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� Sediment cores were collected from reservoir sediments of the Pearl River Delta.
� Cu, Zn, Ag, Cd, and As were significantly accumulated during last three decades.
� Heavy metals were strongly associated with algal organic matter in the sediments.
� Principal component analysis was used to assess the enrichment of heavy metals.
� Sedimentary process of heavy metals was affected by primary productivity.
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Several sediment cores from the Pearl River Delta were collected to investigate the relationship of trace
metal contamination with algae-derived organic matter in the last 50 years. Trace metals were analyzed
with ICP-MS, and algal organic matter (AOM) was measured with Rock-Eval pyrolysis. It was found that
Cu, Zn, Ag, Cd, and As were elevated in the last three decades from three reservoirs, while all of the target
metals showed no significant enrichment in estuarine sediment cores. Cu, Cr, Co, Cd, Zn, Ag, Ni, As, and
Mn normalized to Ti were strongly associated with AOM in the sediments of eutrophic reservoirs, sug-
gesting that AOM played an important role in controlling the accumulation of trace metals. Principal
component analysis (PCA) and enrichment factor (EF) were also used to assess the enrichment of trace
metals. The above result indicated that the sedimentary process of As, Cd, Cu, Zn, Ni, Cr, Co, Ag, and
Mn was significantly affected or/and controlled by primary productivity in eutrophic, non-point polluted
reservoirs.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Heavy metals in fast industrialization areas are one of the envi-
ronmental problems. When they enter the aquatic system, they are
mainly bound to particulate matter and eventually settled into
sediments. Numerous investigators have investigated the contam-
ination of heavy metals in the aquatic ecosystem (Fernandes, 1997;
Vicente-Martorell et al., 2009).

During the recent years, significant impacts of natural organic
matter (NOM) on distribution of mercury in sediments have been
observed (Kainz et al., 2003; Kainz and Lucotte, 2006). Algal
organic matter (AOM) as a biological pump effect in Arctic and
sub-Arctic lakes may significantly affect the concentrations of mer-
cury in sediments during the past decades (Sanei and Goodarzi,
2006; Outridge et al., 2007; Carrie et al., 2009; Stern et al., 2009).
Although one investigation (Kirk et al., 2011) on fourteen Canadian
Arctic and sub Arctic lakes suggested that phytoplankton was not
an important factor in controlling mercury concentrations of sedi-
ments, recent studies on some Chinese lakes indicated important
impacts of AOM not only on activity of 210Pb but also on contents
of polycyclic aromatic hydrocarbons in sediments (Xu et al., 2011;
Wu et al., 2012). Therefore, the accumulation mechanism of con-
taminants by AOM in sediments and its affecting factors need fur-
ther investigations.

Pearl River Delta (PRD) covers an area of 461,000 km2 with sub-
tropical monsoon climate and has become one of the most devel-
oped regions in China in recent years (Wong et al., 2003).
Nonpoint source pollution of heavy metals in the PRD has not been
well investigated, especially in suburb and rural aquatic environ-
ments. Reservoirs in these areas, which are mainly fed by the pre-
cipitation, are suitable to the investigation on non-point source
pollution of heavy metals. Atmospheric deposition is the major
pathway of heavy metals in this aquatic system. Moreover, the
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accumulation and deposition of heavy metals in different trophic
aquatic systems may experience different processes (Sanei and
Goodarzi, 2006). Therefore, it is essential to assess their contami-
nation levels and biogeochemical cycling.

This study investigated the accumulation of heavy metals
during sedimentary process in a period of 50 years in subtropical
reservoirs far from industrial centers. Deposition history of heavy
metals was analyzed by using 210Pb and 137Cs radiometric dating.
The relationship between heavy metals and algae-derived organic
matter was also studied. Other processes such as physical and bio-
logical disturbation, sedimentation mechanism, hydrologic effect,
diagenesis and remobilization were also taken into consideration.
This study would help to assess the actual anthropogenic impacts
and to improve the environmental management and abatement
policy in the PRD.
2. Methodology

2.1. Study areas

Three reservoirs (Zengtang, Lian’an, and Xingfengjiang) in the
PRD were chosen to collect the sediment cores. Some basic proper-
ties of these three reservoirs are shown in Table S1 in Supporting
data.

