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Abstract Samples of porewater and the edible tissue

of mottled clams, Ruditapes variegatus, were collected

simultaneously at each of 12 stations from Jiaozhou Bay

near Qingdao, China, in June of 2003. Chemical analysis

focused on trace metals and major elements. Porewater

concentrations of Cd, Cr, Pb, and Zn were distributed in a

bimodal fashion among the 12 stations, with mean con-

centrations at six of the stations being 8–32 times mean

values at the other six stations. The concentrations of the

same metals in clams were remarkably similar among

stations, the coefficients of variation being only 12–37%.

Calculations performed with the computer program

PHREEQC indicated that Pb and Cr in porewater were

present only in the ?2 and ?3 states, respectively, and

because dissolved Cd and Zn exist only in the ?2 state, the

bimodal distribution of these four metals likely reflects

secondary effects associated with their scavenging by Fe

and/or Mn under oxidizing conditions and subsequent

dissolution in the reducing environment of the porewaters.

Consistent with this hypothesis is the fact that the distri-

bution of high and low metal concentrations was closely

correlated with the granularity of the sediment, with lower

metal concentrations associated with relatively coarse

sediment. Comparison of published biological concentra-

tion factors with the ratios of metal concentrations in the

clams to porewater metal concentrations indicated that the

porewaters were not the primary sources of the metals in

the clams. Mixing processes in the bay likely account for

the rather uniform concentrations of metals in clam tissue.
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Introduction

Many marine organisms have the potential to bioconcen-

trate high levels of metals from their growth environment

(EI-Moselhy and Gabal 2004; Heier et al. 2009; Szeffer

et al. 1999). Metal bioaccumulation by marine organisms

has been the subject of considerable interest in recent years

because of concern that high levels of metals may have

negative effects on marine organisms and may create

serious problems with respect to their suitability as food for

humans (Franco et al. 2007).

The highest concentrations of metals in aquatic systems

are typically found in organisms and/or sediments, since

metals are very insoluble at the pH and Eh of most natural

waters. Benthic organisms are particularly susceptible to

the effects of metal pollution since their habitat is the

natural repository of metals that are transferred to the

bottom in particulate form. In the sediment metals may be

mobilized as a primary or secondary result of changes in

redox conditions. Once mobilized, the bioavailability of a

metal depends on its chemical speciation (Siegel 2002).

Previous work has addressed the bioavailability of metals

in offshore sediments (Neretin et al. 2004; Ye 2005; Yu
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et al. 2001) and the marine pelagic environment, but few

studies have addressed the issue of metal speciation and

bioavailability in bottom waters and nearshore sediment

porewaters (Ellwood 2004; Gunneriusson and Sjoberg

1991).

The work reported here was carried out as part of a

multipurpose geochemical mapping program dealing with

chemical speciation and sedimentary processes affecting

the bioavailability and bioaccumulation of toxic metals of

environmental concern in Chinese coastal waters. The

principal objective of the study was to determine the spe-

ciation of Pb, Zn, Cd and Cr in the porewaters of sediments

that are the habitat of the clam, Ruditapes variegatus,

and to identify responses in exposed R. variegatus. The

R. variegatus selected for this research were exposed to the

growth environment for a period of *3 years to obtain

information regarding which metal species were available

for uptake and bioaccumulation.

Materials and methods

Study site

Jiaozhou Bay is a semi-enclosed embayment adjacent to

the Yellow Sea at a latitude of *36�N (Fig. 1). Bound by

the Shandong Peninsula on the north, it is elliptical in

shape (33.3 km major axis; 27.8 km minor axis) with an

area of nearly 300 km2, an average depth of 6–7 m, and a

maximum depth of 64 m at its mouth. Water exchange

with the Yellow Sea is restricted by the fact that the mouth

of the bay is only *3 km wide. The bay receives runoff

from several streams, of which the Licun River and Haibo

River on its eastern side (Fig. 1) are major sources of

pollution. Sediments in the bay consist primarily of sandy

silt and clayey silt (Fig. 1).

