated the decrease
of the aquatic plants in the lake area near the mine (Wu
and Wu, 1996). In addition, human actives in the lake,
such as crab farming, may be the reason for the LOI de-
cline after the 1980s in the CH1 core.

The anthropogenic phosphorus was estimated from the
TP normalized by Al for Chihu Lake sediments (Fig. 12)

(Wu et al., 2008; Liu et al., 2012). The increasing an-
thropogenic phosphorus inputs to Chihu Lake seems not
to be related to the mining waste input because the phos-
phorus profiles did not parallel those of Cu, Zn, Pb and
Cd. In addition, anthropogenic phosphorus contents
were lower in CH2 than those in CH1 (Fig. 12); the latter
being the site closer to the mine pollution source. Re-

Fig. 10. The relationship between the 206Pb/207Pb and 208Pb/207Pb
ratios of the sediments from Chihu Lake with other sources
(ores, aerosols, coal dust, gasoline) from the middle and lower
Yangtze region as reported in the literature (Mukai et al., 2001;
Zhang et al., 2006). The anthropogenic Pb that accumulated in
the CH2 core sediments of Chihu Lake was estimated from the
enrichment factors (Shotyk et al., 2003; Yao et al., 2013).The
isotopic compositions of the anthropogenic Pb were estimated
using the mixing model following Bindler et al. (2001).

Fig. 11. Comparison of the enrichment factors of Cu in the CH2 core with the population at the Wushan Copper Mine (left) and with
the mine production (right) (Wu et al., 2001).
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gional development, including farming activities and
sewage input, can be the primary contribution to the ris-
ing phosphorus in the sediments over the past decades
in Chihu Lake. Increases in the organic matter over the
past decades should be primarily due to the increased
growth of the aquatic plants rather than catchment input
at CH1 site. Preservation was an important factor for the
increasing organic matter deposition in CH2 site.

A survey conducted in 2007 showed that Chla was 3.6
μg L–1, and TP was 40 μg L–1. The water TP concentration
was in the range of the background value of the Yangtze
lakes (Yang et al., 2008; Chen et al., 2011). The increased
nutrient input to Chihu Lake, caused macrophyte commu-
nities to flourish, and contribute the low TP concentration
in the water. Brenner et al (1999) and Zhang et al. (2012)
have found this phenomenon in macrophytes-dominated
shallow lakes. The gradual loss of the macrophytes near the
mining area, including the CH1 site, risked the transforma-
tion of macrophytes domination to algae domination. 

CONCLUSIONS

The heavy metal content, the reference elements and
the lead isotope ratios were used to detect the heavy metal
pollution in the sediments from two cores extracted from
Chihu Lake in the middle Yangtze River Basin in China.
The Pb, Cu, Zn, Cd, Co and Ni contents have increased
over the past 30 to 40 years. The maximum concentration
of Cu, Zn and Cd recorded in the 1990s was 2047, 1343
and 60.9 mg kg–1, respectively. The heavy metal enrich-
ment was high overall because of the mining waste dis-
charge from the Wushan Copper Mine. The Cu
concentrations in the sediment cores were not completely
parallel to the copper ore production because the environ-
mental protection measures, such as waste treatment, have
resulted in the reduced loading of heavy metals from min-
ing waste to Chihu Lake after the late 1980s. 
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