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Abstract

Distribution of acid volatile sulfur (AVS) and the simultaneously extracted metals (SEM: Cu, Pb, Zn, Cd,
Ni) in sediment profiles has been studied at five sites in Pearl River estuary, China. Of the five sampling
locations, Nos.1 and 2 are in the middle shoal, Nos.3 and 4 in the west shoal and No. 5 locates to the south
of the estuary. The AVS content in the sediments of the middle shoal varies in a small range (0.25—
4.06 umol g™ "), while that of west shoal increases with depth from 0 to ultimately 26.09 umol g~'. The
SEM concentration in the sediment profiles at location Nos. 1, 2 and 5 is generally in the range of
0.95+0.2 umol g~! with a slight upward increase, while that in the sediment of west shallows are much
higher (1.43-2.42 umol g™') with a significant upward increase, especially in the upper layer of ca. 15 cm.
The observed upward increase of SEM content at all the sites implies that heavy metal contamination of
sediment in the Pearl River estuary is increasing. Calculations of the excess heavy metal content which is
defined by SEM-AVS molar difference suggests that the upper sediment in the Pearl River estuary, espe-
cially on the west shallows, could be a source of heavy metal contaminants and may cause toxicity to the
benthos. The site-specific distribution patterns in the AVS and SEM profiles were interpreted according to
the hydrogeochemistry of deposition environments.

Introduction

Estuaries have been the focal point for a wide
variety of human activities and are also important
to many forms of animal life. They often form sinks
for sediment, which is the most important reservoir
or sink of metals and other pollutants (Salomons &
Forstner 1984; Ridgway & Shimmield 2002).
However, some of the sediment-bound metals may
be remobilized and released back to waters with a
change of environmental conditions, and impose
adverse effects on living organisms. Substantial
evidences have been established that acid volatile
sulfide (AVS), mainly composed of the reduced
sulfur in FeS, would be an important control on

heavy metal reactivity and toxicity in sediments (Di
Toro et al. 1992; Cooper & Morse 1998; Lee et al.
2000; Teasdale et al. 2003; Machado et al. 2004).
According to the AVS criteria, many divalent
transition metals (e.g., Cd>", Cu®*", Ni**, Pb*"
and Zn> ") can replace iron cation from amorphous
FeS in sediment to form very insoluble sulfide
precipitates. As a result, when there is enough AVS
available to bind the simultaneously extracted
transition metals (i.e., SEM/AVS molar ratio is less
than one), no toxic effect is expected from these
metals.

In last two decades, the massive economic
growth and urban development in the Pearl River
delta region has led to excessive release of waste
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into the estuarine and coastal environment (Huang
1995; Wen et al. 1995) and resulted in the increase
of heavy metal content in the sediments of the
Pearl River estuary (Li et al. 2000, 2001). Based on
the analysis of AVS, SEM and reactive iron in
sediment cores, this research was designed to as-
sess the bio-availability and sulfide instability of
reactive metals (Cu, Cd, Ni, Pb and Zn) in the
sediments from a number of hydrogeochemical
environments, and to provide clues to layout the
spatial variation of heavy metal toxicity in the
estuary.

Methodology
Study area

The Pearl River estuary locates in southern
Guangdong Province of China. The main estuary
which is also called Lingdingyang, is a bell-shaped
area widening to the south (Figure 1), with a N-S
distance averaging about 49 km and the W-E
width ranging from 4 to 58 km. The annual water

flow rate of the Pearl River is about 11100 m® s7*,

ranking the second largest of the river flow rates in
China (Wong et al. 1995). The whole study area is
within the sub-tidal zone with strong fresh water
and marine water inter-reactions and circulation
currents along the west coast, while the eastern
part of the estuary is significantly affected by tidal
currents from the open sea (Zheng 1992; and
Wong et al. 1995).

Two natural waterways which merge near the
Humen outlet, separate the estuary into three
shoals namely west shoal, middle shoal and east
shoal. The west shoal is the largest one and is
adjacent to the other three Pearl River outlets,
namely Jiaomen, Hongqimen and Hengmen from
north to south, respectively. The general sediment
class in the shoals is silty clay, and that in the
channels is silty sand deposited under more
intensive hydrodynamic conditions (Li et al. 2000).

