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Metal concentrations and mobility in marine sediment and groundwater
in coastal reclamation areas: A case study in Shenzhen, China
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Metals in coastal groundwater and marine sediment are affected by land reclamation.
Abstract
The concentrations of metals in the buried marine sediment and groundwater were differently affected by land reclamation. Nine metals
(V, Cr, Mn, Co, Ni, Cu, Zn, Cd and Pb) in sediment and coastal groundwater from reclamation areas in Shenzhen were examined. The gradually
decreased concentrations (V, Cr, Mn, Ni, Cu, Zn) in sediment and relatively higher concentrations (V, Cr, Mn, Co, Ni, Cu and Cd) in ground-
water within reclamation areas were observed. The increase of V, Cr, Mn, Ni, Cu and Cd concentrations in groundwater within reclamation areas
subsequently after land reclamation should be resulted from the mobilization of these metals accumulated in the sediment. These metals appear
to be easily mobilized from solid phase to solution phase after reclamation. The physico-chemical changes such as reduction in pH and salinity
in water environment induced by land reclamation appear to be responsible for metal mobility in the sedimentegroundwater system.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The rapid urban and industrial development in coastal areas
in Shenzhen, China during the past 20 years has led to a sharp
increase in the demand for usable land, which has resulted in
extensive coastal land reclamation. Land reclamation is car-
ried out by dumping fill materials such as decomposed granite
rock from nearby hills onto the seabed of marine sediment. Al-
though a number of general investigations on the effects of
reclamation on the marine environment have been carried
out (Pagliai et al., 1985; Hall, 1989; Smith et al., 1995), how-
ever, it has not yet been recognized that there may be various
chemical reactions in the pore wateresediment system in the
reclamation site and that these reactions may have certain neg-
ative effect on the coastal environment.
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There are many studies on the chemical and physical pro-
cesses in the wateresediment system in coastal or estuarine en-
vironment. Marine sediment is widely believed to act as a filter
for many metals passing from terrestrial to the marine setting
(Schubel and Kennedy, 1984; Tam and Wong, 2000; Yu et al.,
2000; Morillo et al., 2004) and to accumulate some metals
within marine water bodies. Most previous studies concentrated
on the contaminated sediment with the objective of describing
metal concentrations and/or identifying sources of contamina-
tion (Daskalakis and O’Connor, 1995; Schneider and Davey,
1995; Angelidis and Aloupi, 1997; Power et al., 1999; Owen
and Sandhu, 2000; Chen et al., 2001; De Carlo and Anthony,
2002). However, in discussing the metal filtration process of
marine sediment, one must consider both the sediment and the
water environment. Metals may be mobilized as a result of
natural processes (e.g. weathering and erosion of geological
formations) as well as by anthropogenic activities.

The accumulation of metals in marine sediment could pose
problems because such metals may act as a source of
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contamination when the physico-chemical characters of envi-
ronment are changed. Markiewicz-Patkowska et al. (2005)
conducted laboratory-based experiments of the sorption and
release of metals from soil materials and observed the migra-
tion of metals from soil materials to solution. Simpson et al.
(2004) carried out laboratory experiments on metal behavior
in estuarine sediment and showed that pH and salinity of the
overlying water played an important role controlling the mo-
bility of metals across the sedimentewater interface. The re-
sults of their research also showed that some metal mobility
increased as the groundwater pH decreased and as the expo-
sure duration increased and that man-made changes in external
parameters (e.g. pH, Eh, salinity) may cause a mobilization of
the accumulated metals in the estuarine sediment.

It was recognized that land reclamation and subsequent
processes can severely alter physical, chemical and biological
properties of sediment and may result in some remobilization
of metals between the water and sediment in an estuarine en-
vironment (Hall, 1989). However, information regarding the
changes of the physico-chemical properties of water and ma-
rine sediment induced by land reclamation, as well as possible
metal remobilization in the sedimentewater system is not well
reported in the literature.