Zengtang reservoir (ZT) (23.22�N, 113.76�W) is a shallow, meso-
eutrophic lake located in the east of Zengcheng city, and covers a
surface area of 2.53 km2 with a catchment area of 34.4 km2. It
has a mean depth of 2.5 m and maximum depth of 5 m. It is about
35 km away from the southern industrial center in Guangzhou. It is
mainly fed by rainfall and heavily influenced by the atmospheric
input. ZT reservoir had been an oligo-mesotropic lake before
2003, and then has been becoming an eutrophication lake due to
increasing nitrogen and phosphorus by fry misuse (Liu et al., 2011).

Lian’an reservoir (LA) (23.4�N, 113.66�W) covers a catchment
area of 43 km2 and is the largest drinking-water reservoir in Zen-
gcheng city. It is situated in the northwest of ZT reservoir and is
Fig. 1. The location of sampling sites
far away from the southern industrial center in Guangzhou. A
dam was constructed in 1960, which raised the water level to its
maximum depth of 60 m. According to the aquatic data we col-
lected, this reservoir can be classified as a mesotrophic lake and
is mainly fed by precipitation.

Xinfengjiang reservoir (XFJ) (23.77�N, 114.57�W) is the largest
reservoir in Guangdong province, which covers a surface area of
370 km2 and a catchment area of 5730 km2. It has supplied drink-
able water to several cities since the construction in 1958. The
average depth of XFJ is 28.7 m and the maximum depth is more
than 93 m. In order to prevent the water pollution, industry activ-
ity is prohibited. Especially after 1990, a lot of efforts were taken
for the management and protection of this valuable reservoir.
Therefore, the reservoir maintains low nutrient level and low aqua-
tic biomass, and has been classified as an oligotrophic lake by
many investigators (Lin et al., 2003). XFJ reservoir is 200 km away
from the southern industrial center. PRE and its upstream river
network form the largest river system in South China. This river
network covers a watershed area of more than 8000 km2. Pearl Riv-
er Estuary (PRE) is a bell-shaped area, with the distance from north
to south averaging about 49 km, and from east to west varying
from 4 km to 58 km. The southern part of PRE is far away from
the southern industrial center and is not affected by point source
contaminants. Two sediment cores in PRE were collected. All the
five sampling sites were shown in Fig. 1.
2.2. Sample collection

In 2010 and 2011, undisturbed sediment cores were collected
from three reservoirs and the southern PRE using a 6 cm diameter
gravity corer with a Plexiglass liner. The water depths for the sam-
pling sites at ZT, LA and XFJ reservoir are 1 m, 17 m, and 36 m, and
those at estuarine No. 1 and No. 2 are 17 and 20 m, respectively.
The core liners were cleaned before each sampling with native
water. The sediments were collected in the center of the three res-
ervoirs. The sediment cores were sliced at 2 cm thick intervals with
in Pearl River Delta and Estuary.



D. Duan et al. / Chemosphere 103 (2014) 35–43 37
slicing equipment. These subsamples were immediately placed
into plastic bags, sealed, and stored at low temperature (0–
10 �C), and then were transported to the laboratory, where they
were freeze-dried and stored until further analysis.

2.3. Analysis

All freeze-dried samples for heavy metal analysis were ground
and passed an 80 mesh sieve. A given quantity of each sample
was completely digested using a mixture of nitric and hydrofluoric
acids (BV-III grade) according to US EPA method 3052. 9 mL of ni-
tric acid and 1 mL of hydrofluoric acid were added to each sample
(0.20 g) and then heated with a temperature-programmed micro-
wave in a digester (CEM, USA). After the digestion, the residue
was dissolved in 1 mL of nitric acid, diluted to 100 mL with deion-
ized water, and then analyzed by inductively coupled plasma/mass
spectrometry (ICP/MS, Agilent 7700X, USA).