Sampling

Sediment cores were collected in October 2003 at
five sites representing different hydrogeochemical
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Fig. 1. Map of the Pearl River estuary showing the locations of sampling sites.



environments in the estuary (Figure 1). Site 1 and
2 are in the middle shoal, site 3 and 4 locate in the
west shoal and are, respectively, adjacent to the
outlets of the Pearl River and downstream a sea-
farming field, and site 5 locates to the south of the
estuary. The details of the sampling sites are given
in Table 1.

A multiple corer was used to collect the sedi-
ment cores from all sites. The corer was able to
sample four separate and usually undisturbed
sediment cores within an area of less than 0.3 m?
each with a volume of overlying water. The plastic
core tubes were 10 cm in diameter and 61 c¢cm long,
and the length of sampled sediment cores was in
the range of 28 to 40 cm. One core from each site
was used for analyzing AVS and SEM. After
sampling, the cores with overlying water were
covered using Teflon caps and placed in a water
bath at the in-situ temperature for less than a few
hours. When slicing, a sediment core was mounted
vertically on a specifically designed core slicing
device and the sediment was extruded upward by a
plastic piston fitting into the core tube and con-
necting to a screw bar with a screw thread interval
of 2 mm. The sediments were sectioned at an
interval of 2cm in an Ar-filled glovebag and
immediately placed in polyethylene bottles filled
with Ar. All the sediment samples were store at
—18 °C and analyzed in a few days.

Analysis

Grain size analysis was performed by wet sieving
to separate silt and clay (<0.063 mm) and sand
(>0.063 mm) fractions. For the determination of
AVS and SEM a procedure was developed which
is largely analogous to the one described by
Allen et al. (1993). Briefly, the experimental set-
up consists of a reaction vessel followed by two

Table 1. Sampling site locations in the Pearl River estuary.

Sampling Latitude Longitude Water
Location Depth (m)
1 22°29.5'N 113°45" E 6
2 22°28.5'N 113°46.- 5
" E
3 22°28" N 113°42" E 4.5
4 22°16’ N 113°42" E 6
5 22°8" N 113°43" E 7.5
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sequentially connected trapping vessels. Initially,
the reaction vessel and each of the trapping
vessels contain 50 ml super-pure water and 50 ml
trapping solution (0.5 M NaOH solution),
respectively. After purging with water-saturated
super-pure Ar for 10 min, the sediment sample
(about 10 g of wet sediment) was added to the
reaction vessel, and the system was purged with
the super-pure Ar for another 10 min while
stirring the sediment suspension in the reaction
vessel to thoroughly remove oxygen from the
system. After reducing the Ar flow to zero,
10 ml of 6 M hydrochloric acid was added to the
reaction vessel by inserting through the silicone
pipe, and the pinhole was sealed immediately.
Then the Ar flow rate was slowly increased to
about 40 cm® min™!, and the reaction lasted for
at least 40 min while purging with Ar and stir-
ring with polyethylene coated magnetic stirrer.
The sulfide in the trapping vessel was determined
using iodometric titration. The AVS recovery of
the experimental procedure was checked by using
sodium sulfide solution with known concentra-
tion and appeared to be larger than 95%, and
the detection limit was 0.05 mg net weight of
H,S. Preextractin spikes of Cu, Pb, Zn, Cd, Ni
were added to a variety of sediment samples
with different AVS contents, and the average
recovery (4 analysis) of the spiked metals was
found to be 96.9% for Cu, 92.8% for Pb, 94.8%
for Zn, 89.5% for Cd, and 85.6% for Ni.

The resulting sediment suspension was centri-
fuged at a rate of 4800 rpm. The supernatant was
volumetrically scaled to 100 ml and analyzed for
Cd, Cu, Pb, Zn, Ni and Fe using ICP-AES. For
duplicate analysis, the relative standard deviation
of the AVS-content and SEM-content was found
to be less than 10% and 3%, respectively. The
results are presented as yumol g~' dry sediment.