The impact of land reclamation on coastal groundwater
flow systems has been studied by Jiao et al. (2001) and Jiao
(2002). The sediment, which was originally under seawater,
would be gradually surrounded by groundwater after land rec-
lamation. It is hypothesized that the change of the water envi-
ronment may cause some chemical and physical changes of
the sediment. Fig. 1 presents conceptual models about the hy-
draulic and chemical processes in a coastal reclaimed site.
This figure demonstrates the possible physico-chemical inter-
action between marine sediment, decomposed granite rock fill,
groundwater and seawater. Within the reclaimed land the orig-
inal seawater at the site would be gradually replaced by terres-
trial groundwater, and the marine sediment, which was
originally present under alkaline and anoxic conditions, may
be flushed by acidic groundwater with high dissolved oxygen.
A number of chemical reactions, including release of metals
from the sediment, may therefore take place.

Using land reclamation areas in Shenzhen as a case study,
this paper aims to determine the concentrations and distribu-
tion of nine metals (V, Cr, Mn, Co, Ni, Cu, Zn, Cd and Pb)
in the coastal areas and examine potential metal release
from the sediment and potential mobility within the sedi-
mentegroundwater system inside the reclamation areas. An
understanding of these processes will improve knowledge on
variability of metal concentrations in marine sediment and
groundwater which may occur within existing or proposed rec-
lamation schemes.

2. The study area

The study area is located in the southwest of Shenzhen
City, China (Fig. 2). This area was reclaimed from the sea
in different years since 1983. Before land reclamation, tempo-
ral dikes around the coastal sea area to be reclaimed were
constructed. The seawater in the closed area was pumped
out to lower the water level and the sediment at the bottom
was exposed to the air and partially dried. This air-dried pro-
cess is a geotechnical measure to speed up the consolidation of
the sediment. Eventually the fill materials, which were decom-
posed granitic soil or rock fragments collected from nearby
hills were dumped to the site and the final ground elevation
is about 5e7 m above the sea level.

Like most of the southern areas in China, the study area has
humid subtropical climates, with hot, wet summers and mild,
dry winters. The coastal sea around the reclaimed area is dom-
inated by a tidal condition with a typical tidal range of �0.13
to 2.49 m. The tidal water dynamics in this area allows the ac-
cumulation of fine-grained sediment, in which the clay frac-
tion is high. Before reclamation, the marine sediment was in
the anoxic conditions and iron sulfides can be stable and
also the small grain size characteristics provided the marine
sediment with great adsorption capacity of metals dissolved
in the water. The marine sediment buried by the fill materials
in the reclamation area was mainly derived from alluvial ori-
gin and had similar lithological sources.
3. Sampling and analytical methods
3.1. Sampling design
As conceptualized in Fig. 1, there may be some chemical
and physical changes in the sediment after being buried by
fill materials. A sampling scheme was carried out in 2004 to
investigate the possible changes. The details of the samples
are presented in Table 1 and the purposes of the sampling
are as follows.

1. Marine sediment samples from Sites A, B and C. The three
sites were reclaimed in 2003, 1998 and 1996, respectively.
By the time of the sampling in 2004, the sediment was
buried, respectively, for 1, 6 and 8 years. The samples
from these three sites can provide information on the
changes of the metal concentrations in the sediment with
time after it was buried.

2. Groundwater samples from Site A after reclamation.
These samples, together with the sediment samples from
the same site, can provide information on the chemical ex-
change between the sediment and the pore water. The
groundwater samples can also provide information on
the aqueous chemical environment of the sediment after
reclamation.

3. In-situ seawater testing along the coastline on the east. The
marine sediment below the reclamation site was under sea-
water before reclamation. In-situ testing of pH, tempera-
ture, EC, and salinity can provide information on the
chemistry of the seawater overlying the sediment before
reclamation.

4. Groundwater samples from the original coastal areas to the
north and west of the reclamation area. These samples are
used to compare with those inside the reclamation area.
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Fig. 1. Conceptual models of land reclamation and possible chemical processes (Jiao et al., 2005).
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3.2. Sample collection
The locations at which samples were taken are shown in
Fig. 2. Site A was the construction site at the western end
of the so-called the Hong KongeShenzhen Western Corri-
dor, a cross-bay highway. This site was an elongated area
with the dimension of about 2.2� 0.7 km2. Sites B and C
were comparatively much smaller building construction
sites. Boreholes were drilled at Sites A and C for site inves-
tigation. Sediment samples (22 and 6) were collected from
the soil cores of the boreholes in Site A and C, respectively.
Superficial soil was removed and only the soil inside the
cores was sampled to avoid possible contamination. Eleven
samples of fill materials were also collected from Site A.
Site B was a deep and open excavation site and six sedi-
ment samples were collected directly from the sediment
layer under excavation. All sediment samples were stored
in polyethylene bags and then transported to the laboratory
where they were stored at 4 �C until further chemical
analysis.