All the sediments were analyzed by Rock-Eval-6 (Vinci Technol-
ogies, France). This method can qualitatively and quantitatively
determine the organic matter in the sediments, based on the pyroly-
sis degree and evolution of various organic compounds. Each bulk
sediment was first heated in an inert, O2-free oven at temperature
increasing from 100 �C to 650 �C, followed by combustion in an oxi-
dation oven at temperature increasing from 400 �C to 850 �C. The
pyrolysis steps released two specific classes of hydrocarbons (HC),
defined as S1 and S2, which were detected by flame ionization detec-
tor (FID). S1 mostly composes of small volatile molecules, which are
generated during pyrolysis under 300 �C and are highly susceptible
to the degradation. S2, released by the thermal cracking of organic
matter (OM) under 650 �C, represents higher molecular weight, ker-
ogen-derived aliphatic hydrocarbons, and is resistant to the degra-
dation. Simultaneously, CO and CO2 (milligrams of CO and CO2 per
gram) detected by infrared (IR), representing oxygen-bearing OM,
was defined as S3. After the pyrolysis, the combustion process con-
tinued and removed the remaining OM, yielding the residual carbon
(RC, weight percent) peak. Total organic carbon (TOC, weight per-
cent) is the sum of OM fractions released from the above steps.

2.4. Sediment age dating

The sediment samples from three reservoirs were dated by
210Pb radiometric dating and 137Cs radiometric dating. The activity
of 210Pb and 137Cs were measured by S-100 Multi Channel Spec-
trometer (Canberra, USA) with a PIPS Si detector and GCW3022
H-P Ge coaxial detector (efficiency 50%), respectively. 137Cs activity
was determined using its gamma emission at 661 keV. Excess 210Pb
was measured by subtracting the average 210Pb activities of deeper
layers. 210Pb activity data were used for chronological calculation
based on a constant rate of supply dating model (CRS) (Appleby
and Oldfield, 1978; Appleby et al., 1986). 137Cs activities in sedi-
ment cores showed two peaks, one derived from the nuclear weap-
on test period in the middle of 1960s, and one derived from the
Chernobyl nuclear accident in 1986 (Ritchie and McHenry, 1990).
Thus 137Cs dating method usually is coupled with 210Pb technique
to support each other. In this study, the deviation of dating is with-
in the range of 0.01–1.95 years.

2.5. Quality control and quality assurance

For Rock-Eval analyzes, accuracy and precision were checked by
using a geological survey standard sample as internal standard
(CFP160000). Accuracy and precision were within 3% and better
than 3% of the established values, respectively.

For heavy metals analyzes, the quality assurance was provided
by analyzing one of the certified reference materials (CRMs)
(1646a, Estuarine Sediment, NIST), a replicate sample, and a blank
sample along with each batch of 10 samples. The recovery ratios
for heavy metals in the certified reference material were around
80–105%. Accuracy and precision were within 5% and better than
5% of the established values, respectively.

3. Results and discussion

3.1. Dating of sediment cores

The vertical profiles of 137Cs and 210Pb activities at three reser-
voirs are shown in Fig. S1 in Supporting data. For the ZT reservoir,
an apparent peak of 137Cs activity is identified at 22 cm with a va-
lue of 6.9 Bq kg�1, which is in accordance with significant 137Cs
event in 1963 nuclear weapon testing (Ritchie and McHenry,
1990). Thus a mean sedimentation rate of 0.47 cm a�1 with an
average flux of 0.26 g cm�2 a�1 is obtained. The sediment core cov-
ers a time scale of about 60 years. The LA sediment core shows a
maximum value of 23.3 Bq kg�1 for the 137Cs profile at 20 cm depth
and gives a mean sedimentation rate of 0.43 cm a�1, while the XFJ
sediment core shows a maximum value of 30.3 Bq kg�1 for the
137Cs profile at 24 cm depth and gives a mean sedimentation rate
of 0.51 cm a�1. The average sedimentation flux of LA and XFJ are
0.17 g cm�2 a�1 and 0.30 g cm�2 a�1, respectively. The 137Cs pro-
files from the LA and XFJ reservoirs do not show apparent tailing
effect, suggesting that the mobilization of 137Cs is negligible. These
results are similar to the results of 210Pb dating calculation, which
was estimated by using a CRS model.