This bay was chosen for study because of concerns

about pollution. Numerous chemical production plants

and oil refineries are situated around Jiaozhou Bay, and

the bay receives much of the permitted wastewater dis-

charged from the city of Qingdao (population *7 mil-

lion) and surrounding areas, including domestic,

agricultural, and industrial wastewater. Damage to fish

farms has been caused by the heavy and sometimes

extensive pollution associated with these discharges. The

bay’s shallow depth and restricted water exchange with

the Yellow Sea have made it particularly vulnerable to

impacts from pollution associated with the large human

population and intensive industrialization that characterize

its watershed. With respect to the present study, the

presence of a large R. variegatus population in the bay

facilitated the use of this species in the experimental

design.

Sampling and chemical analysis

In June of 2003, samples of porewater, sediments, and

clams (edible R. variegatus with a growth period of

*3 years) were collected from 12 sampling sites in the

bay. The sampling protocol was as follows: (1) a Shuguang

grab sampler with a sampling volume of 0.05 m3 was used

to collect surface sediments to a depth of 10–15 cm; (2) the

samples were centrifuged (multitube LXJ-IIB centrifuge)

for 15 min at 3,000 rpm to separate the sediments and

porewater, and the supernatant (pore) water transferred to

two bottles, one of which was acidified and preserved in a

frozen state. The second bottle was kept at ambient tem-

perature for major element analysis; (3) R. variegatus were

collected using a rake-net. Sufficient and unbroken speci-

mens were kept in a refrigerator for later use. Near-surface

seawater from each sampling site was sprinkled over the

R. variegatus to keep them moist.

Total metal concentrations in the porewater were

extracted using national standard procedure (GB 17378.4,

Editorial Board of National Standards Press 1998). Briefly,

the pH of each sample was adjusted to *3–4, 5 ml of an

ammonium pyrrolidine dithiocarbamate solution added,

and the sample mixed by shaking. Fifty milliliter of methyl

isobutyl ketone was then added and the sample shaken

vigorously for 30 s. The extracted organic layer was

aspirated directly to a flame-atomic absorption spectro-

photometer to determine metal concentrations. Metal con-

centrations in R. variegatus were calculated on a wet

weight basis. Samples of edible tissue were initially

weighed and then dried in an oven at 65�C to constant

weight. They were then digested in concentrated nitric acid

by placing them in a hot block digester at low temperature

for 1 h and then at high temperature (140�C) for at least 3 h

(GB 17378.5, Editorial Board of National Standards Press

1998). Reagent blanks were run in all cases. Trace metals

were analyzed using a flame-atomic absorption spectro-

photometer. Replicated measurements were used to deter-

mine analytical precision, which was better than 5–10%.

Major elements in porewater were determined using an

inductively coupled plasma (ICP) model TJA-IRIS-

Advantage for cations and by titration for anions.

Thermodynamic calculations

The computer program PHREEQC (David and Appelo

1999) was used to estimate the equilibrium chemical spe-

ciation of aqueous Pb(II), Zn(II), Cd (II), and Cr(III) and

the pH and Eh of the porewater samples. Input variables

included thermodynamic constants at 18�C (the average

temperature of the porewaters in June 2003) and the con-

centrations of major anions and cations in the porewater.

Basic information added to the primary PHREEQC
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database included thermodynamic constants for the metals

Fe, Mn, Cu, Zn, Pb, Cr, Cd, Hg, Cr, and As and the cor-

responding potential species and their relevant reaction

equations.

Results

The calculated pH of the porewaters varied between 7.5

and 8.1 with a mean and standard deviation of 7.8 ± 0.2.

Calculated Eh values ranged between -32 and -15 mV

with a mean and standard deviation of -22 ± 5 mV.

Porewater metal concentrations followed a bimodal

distribution (Table 1), with mean values at six stations

(1, 26, 27, 54, 58, and 64) being roughly an order of

magnitude higher than mean values at the other six

stations (5, 13, 16, 36, 47, and 56). There was no con-

sistent relationship between the high and low porewater

metal concentrations and either pH or Eh. However,

sediments at five of the six stations with high porewater

metal concentrations were characterized as clayey silt,

the lone exception being station 1 (sandy silt), and

sediments at five of the six stations with low porewater

metal concentrations were characterized as sandy silt, the

lone exception being station 56 (clayey silt). The prob-

ability of such an uneven distribution of sediment types

between the high and low porewater metal concentration

stations is less than 5% if the null hypothesis is that

the two sediment types are equally probable at all 12

stations.