Large-diameter wells were constructed in the reclamation
site to drain the pore water from the sediment and speed up
consolidation of the soil. Twenty-two groundwater samples
were taken from these wells in Site A during wet and dry
seasons in 2004. During the same period, groundwater sam-
ples were collected from 16 private water wells in the
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original coastal area to the north and west of the reclama-
tion land. Water samples were collected into a 125 ml poly-
ethylene narrow-mouth bottle with screw cap. Special care
was taken to avoid contamination during sampling. Before
sample collection, the bottle was rinsed at least three times
with water filtered through 0.45-mm mixed cellulose ester
membrane (Advantec MFS, USA). After collection, each
sample was immediately acidified to pH< 2 with ultrapure
nitric acid and then stored at approximately 4 �C before
chemical analysis. Water temperature, pH, electric conduc-
tivity and salinity were all measured in the field with porta-
ble electronic instruments. During both wet and dry seasons,
water temperature, pH, electric conductivity and salinity of
the near shore seawater were also measured. These measure-
ments can provide an indication of the local environment of
the marine sediment in pre-reclamation condition. Table 2
lists the physico-chemical parameters of the local shallow
Table 1

Details of the field sampling or testing in and around the reclamation area

Soil/water

sample types

Location Number

of samples

for testing

Source of

sampling

Sampling/testing

time

Sediment Site A 22 Borehole JuneeJuly, 2004

Site B 6 Excavation site July, 2004

Site C 6 Borehole July, 2004

Fill Site A 11 Borehole JuneeJuly, 2004

Groundwater Site A 22 Borehole July, November

2004

Seawater Original

coastal land

16 Private well

or borehole

July, November

2004

Along east

coastline

10 Open seawater July, November

2004
seawater and those of groundwater within and peripheral
to the reclamation areas.
3.3. Analysis of metals in marine sediment and
groundwater samples
The collected marine sediment samples were oven-dried
at 80 �C for 2 days, then ground using an agate mortar and
pestle to obtain homogenous powder. The prepared samples
were analyzed for metal concentrations using an acid diges-
tion (HNO3 and HF) method (Tam and Yao, 1999). In this
method, each sample (0.05 g) was digested using a 2 mL
mixture of ultrapure HNO3:HF (1:1) in a sealed PTFE
bomb heated at 190 �C in an electric oven for 24 h. After
cooling, the bombs were opened and placed on a hot plate
(at around 150 �C) until the solutions were evaporated to
dryness. The final residue was re-dissolved by adding
2 mL ultrapure HNO3 and 4 mL deionized water. At the
same time, 1 mL of 500 ng/mL Rh solution was added as
an internal standard. The resealed bombs were returned to
the electric oven and heated to 140 �C for 4 h. After cool-
ing, the final was made up to 50 mL solution by the addi-
tion of deionized water and stored in a PVC bottle at 4 �C
prior to analysis by Inductively Coupled Plasma-Mass
Spectrometer (ICP-MS) (Model VG EXCELL). The reagent
blanks were treated the same as the marine sediment
samples.

Stock solutions of commercially produced (Plasma Pure
Standard Solutions) multi-element standard solutions
(100 mg/L) in 10% HNO3 were used to prepare appropriate
elemental calibration curves for ICP-MS. All the reported
values are mean values of three replicates of each analysis.