3.2. Heavy metal concentrations in the sediment cores

The vertical distribution of heavy metals in the sediment cores
from three reservoirs is shown in Fig. S2. The profiles of Al, Ti, and
Fe are shown in Fig. S4. The concentrations for most of heavy met-
als are elevated in the top layers of the sediment cores. Ni, Cu, Zn,
Ag, Cd, and As contents at ZT significantly increase from the bot-
tom to the top layer (Fig. S2a). As contents increase from the bot-
tom layers to the 11 cm depth and then slightly decrease to the
surface sediments. On the contrary, the concentrations of Cr, Co,
and Pb slightly decrease from the bottom to the surface layer.
Moreover, all of heavy metals are enriched in the upper layer of
the sediment core at LA, showing an increasing trend from the bot-
tom to the top layer (Fig. S2b). Almost all of the metals increase
abruptly when the dam was built in 1960, which is related to its
enlarged catchment area, increasing runoff and soil erosion, and
deep water column (about 60 m). Furthermore, the As and Cd con-
centrations in the surface layer at the XFJ sediment core are 16.64-
fold and 4.4-fold higher than in the bottom layer (Fig. S2c). The
other metals vary slightly from the bottom to the top layer. It is
noted that the distribution of heavy metals at XFJ may suggest a
different accumulation pattern from that at ZT and LA during depo-
sition process. The ZT reservoir, which is the shallowest one with
similar catchment area to LA reservoir, is supposed to receive the
highest amount of anthropogenic metals because of the closest dis-
tance to the southern industrial center. But the concentrations of
trace metals are quite similar at ZT and at LA. This observation
implies that there must be other important factors in controlling
metal accumulation in the three reservoirs.

The vertical profiles of heavy metals in the estuarine No. 1 and
No. 2 (Fig. 1) sediment cores display a pattern of uniform distribu-
tion, which agrees with the previous studies on heavy metals in the
PRE sediments (Li et al., 2000; Liu et al., 2003). These sites are lo-
cated in the high tidal current area with high salinity water and
are subject to strong mixing from ocean currents, and thus are
not appropriate to the purpose in this study.

In order to understand the contamination levels of heavy metals
in the selected sampling sites, their mean concentrations in each of
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Fig. 2. Vertical profiles of Ti-normalized trace metals for ZT reservoir (a), LA reservoir (b) and XFJ reservoir (c).
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the sediment core in this study and in previous studies, and regio-
nal background values are compared (Table 1). It is found that the
concentrations of heavy metals in this study are significantly high-
er than the background values for soils of Guangdong province,
indicating obvious accumulation of heavy metals (Table 1). More-
over, the concentrations of heavy metals at LA and ZT are similar.



Table 1
Comparison of mean concentrations of trace metals in sediment cores of Pearl River Delta from different studies and related quality standards.

Region Mean concentration (mg kg�1) References

Cr Co Ni Cu Zn As Ag Cd Pb Mn

ZT reservoir 49.87 10.40 24.52 30.07 104.45 7.96 0.33 0.23 10.53 265.84 This study
LA reservoir 65.16 13.28 33.69 34.96 112.94 29.22 0.18 0.24 10.02 252.13 This study
XFJ reservoir 29.60 14.01 17.49 19.90 93.95 23.47 0.09 0.19 14.08 358.73 This study
South of Estuary No. 1 55.21 11.28 28.13 41.70 107.54 17.60 0.24 0.22 15.04 592.36 This study
South of Estuary No. 2 57.93 11.74 29.18 30.44 99.71 16.21 0.18 0.18 14.28 621.13 This study
Daya Bay 32.9 4.1 10.6 74.9 18.6 0.035 38.1 543 Du et al. (2008)
West of Pearl River Estuary 102.3 19.9 49.8 70.8 146.6 0.56 47.3 Liu et al. (2011)
BKa 36.1 3.5 10.98 8 21 5.4 0.034 23.4 162
BKb 15 na 11 8 51 0.06 21