Results and discussion
Grain size distribution

Fine grained sediments (<0.063 mm) dominated
all stations as expected (Figure 2). The fine
grained fraction decreases upwards in the upper
portion of sites 1 and 2, slightly lower in the
surface sediments (0—4 cm) at sites 3 and 5, but
no grain size variation with depth was found at
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Fig. 2. Variation of grain size fraction (<0.063 mm) at the five sampling sites.

site 4. Pearl River delta is one of the most
prosperous economic regions in China. As a re-
sult of rapid reclamation, the northwestern
coastline has moved seaward at a rate of
156 m a~' (Liu er al. 1998), which may account
for the vertical variation of sediment grain size
at relevant sites.

AV'S profiles

All the AVS profiles within the estuary (sites 1-4)
show an increasing trend in AVS levels with depth
(Figure 3a—d), which agrees with the general rec-
ognition that sulfides in sediments are produced by
biogeochemical reduction of SO, under anoxic
conditions (Urban et al. 1994; Morse & Luther
1999), and with many AVS distribution patterns
observed in sediment cores from other places (e.g.,
Van den Hoop et al. 1997). However, AVS con-
centration range and vertical variation pattern in
sediment cores are controlled by sediment source,
deposition environment and diagenetic reactions,
and can be quite different from location to loca-
tion (Correia & Costa 2000; Morse & Luther 1999;

Van den Berg et al. 2001). The AVS content in the
sediments of the middle shoal varies in a small
range (0.25-4.06 umol g~'), while that in the an-
oxic sediments of the west shoal is much higher
with a maximum value of 26.09 umol g~'. The
nearly continuous increase in AVS content with
depth in the profile at site 4 (Figure 3d) is indica-
tive of steady-state deposition (Van den Berg ez al.
2001). Whereas, the AVS content in the sediment
of upper approximately 8 cm below the sediment-
water interface (SWI) at site 3 is close to detection
limit, suggesting that the surface sediment should
be aerated to prevent the reduction of SOy,
presumably due to the sediment suspension caused
by the currents from the Pearl River tributaries.
The elevated sediment AVS content in the west
shoal may result from the enhanced deposition
flux of organic matter from the Pearl River and/or
the upstream sea-farming field.

By contrast, the sediment core at site 5 is char-
acterized by a peak in the AVS profile a few cm
below SWI, with the AVS level in the surface
sediment similar to that in the deeper sediment
(Figure 2e). This type of AVS profile pattern is
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Fig. 3. AVS profiles of the sediment at different sites.



AVS AND SEM IN PEARL RIVER ESTUARY 269

most probably to form in a non-steady state SEM distribution
deposition environment where occasional re-sus-
pension and settling of anoxic sediment would Depth distributions of simultaneously extracted

elevate the AVS content in surface sediments Cu, Pb, Zn, Ni, Cd and total SEM are shown in
(Matisoff & Holdren 1995; Van den Berg et al. Figure 4. In general, the sediment cores from the

2001). middle shoal and outside the estuary have low
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Fig. 4. Distribution patterns of selected heavy metals and SEM in the sediment profiles.



270 FANRONG CHEN ET AL.

and relatively constant SEM contents ranging
from 0.75 to 1.15 yumol g~' with a slight upward
increase, whereas the SEM contents of the sedi-
ment cores from the west shoal are much higher
(1.43-2.42 umol g”") with a significant upward
increase, especially in the upper layer of ca.
15 cm below SWI.

Though operationally defined, SEM is
predominated by sulfide-bounded and adsorbed
heavy metals. Sulfide is formed by anaerobic deg-
radation of organic matter, and fine-grained par-
ticles (clay minerals and amorphous iron
oxyhydroxide) are major sorbents of heavy metals.
It is known that sediment characteristics, such as
organic matter and metal concentrations are
dependent upon <0.063 mm grain size fraction
(Mucha et al. 2004; Hu et al. 2006). Thus, the
upward increase of SEM in the upper part of sites
1 and 2 would have been abated by the lower
content of fine-grained fraction of the sediment
(Figure 2). A detailed examination of the sin-
gle element and SEM profiles reveals that there is
no significant concentration difference among
the profiles for Cu, Pb, Cd and Ni, with Zn

dominating the SEM in all the sediment cores. As
a result, the SEM distribution patterns are largely
determined by Zn distribution. The observed up-
ward increasing trend of SEM content at all the
locations may imply that heavy metal contamina-
tion of the sediment in the Pearl River estuary is
increasing. Elevated heavy metal content in the
sediment of west shoal was also observed by Li et
al. (2000) and was proposed to reflect the direct
inputs from the Pearl River tributaries. Further,
the apparent coherent increase of Zn, Cu and Ni
content in the upper 15 cm of the sediment cores
from the west shoal (Figure 4c, d) indicate that the
anthropogenic source of these metals could be
most probably related to sewage sludge (Halcrow
et al. 1973; Alloway 1990). By contrast, the low
and relatively constant content of lead may imply
its distinctiveness of the source or biogeochemical
behavior in diagenetic processes.