Table 2

Physico-chemical parameters of water samples measured in-situ (mean� SD)

Sampling period pH Temperature (�C) EC(mScm�1) Salinity (&)

Bay water (n¼ 10) July 2004 7.7� 0.1 30.1� 1.1 41.3� 1.3 26.5� 1.2

November 2004 7.9� 0.1 23.2� 1.5 42.6� 1.6 27.9� 1.0

Groundwater in reclamation

site A after

reclamation (n¼ 22)

July 2004 7.2� 0.2 26.7� 1.0 5.7� 1.1 2.8� 0.6

November 2004 7.0� 0.2 24.7� 1.1 6.8� 1.0 3.5� 0.5

Groundwater in original

coastal land (n¼ 16)

July 2004 6.6� 0.2 25.9� 1.0 0.6� 0.1 e
November 2004 6.5� 0.1 24.8� 1.1 0.6� 0.1 e

e, Below detection limit.
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The completeness of the HNO3 and HF digestion technique
in extracting metals from sediment was checked by digesting
and analyzing two Certified Reference Materials GBW07313
and GBW07302 (Chinese national standard reference mate-
rial) using the method described above. The analytical values
of the two reference materials were within the range of the cer-
tified values except Zn in GBW07313 issued by National
Research Center for Geoanalysis (Table 3) and the reagent
blanks were found to below the detection limits.

Analysis of metals in groundwater samples was conducted
using ICP-MS. The international standard reference material
(SRM 1640, Trace Elements in Natural Water, National Insti-
tute of Standards and Technology) was used in the quality con-
trol. The analytical precision obtained by ICP-MS was
determined as the percentage of the relative standard deviation
(RSD) of the three consecutive measurements of the standard
reference solution. The recovery rates of the analyzed metals
in the standard reference material were >90%.

Three replicates of each analysis were performed and the
mean values were used for calculations. The analytical results
of metals in the sediment and groundwater samples are tabulated
in Tables 4 and 5. The metal concentrations in sediment samples
are expressed in terms of mg kg�1 dry weight; concentrations of
metals in groundwater samples are reported as mg L�1.
4. Results and discussion
4.1. Changes of water environment surrounding
sediment
Before reclamation, the marine sediment was overlain by
seawater; after reclamation, the sediment was covered by fill
materials. The reclamation area was initially saturated by sea-
water and then by terrestrial fresh groundwater, as can be seen
Table 3

Recovery of metal concentration in the Certified Reference Materials (unit: mg kg

Reference materials V Cr Mn C

GBW07313 Certifieda 112� 5 58.4� 1.3 334� 56 76

Foundb 110.84 58.84 312.56 75

GBW07302 Certifieda 16.5� 2.8 12� 4 240� 30 2.

Foundb 15.64 11.14 223.21 2.

a Certified Standard Reference Material (marine sediment, China).
b Mean of three replicates of each analysis.
from Fig. 1. The water environment of the sediment changes
markedly because seawater is saline and alkaline but ground-
water is slightly acidic and has high dissolved oxygen. As
shown in Table 2 the mean pH of the seawater in winter and
summer is 7.9 and 7.7, respectively. The mean pH of the
groundwater in reclamation areas in winter and summer is
7.0 and 7.2, respectively. The lower pH of groundwater may
be partly due to the gradual displacement of seawater by ter-
restrial groundwater, and partly resulted from oxidation of
the FeS2 and FeS to H2SO4 during the air-dried period of
the marine sediment (Meyer et al., 1994). The studies carried
out by Preda and Cox (2000) showed that coastal sediment
provided the required conditions for iron sulfide accumulation.
The iron sulfides formed were stable under undisturbed anoxic
conditions; however, when land reclamation progressed, the
sediment with iron sulfide was exposed to oxidizing conditions
and the following chains of chemical reactions that produce
sulfuric acid were triggered (Nordstrom, 1982; Bierens De
Haan, 1991):

FeS2þ 7=2O2þH2O/Fe2þ þ 2Hþ þ 2ðSO4Þ2� ð1Þ

Fe2þ þ 1=4O2þHþ/Fe3þ þ 1=2H2O ð2Þ

FeS2þ 14Fe3þ þ 8H2O/15Fe2þ þ 16Hþ þ 2ðSO4Þ2� ð3Þ
The oxygen from air or water was the initial driving force

for pyrite decomposition. As the pH dropped due to the release
of Hþ, the concentration of ferric iron increased as in Eq. (2),
and this phase then became the most important oxidizing
agent. The sequence continued with major production of
acid in Eq. (3). Therefore, iron sulfide oxidation during recla-
mation may contribute much to groundwater pH drop.