a Background values of soils in Guangdong Province (Guangdong Environmental Monitoring Central Station, 1990).
b Background values of marine sediments in Hong Kong (EPD, 1992).
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However, they are lower at XFJ than at ZT and LA, except for As, but
still higher than the Guangdong soil background values (Table 1).
Furthermore, heavy metals in the No. 1 and No. 2 estuarine
sediments are lower than the mean concentrations in the whole
estuary and West of PRE, but are higher than the average concen-
trations in the sediments from the Daya Bay (Du et al., 2008). The
above results indicate that heavy metals are significantly enriched
in comparison with their background values.
3.3. Normalization of heavy metals

Heavy metals normalized with reference elements can be used
to remove the influences of geological and hydrodynamic pro-
cesses and to estimate the anthropogenic impact (Soto-Jiménez
and Páez-Osuna, 2001). As Ti is stable in aquatic environment
(Din, 1992; Rubio et al., 2000; Aloupi and Angelidis, 2001), it was
used to normalize heavy metals in this investigation, which are
shown in Fig. 2. Most of normalized heavy metals show significant
increases in each of the sediment profiles. Especially at ZT, normal-
ized Cr, Co, and Ni are significantly elevated in the upper layers
after 1978, which is the same as normalized Mn, Fe and Al. There-
fore, the vertical fluctuation of Cr, Co, and Ni may be ascribed to
biological mixing and physical disturbance due to its low water le-
vel, and to the redox processes coupled with that of Mn and Fe
(Fig. 2a). Compared with its original heavy metals, the Ti-normali-
zation data of LA show a continuous increasing trend (Fig. 2b).
These patterns are very different from those of the original heavy
metals, which show an abrupt change at the depth of 22–23 cm.
These observations may indicate that the construction of the
dam at 1960 might not be the only reason affecting the elevation
of heavy metals. Other factors such as the effect of AOM need to
be taken into consideration.

At XFJ, the elevations for most of normalized heavy metals are
significant from the bottom layer at the depth of 23–24 cm
(1958–1960) to the top layer (Fig. 2c). In addition, the Cd or As pro-
files are not similar to any of others, implying some special pollu-
tion source for them. Moreover, the profiles of Mn or Fe show a
peak at 23–24 cm, which is usually regarded as important oxida-
tion and reduction boundary in oligortrophic lakes. The oxidation
of Mn2+ and Fe2+ occurred in the oxidation and reduction boundary
and led to the accumulation of Mn and Fe oxides (Granina et al.,
2004). Therefore, the Mn and Fe profiles, which are different from
those of other metals, can be used to understand the process of
remobilization after their deposition.

Positive correlation between activities of 210Pb and total con-
tents of Pb were observed in the XFJ core (Fig. S3, Supporting data).
The two lower concentrations of Pb at 15–16 cm and 27–28 cm
depth were in accordance with the two lowest water levels re-
corded in 1964 and 1980, respectively, which was obtained from
the Water Resources Department of Guangdong Province. In addi-
tion, the water runoff at XFJ had been reduced since 1970s due to
the other reservoir construction in the upstream and/or the global
change, as the flood discharge gate had not been used any more
since then. The above observations further indicate that the
variation of Pb in this oligotrophic reservoir is associated with geo-
logical process and hydrological process, consistent with other
investigations in other aquatic environments (Lockhart et al.,
1998; Outridge et al., 2007).
3.4. Relationship between heavy metal concentrations and algae-
derived organic matter

NOM was characterized by the Rock-Eval pyrolysis in the three
reservoirs. The analytical results of S1, S2, RC, TOC, and hydrogen
index (HI) in the three reservoirs are shown in Table 2. S1 and S2
have been used as indicators of the AOM during the recent years
(Sanei and Goodarzi, 2006; Outridge et al., 2007, 2011; Stern
et al., 2009), Although S1 and S2 as AOM indicators have been
questioned in a few studies (Disnar et al., 2003; Stern et al.,
2009; Carrie et al., 2012; Wu et al., 2013), S2 represents the hydro-
gen-rich aliphatic biomacromolecules of AOM, which is resistant to
decomposition and can be used in the reservoirs in this study (see
the below discussion).