AVS and SEM relationship

In order to assess the reactivity and bioavailability
of the heavy metals of concern, the relationship

Table 2. Concentrations of AVS and reactive iron and related ratios in the sediment of 0—10 cm below SWI.

Locations Depth (cm) AVS (umol g™ Fe (umol g™') AVS/SEM FeS/Fe
1 0-2 0.41 130.94 0.39 0
2-4 0.69 140.37 0.88 0
4-6 4.00 162.11 5.16 0.020
- 4.60 171.34 497 0.021
8-10 2.81 176.40 3.54 0.011
2 0-2 0.25 107.05 0.27 0
24 0.84 121.94 0.94 0
4-6 0.91 136.26 0.88 0
6-8 0.64 126.88 0.62 0
8-10 1.24 125.36 1.45 0.003
3 0-2 UD 161.37 0 0
2-4 UD 159.42 0 0
4-6 UD 170.76 0 0
6-8 0.56 169.70 0.28 0
8-10 2.91 228.07 1.05 0.001
4 0-2 UD 172.92 0 0
2-4 1.88 180.53 0.9 0
4-6 5.39 195.42 2.57 0.017
6-8 5.81 191.91 2.85 0.020
8-10 7.26 184.62 3.65 0.029
5 0-2 1.63 145.00 1.33 0.003
2-4 2.79 141.74 2.51 0.012
6-8 1.45 141.65 1.74 0.004
8-10 1.84 154.75 1.72 0.002

The FeS content is assumed to be equal to the excess AVS (EAVS: AVS-SEM molar difference) when the EAVS is positive and is set to

zero when EAVS is negative;
UD =under detection limit.



Table 3. Concentrations of simultaneously extracted Pb, Zn
and Cu and excess SEM in the surface (0-2 cm) sediments
from different sites.

Sampling Cu Pb Zn SEM-AVS
stations (umol g7y (umol g™1) (umol g™') (umol g™")
1 0.21 0.10 0.34 0.40

2 0.16 0.11 0.57 0.71

3 0.47 0.18 1.15 2.01

4 0.48 0.21 1.41 2.42

5 0.16 0.14 0.81 <0
Background 0.47 0.12 1.26

values”

“Background values in Chinese coastal areas (Zheng et al.
1992).

among AVS, SEM and reactive iron has been
examined in the sediment profiles. As can be seen
in Table 2, the surface sediments within the Pearl
River estuary have AVS/SEM molar ratios of less
than one, indicating that the SEM is only partially
immobilized by metal sulfides. The simultaneously
extracted Cu, Pb, Zn and excess heavy metal
contents in the surface sediments are significant as
compared with the background metal content
values in the sediments of Chinese coastal areas
(Table 3), and the excess heavy metal content in
the surface sediment from the west shoal is close to
or even higher than the background values. Thus,
the surface sediment in the Pearl River estuary,
especially on the west shoal, could be a source of
heavy metal contaminants and may cause toxicity
to the benthos. The AVS/SEM molar ratios in the
sediment core from site 5 are higher than one,
thus, toxic effects are not expected to result from
these metals.

Moreover, the sulfide-associated heavy metals
could be remobilized during sulfide oxidation
caused by, for example, sediment resuspension and
bioturbation (Morse 1994; Cooper & Morse 1996).
Previous research has indicated that when above
20% reactive Fe is bound to AVS, there is enough
sulfide to effectively trap trace metals, and
temporal variations in AVS and pyrite do not
necessarily result in temporal variations in diage-
netically-available concentrations of such metals
within anoxic coastal sediments (Cooper & Morse
1998). In the studied area, the reactive Fe bounded
to AVS in the sampled sediment cores is less than
3% in the upper 10 cm (Table 2) and less than 5%
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in the upper 20 cm, indicating very low system
stability with respect to sulfide-associated metals.
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