The salinity of the seawater (>25&) is much greater than
that of the groundwater sampled inside the reclaimed land
�1)

o Ni Cu Zn Cd Pb

.7� 1.2 150� 4 424� 8 160� 3 0.25� 0.06 29.3� 1.1

.34 148.73 412.78 155.39 0.21 28.63

6� 1.0 5.5� 2.1 4.9� 0.7 44� 7 0.07� 0.02 32� 8

23 5.13 5.52 42.16 0.05 39.88



Table 4

Metal concentrations in marine sediment from three reclamation sites (all results are shown in mg kg�1 dry weight)

V Cr Mn Co Ni Cu Zn Cd Pb

Site A

(n¼ 22)

Mean 113.68 75.96 624.58 21.68 33.12 34.63 119.25 0.40 49.45

Range 86.4e144.22 56.86e96.38 512.62e698.74 12.90e38.70 21.63e52.96 21.37e74.21 77.36e192.39 0.28e0.68 34.46e67.77

Site B

(n¼ 6)

Mean 87.86 49.20 490.72 22.12 22.00 25.41 102.31 0.44 56.70

Range 65.70e104.39 25.14e64.94 431.58e542.13 18.91e27.60 11.87e29.83 12.43e41.59 73.08e128.36 0.39e0.53 52.05e62.20

Site C

(n¼ 6)

Mean 67.42 40.91 343.82 42.61 19.96 16.06 76.79 0.38 40.20

Range 55.67e78.36 34.20e47.81 287.54e375.68 34.21e62.22 15.33e25.57 14.57e17.51 62.63e93.01 0.30e0.45 33.18e48.83
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(<5&) (Table 2). The decreased water salinity after reclama-
tion indicated that the seawater was replaced gradually by ter-
restrial groundwater. Laboratory studies conducted by Lau and
Chu (1999) on sediments collected from a coastal wetland
demonstrated that when the salinity shifted from 15& to
5&, it resulted in marked changes in levels of contaminants
in sediment extracts at 25 �C. Nelson et al. (1981) suggested
that the equilibrium distribution of metals between solids
and solutes was mediated primarily by physico-chemical fac-
tors. It is expected then that the changes in physico-chemical
parameters such as pH and salinity of the water around the
sediment may induce some metal exchange between the sedi-
ment and pore water.
4.2. Concentrations of metals in marine sediment
Table 4 shows the concentrations of the nine metals (V, Cr,
Mn, Co, Ni, Cu, Zn, Cd and Pb) in marine sediment samples
from the three reclaimed sites. The total concentrations of
these metals especially Cr, Mn, Ni, Cu, Zn and Pb in the sed-
iment are relatively high and the sediment can be classified as
moderately polluted based on the standard set by the United
States Environmental Protection Agency (2000). This raises
concern regarding the biological and environmental impacts
of metals if they are released from the sediment after the water
environment (pH and salinity) is changed. Comparison of the
concentrations of V, Cr, Mn, Ni, Cu and Zn in sediment from
the three sites reclaimed at different times shows that the most
recent buried sediment has a relatively higher concentration
than that buried earlier (Fig. 3). For an example the sediment
in Site A was buried 5 years later than that in Site B, all the
Table 5

Metal concentrations in groundwater within and peripheral to reclamation site (un

Sampling V Cr Mn C

In reclamation

Site A

(n¼ 22)

July 2004 Mean 17.71 2.04 1155.32 3

Range 5.29e50.24 0.68e4.71 8.93e8749.57 1

November

2004

Mean 20.29 2.06 1391.90 5

Range 7.32e66.66 0.72e4.84 18.87e10210.45 1

In original

coastal land

(n¼ 16)

July 2004 Mean 3.45 1.17 634.16 1

Range 0.50e21.85 0.24e4.06 19.39e7479.68 0

November

2004

Mean 1.74 1.02 429.93 1

Range 0.59e8.77 0.08e3.58 22.08e6027.12 0

Analytical

precision (%)