The variations of S1 and S2 were highly correlated with RC in
the three reservoirs (for ZT, S1:RC R2 = 0.91, S2:RC R2 = 0.95; for
LA, S1:RC R2 = 0.90, S2:RC R2 = 0.93; for XFJ, S1:RC R2 = 0.98,
S2:RC R2 = 0.97), suggesting that terrestrial sources of organic mat-
ter were negligible (Outridge et al., 2007). The vertical profile of S2
in the sediment core of ZT or LA is similar and shows an increase by
more than 7.41-fold and 5.2-fold, respectively (Table 2). These re-
sults indicate that ZT and LA may have similar historical primary
productivity, and accumulate nearly the similar AOM even though
the size and water capacity of ZT are smaller than those of LA. In
addition, hydrogen index can usually be used to determine the rel-
ative richness of H-rich NOM. The HI values at ZT and LA reservoirs
also reflect their similar productivity (Table 2).

However, the decreasing trends for S1, S2, and TOC at XFJ are
presented, suggesting that NOM in this oligotrophic reservoir,
where primary productivity is low and dissolved oxygen concen-
trations are high, might experience higher degree of degradation
and oxidation than at ZT and LA (Table 2). Moreover, the TOC con-
centrations in XFJ are highest prior to construction of the reservoir,
which is related to the fact that this site was a much smaller body
of water, and hence more like ZT. Nutrient concentrations and light
penetration would presumably be much larger in such a system,
thus providing for a greater algal biomass. After the dam construc-
tion, it is likely that decreasing OM was brought upon by a variety
of OM-diluting ecological processes (e.g., lower light penetration
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from deeper water yielding lower photosynthesis, and lower con-
centration of nutrients) in the large XFJ reservoir, while at the same
time observing an increase in the metal influx due to anthropo-
genic activity. Furthermore, the colors of the sediment cores are
very different. They are brown-black at ZT and LA, but are yellow
at XFJ, suggesting that the former sediments are in an anoxic con-
dition and the latter one is in an oxic condition. Therefore, the
decreasing NOM at XFJ can be attributed to low primary productiv-
ity and/or bacterially mediated oxidation of NOM.

The Pearson correlation analysis among trace elements, major
elements, S1, S2, and TOC were performed. All of the organic mat-
ter fractions in each of the three reservoirs were found to be highly
correlated (For ZT, S1 vs. S2, R2 = 0.983, S2 vs. TOC, R2 = 0.977,
p < 0.01; For LA, S1 vs. S2 R2 = 0.993, S2 vs. TOC R2 = 0.944,
p < 0.01; For XFJ, S1 vs. S2 R2 = 0.99, S2 vs. TOC R2 = 0.965,
p < 0.01), indicating that the algal production is closely associated
with the increase in sedimentary organic matter. Moreover, chloro-
phyll a (Chl a) concentration is a critical parameter in determining
lake productivity. The Chl a concentration in the investigated res-
ervoirs can be arranged in the sequence: ZT > LA > XFJ, which is
similar to the sequence of S2 and TOC (Tables 2 and S1). The above
observations demonstrate that S2 in the sediments is a good indi-
cator of the aquatic productivity in the investigated reservoirs.