Compared to the sediment porewater concentrations,

metal concentrations in clam tissue were remarkably uni-

form. Cd, Cr, Pb, and Zn tissue mean (±standard devia-

tion) concentrations among all stations were 126 ± 15 lg/

kg, 161 ± 45 lg/kg, 23 ± 3 lg/kg, and 9.6 ± 3.5 mg/kg,

respectively. Despite their small variability, clam tissue

metal concentrations were correlated negatively with sed-

iment porewater metal concentrations in all four cases, and

the correlations were significant at p = 0.03 and 0.06 in the

cases of Cr and Pb, respectively (Fig. 2). Based on an

analysis of variance (ANOVA) there was no difference in

the speciation of the porewater Cd and Cr concentrations at

the high and low porewater metal concentration stations

(p [ 0.6 and 0.2 for Cd and Cr, respectively). However, the

percentages of Pb and Zn chelated by carbonate were

higher at the high porewater metal stations, and the per-

centages of Pb and Zn chelated by chloride and sulfate

were higher at the low porewater metal stations (Table 2).

Fig. 1 Locations and distribution of the sampling sites
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Discussion

Some insight concerning the relationship between metal

concentrations in porewater and clam tissue can be gained

by examining the ratio of the latter to the former (Table 3).

In the case of Pb, for example, reported biological con-

centration factors (BCFs) in shellfish range from 306 in

blue mussels, Mytius edulis, to 4,985 in eastern oysters,

Crassostrea virginica (EPA 1980c). The ratios for Pb in

Table 3 are far lower than this range of values, and in the

case of the high porewater metal stations are actually less

than 1.0. The implication is that the biologically available

forms of Pb are a very small fraction of the total dissolved

lead in the porewater, or that the Pb taken up by the clams

is derived primarily from a source other than the porewater,

i.e., a source with much lower Pb concentrations. Although

some of the species of Pb in the porewater are in fact a

small percentage of the total Pb and are present at a higher

percentage at the low porewater metal stations, the differ-

ence in percentages between the high and low porewater

metal stations is no more than roughly a factor of 2, which

is not enough to explain the 9.9/0.34 = 29-fold difference

in tissue/porewater ratios between the two sets of stations if

the porewater were the source of the Pb taken up by the

clams.

Reported BCFs for Cd in bivalve mollusks range

between 83 for the hard-shelled clam, Mercenaria merce-

naria, to 3,650 for the eastern oyster, Crassostrea virginica

(EPA 1980b). This range of values is far above the

Table 1 Means and standard errors (lg/L) of porewater metal

concentrations

Stations 1, 26, 27, 54, 58,

and 64 (mean ± standard error)

Stations 5, 13, 16, 36, 47,

and 56 (mean ± standard error)

Cd 50.7 ± 5.6 2.95 ± 0.66

Cr 2.56 ± 0.076 0.195 ± 0.070

Pb 115 ± 18.6 3.6 ± 1.0

Zn 115 ± 18.0 13.8 ± 1.8

Fig. 2 Porewater metal

concentrations versus clam

tissue metal concentrations.

Straight lines are regressions fit

to data in cases where

correlations were significant

Table 2 Percentages of dissolved porewater metals chelated as

indicated in cases where differences were significant between high

and low porewater metal stations

Metal–ligand

complex

High porewater

metals

Low porewater

metals

Type I

error

PbCO3 81 70 0.008

ZnCO3 27.5 16.9 0.009

PbCl? 7.2 13.4 0.010

ZnCl? 11.1 16.2 0.019

PbCl2 4.4 8.2 0.014

ZnCl2 3.8 5.6 0.029

PbCl3
- 1.0 2.1 0.021

ZnCl3
- 1.4 2.1 0.043

PbSO4 0.93 1.91 0.010

ZnSO4 10.7 15.6 0.017
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corresponding figure of 2.5 at the high porewater metal

stations, and because the speciation of Cd was not signif-

icantly different at the high and low porewater metal

stations, there is no way to explain the 58/2.5 = 23-fold

difference in clam tissue/porewater ratios between the two

sets of stations if the porewater were the source of the Cd

taken up by the clams.