2.6 2.6 0.3 0

e, Below detection limit.
metals, except Co, Cd and Pb, in the sediment from Site A
have higher concentrations than Site B. Studies carried out
by some previous researchers (Salomons et al., 1987; Gam-
brell et al., 1991) showed that the drop of pH in the overlying
water prevented a transfer of trace metals to the sediment in
the estuarine environment and also caused a desorption from
the sediment. Therefore, it may be expected that lower pH
and salinity may enhance the desorption and dissolution abil-
ity of the sediment and contribute to lowered V, Cr, Mn, Ni,
Cu and Zn in sediment. It is believed that these processes
are time-dependent and more metals may be released from
the sediment if it is buried earlier. This may explain why con-
centrations of most of the metals in the sediment decrease
from Sites AeC.
4.3. Metal concentrations in groundwater in wet and
dry seasons
Fig. 4 presents the nine metals in groundwater samples
collected from the reclaimed area and the original coastal
land in wet and dry seasons in 2004. The chemistry of
groundwater in the original coastal land was studied by
Chen et al. (2007). All the nine metals in the groundwater
samples collected from the original coastal area had lower
concentrations in November 2004 than in July 2004 (Table 5).
However, all the metals except Zn in groundwater samples
within the reclamation areas had higher concentrations in
November than in July. It is not surprising that the concentra-
tions of metals in groundwater in the original coastal land in
July are higher. In Shenzhen, July is the rainy season and
leaching is more significant than the dry season including
it: mg L�1)

o Ni Cu Zn Cd Pb

.35 3.57 1.32 12.52 0.55 1.83

.24e15.12 1.45e10.53 0.24e3.66 2.20e81.29 0.02e3.40 0.09e16.62

.98 10.78 1.76 7.93 0.6 1.98

.32e20.51 3.14e19.18 0.53e3.69 1.16e45.64 0.05e5.28 0.21e30.78

.86 2.76 1.07 32.47 0.06 9.71

.21e9.64 0.45e8.37 0.11e4.06 1.23e577.60 0.02e0.15 0.15e62.84

.12 1.63 0.83 30.11 e 8.87

.26e7.19 0.23e5.94 0.33e2.18 0.74e585.21 e 0.09e50.90

.7 0.3 1.4 2.3 1.7 2.1
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November. Studies in Brazil showed that leaching enhanced
dissolution of residual minerals at the ground surface and in-
duced relatively high metal concentrations in groundwater in
rainy season (Sondag et al., 1997). Similar seasonal changes
in groundwater chemistry were also observed in Hong Kong
(Leung et al., 2005). On this basis, the concentrations of
metals in groundwater in the rainy season should be higher
than those in the dry season. But in the recently reclaimed
Site A, all the studied metals except Zn in groundwater dis-
play higher concentrations in November than in July (Fig. 4).
Therefore, it is likely that there exists a more enriched metal
source contributing to the groundwater in the recently re-
claimed areas.

A comparison of metal concentrations in groundwater sam-
ples collected from the original coastal land with those within
Site A shows that all the metals except Zn and Pb in ground-
water within Site A display higher concentrations than those in
the original coastal area, no matter in dry or wet seasons
(Fig. 5). The original coastal areas have busy highways but
Site A was not yet developed at the time of the study. Contam-
ination by high traffic volume may cause high concentrations
of Zn and Pb in soil (Wong et al., 1996; Li et al., 2004). It is
believed that the elevated concentrations of Zn and Pb in
groundwater from the original coastal land may be associated
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with soil contaminated by Zn and Pb due to busy traffic. How-
ever, marked increases in concentrations of V, Cr, Mn, Co, Ni,
Cu and Cd within groundwater of Site A may result from re-
lease of these metals from the sediment to the water due to
changes in the water environment. Fill materials in the re-
claimed land inevitably compressed the marine sediment,
which could lead to the release of metals, especially those
bound to relatively large particles, to the surrounding water
from the contaminated sediment (Gambrell, 1994). The rela-
tively high concentrations of V, Cr, Mn, Ni and Cu in ground-
water in reclamation areas also agree well with the gradually
decreased concentrations of these metals in the buried marine
sediment.

It may be argued that the fill materials may contribute to the
metals in the groundwater. Chemical analysis shows that the
metal composition of the fill materials is much lower than
that of the sediment (Table 6). It is reasonable to assume
that the metal contribution of the fill materials to groundwater
is negligible compared to the marine sediment. Therefore, it
can be concluded that the elevated metal concentrations of
groundwater in the reclamation areas are most likely associ-
ated with metal release from the sediment.