As shown in Table S2 in Supporting data, strong positive corre-
lations among Cu, Zn, As, Ag, Cd, Mn, S1, S2, and TOC were ob-
served at ZT, indicating that Cu, Zn, As, Ag, Cd, and Mn are
significantly controlled by algae-derived organic matter, except
for Cr, Co and Pb. They are not significantly correlated with Fe
and Al, suggesting that their deposition process may not be af-
fected by Fe/Al oxide. Moreover, the positive correlations among
Cr, Co, Ni, and other trace metals after the Ti-normalization were
observed (Table S2). Most of the normalized trace metals are sig-
nificantly correlated with S1 and S2 except for Pb, Al, and Fe, fur-
ther indicating that Cr, Co, Cu, Zn, As, Ag, Cd, and Mn are
strongly controlled by AOM. Phytoplanktons can adsorb and assim-
ilate heavy metals from aqueous environment. Simultaneously,
they can release extracellular organic ligands capable of complex-
ing trace metals. After phytoplanktons die, their AOM together
with heavy metals eventually settles down into the sediments
(Davis et al., 2003; Xu et al., 2011; Wu et al., 2012).

Al is extremely immobile and is a typical lithogenic element
(Price et al., 1999). And Ti-normalized Al is positively correlated
with Ti-normalized Fe, suggesting that Fe and Al are mainly origi-
nated from the erosion of soils in the reservoir watershed. More-
over, the trace metals and major metals at LA are strongly
correlated with each other or with S1 and S2, but not with Al
and Ti (Table S3). Pb is not correlated with any elements and or-
ganic fractions. However, Al after normalization with Ti was found
to be positively correlated with most of trace metals except for Ni,
Cd, Pb, and Ti. The above results indicate that the accumulation of
heavy metals at ZT and LA is largely controlled by local algae-
derived organic matter.

Strong positive correlations are only observed among Cr, Cd, Co,
Ni, Cu, Zn, As, and Ag at XFJ (Table S4). However, these heavy met-
als are not related to S1, S2 and TOC, and to Fe and Al either even
after the Ti normalization. These observations are attributed to its
oligotrophic condition, and to the oxidation of NOM (see the above
discussion). Besides, the concentrations of trace metals at XFJ show
no obvious change after 1965 (Fig. S2), are lower than at ZT or LA,
and are close to the background values in the soils of Guangdong
province, further suggesting that most of the trace metals may
be mainly originated from weathered soils.

To further assess the extent of trace metal contamination and
investigate the accumulation of trace metals associated with
AOM and Fe/Mn oxides, the principal component analysis (PCA)
was performed by SPSS statistics 20 (Table S5).
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As shown in Table S5, Ni, Cu, Zn, As, Ag, Cd, Mn, S1, S2, and TOC
constitute a related group (PC1), while another group is composed
of Cr, Co, and Ti at ZT. Moreover, after normalization with Ti, all of
the trace elements (except for Pb), S1, S2, and TOC are in the first
principal component, which accounts for 72.41% of the total vari-
ance. For LA, the first principal component, including Fe, Al, Cr,
Co, Ni, Cu, Zn, As, Ag, Cd, Mn, S1, S2, and TOC, accounts for
73.45% of the total variance, and 72.41% of the variance after the
Ti normalization, respectively. Furthermore, Pb and Ti respectively
are the main loading in the second and third principal components,
suggesting that Pb and Ti might have different input pathways or
be mainly derived from natural sources.

Four principal components are extracted at XFJ, but only three
principal components are extracted after the Ti normalization.
The first principal component, including high loading for Cr, Co,
Ni, Cu, Zn, Cd, and As, accounts for 54.82% of the variance. The sec-
ond principal component, including high loading for Mn and med-
ium loading for Fe, Al, Ag, S1, S2, and TOC, accounts for 18.85% of
the variance. The third principal component accounts for 10.59%
and the Ti shows the highest loading in this factor, while the fourth
principal component accounts for 8.87%, in which Fe is the highest
loading. In comparison, the Ti normalized principal components
are similar to the original principal components without the Ti
normalization.

Based on the information derived from PCA, the loading of trace
metals at ZT, LA, and XFJ were plotted at the principal component
axes, which are shown in Fig. 3, respectively. It is clear that the
accumulation of trace metals at LA are strongly affected or con-
trolled by AOM rather than by Fe/Mn oxides (Fig. 3b). The plot
for ZT suggests a combined role of AOM and Fe/Mn oxides to the
trace metals during the deposition (Fig. 3a) (Förstner et al., 1979;
Hübner et al., 2003). The AOM and Fe/Al/Mn oxides have an impor-
tant effect on the association and release of trace metals in aquatic
environment (Lopez et al., 2006). On contrary, the accumulation of
trace metals at XFJ is different from that at LA and ZT, and might be
related to the background input (Fig. 3c).