In the present study, the gradual decrease of V, Cr, Mn, Ni
and Cu in marine sediment in Sites A, B and C and the relative
In Out In Out In Out In Out
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Fig. 5. Comparison of metal concentrations in groundwater samples within and outside reclamation areas.
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high concentrations of the five metals in groundwater within
Site A have shown that these metals are mobilized from the
sediment phase to the solution phase. Metal release from
marine sediment is affected by pH and salinity and the lower
pH and salinity may be helpful for metal release from marine
sediment (Gambrell et al., 1991; Lau and Chu, 1999). There-
fore, the mobilization of these metals from sediment phase to
the solution phase may be due to the coupling effect of pH and
salinity changes in the water environment before and after land
reclamation.

However, the present study cannot explain the behavior
of all the metals. Among the nine metals in this study, V,
Cr, Mn, Ni, Cu and Cd seem to behave similarly and are
believed to be released easily from the sediment to the ground-
water after land reclamation, while Zn and Pb show different
behavior. Co seems to behave very differently from the
other eight metals studied. This indicates the degree of the
complexity of the underlying mechanisms controlling the mo-
bility of the metals in the sedimentewater system of the re-
claimed areas.

5. Conclusion

Field soil and water sampling and laboratory analyses were
carried out to understand the changes of metals in the subsur-
face system in the reclaimed land in Shenzhen, China. Three
facts were observed from the chemical analyses: (1) the sedi-
ment buried for a longer period has lower metal concentra-
tions; (2) groundwater in the reclaimed area has higher
metal concentrations than in the original coastal land; and
(3) groundwater in the reclamation area has higher concentra-
tions in the dry season than in the wet season while the
Table 6

Comparison of metal concentrations in fill materials and marine sediment in recla

V Cr Mn Co

Fill materials

(n¼ 11)a
Mean 17.04 8.08 178.12 42.46

Range 7.21e36.42 2.01e24.27 29.68e237.51 1.21e151

Marine mud

(n¼ 22)

Mean 113.68 75.96 624.58 21.68

Range 86.40e144.22 56.86e96.38 512.62e698.74 12.90e38

a Data of fill materials are unpublished.
groundwater in the original land shows typically the opposite
trend. An attempt was made to explain these facts. In the rec-
lamation area, the marine sediment which was submerged by
seawater before reclamation was saturated gradually with ter-
restrial groundwater after reclamation. This has led to the
changes in physico-chemical parameters such as reduction in
pH and salinity. It is believed that these physico-chemical
changes enhance the mobility of metals accumulated in the
sediment. The metals such as V, Cr, Mn, Ni, Cu and Cd
were then released from the sediment to groundwater. There-
fore, the metal concentrations in the sediment decrease as
burial time increases. The release of the metals from the sed-
iment to the pore water can also explain why the metals in
groundwater in November 2004 displayed higher concentra-
tions than in July 2004 in the reclamation area and why the
metal concentrations in the groundwater in the reclaimed
land were higher than in the original coastal land in both the
dry and wet seasons of 2004. The metals in the groundwater
in the reclamation site will eventually flow to the sea and
may have adverse effects on the coastal environment. It is sug-
gested that these possible negative impacts on the coastal en-
vironment should be evaluated before a large-scale land
reclamation project is carried out.

In the preliminary study, the spatial difference of chemistry
of marine sediment in Sites A, B and C before reclamation is
assumed to be negligible because the marine sediment in the
three reclaimed sites was derived from a similar source. For
a better understanding of the underlying mechanism affecting
the mobility of metals in the reclamation land, more detailed
field sampling and rigorous laboratory research under con-
trolled conditions should be carried out. These will be topics
of further study.
mation Site A (unit: mg kg�1)

Ni Cu Zn Cd Pb

1.89 8.30 32.32 0.20 39.61

.54 0.21e4.88 2.82e27.73 20.27e44.85 0.12e0.25 11.61e68.81

33.12 34.63 119.25 0.40 49.45

.70 21.63e52.96 21.37e74.21 77.36e192.39 0.28e0.68 34.46e67.77
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