Pb in all of the reservoirs is not related to AOM or Fe/Mn oxides,
and might be mainly originated from lithogenic source. Anthropo-
genic Pb is usually considered as a non-point source resulted from
some industrial activities such as coal burning (Li et al., 2000).
Hence, these reservoirs are not heavily contaminated by atmo-
spheric input, which further supports the influence of algal pri-
mary productivity and other processes on the accumulation for
some of trace metals.

3.5. Evaluation of trace metal enrichment

An evaluation criterion for the trace metal pollution in sedi-
ments is enrichment factor (EF) (Trefry and Presley, 1976; Sinex
and Helz, 1981; Ran et al., 2000). EF is defined by the following
equation:

EF ¼ ðXs=Ti; sÞ=ðXcrust=Ti;crustÞ

where Xs/Ti,s is the ratio of trace metal (X) to Ti in the sample.
Xcrust/Ti,crust is the ratio of trace metal (X) to Ti in the crust. The
crust values of the metals are the background values in the soils
of Guangdong province (Table 1). The criteria estimated by Birth
(2003) are used to determine the degrees of EFs, in which EF < 1
is equal to no enrichment, 1–3 is minor enrichment, 3–5 is moder-
ate enrichment, 5–10 is moderately heavy enrichment, 10–25 is
heavy enrichment, 25–50 is very heavy enrichment, and >50 is ex-
tremely heavy enrichment.

As shown in Fig. 4, the vertical EF profiles at ZT indicate that the
EF values of the sediments are relative low for Cr, Pb, and Mn, at a
moderate enrichment for Co and Ni, and at a relative high enrich-
ment for Cu Zn, and Cd. At LA, the enrichments are low for Pb and
Mn, moderate to moderately high for Cr and Ni, moderately high
for Co, Cu, Zn, and high to very high for Cd and As. The EF values
confirm the results of principal component analysis. Moreover,
the high enrichments for Cu and Zn at ZT and LA, which are essen-
tial nutritional elements of algae, is associated with the increasing
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Fig. 4. Enrichment factor (EF) for selected trace metals in sediment cores of three reservoirs.
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primary productivity, providing another important evidence to
support the influences of AOM. Furthermore, the EF values in most
of the sediments at XFJ are low for Cr, Ni, Pb, Cu, and Mn, moder-
ately high to high for Co, Zn, and high for Cd and As. In addition,
most of other trace metals also show their increased EF values at
the upper layers of the sediment cores in these three reservoirs.

More attention should be paid to As due to its strongly enriched
levels in the upmost layer of the sediment cores at LA and XFJ,
which might be resulted from illegal usage of tryparsamide in
aquaculture and/or mine tailings from some illegal activities near-
by in recent years (Li et al., 1999). The relatively high EF values of
Cd were also found in the three reservoirs, but the primary source
is not identified in this investigation. These metals (Cd and As) will
cause serious environmental problems when they are released
from the sediments to the water with changing environmental
conditions.
4. Conclusion

Five sediment cores in PRD were investigated for the pollution
records of heavy metals and their relationship with algae-derived
organic matter. Most of heavy metals increased in the last 30 years
at the three reservoirs. The Pearson correlation analysis and princi-
pal component analysis demonstrated that the accumulation of
trace metals is strongly associated with algae-derived organic mat-
ter. This accumulation process is closely related to the primary
productivity as biological pump in the aquatic ecosystem can
accumulate heavy metals from atmospheric source. Moreover,
the EF values indicate that most of heavy metals at these sites
are at moderately enriched levels, leading to a potential impact
on the local aquatic system. The investigation suggests that most
of the investigated metals could be accumulated in the sediments
during their biogeochemical cycling in the reservoirs.
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