Reported BCFs for trivalent Cr in bivalve mollusks

range between 86 and 153 (EPA 1980a). These are less

than three times the corresponding tissue/porewater ratio of

53 at the high porewater metal stations and well below the

ratio of 1,725 at the low porewater metal stations. How-

ever, because the speciation of Cr3? was not significantly

different between the two sets of stations, there is no way

to explain the 1,725/53 = 33-fold difference in clam tis-

sue/porewater ratios between the two sets of stations if the

porewater were the source of the Cr taken up by the clams.

Reported BCFs for Zn in shellfish range from 107 in the

soft-shell clam, Mya arenaria, to 20,500 in the eastern

oyster, Crassostrea virginica (EPA 1987). If BCFs on the

order of 100 are typical of clams, the ratios in Table 3 for

Zn are plausible. Although some of the species of Zn in the

porewater are present at a higher percentage at the low

porewater metal stations, the difference in percentages

between the high and low porewater metal stations is no

more than a factor of 1.5, which is not enough to explain

the 798/125 = 6.4-fold difference in tissue/porewater

ratios between the two sets of station if the porewater were

the source of the Zn taken up by the clams.

The implication of this analysis is that the sediment

porewater is not the primary source of the metals taken up

by R. variegatus. The spatially rather uniform concentra-

tions of metals in the clams presumably reflects the fact

that, despite the localized nature of metal inputs from

sources primarily along the eastern side of the bay, metal

concentrations to which the clams are exposed are rela-

tively uniform as a result of mixing processes within the

bay. The bimodal distribution of sediment porewater metal

concentrations is closely correlated with the granularity of

the sediment, with lower porewater metal concentrations

associated with coarser sediment. The most likely expla-

nation for this correlation is the fact that under oxidizing

conditions the metals of interest in this study would tend to

be scavenged by insoluble forms of oxidized iron and

manganese. Under reducing conditions iron and manganese

would be reduced to soluble Fe2? and Mn2?, respectively,

and metals scavenged under oxidizing conditions would be

released to the porewater (C. Measures, personnel com-

munication). The nature of sampling the sediment (grab

samples to a depth of 10–15 cm) likely precluded detection

of this effect in terms of porewater Eh, but it seems rea-

sonable to assume that the transition to reducing conditions

would occur at a greater depth in coarse than fine-grained

sediment.

The two exceptions to this paradigm are stations 1 and

56. The high porewater metal concentrations at station 1

most likely reflect its location near the mouth of the Licun

River, which is a major source of heavy metal pollution as

a result of industrial activities within its watershed. Station

56, on the other hand, is located near the geographical

center of the bay and hence far from any point-source

inputs.

Finally, it is of interest to ask whether R. variegatus

harvested from Jiaozhou Bay would represent a hazard to

human health if consumed. To address this question, we

compared the concentrations of Cd, Cr, and Pb measured in

this study with the so-called action levels of the United

States Food and Drug Administration (FDA) (Table 4). It

is apparent from this comparison that the concentrations of

these metals in R. variegatus are roughly two orders of

magnitude lower than the FDA action levels and hence

of no concern from a human health standpoint.

Conclusions

The range of Eh and pH were both sufficiently small with

the range of -32 to -15 mv for the former, and the

7.5–8.1 for the latter. Porewater concentrations of given

metals followed a bimodal distribution with mean values at

six stations being roughly an order of magnitude higher

than mean values at the other six stations. There was no

consistent relationship between porewater metal concen-

trations and either pH or Eh. Pb, Zn and Cd in porewater

were present only in the ?2 state, and Cr in the ?3 state.

The percentages of carbonato complexes of Pb and Zn

Table 3 Ratio of metal concentrations in clams to sediment pore-

water (mean ± standard error)

Cd Cr Pb Zn

High porewater

metal stations

2.5 ± 0.4 53 ± 6 0.34 ± 0.19 125 ± 60

Low porewater

metal stations

58 ± 13 1,725 ± 508 9.9 ± 2.7 798 ± 164

Table 4 Comparison of FDA action levels with metal concentrations

in R. variegates (lg/g)

Metal Action level

(FDA 2001)

Mean concentration in

R. variegatus from Jiaozhou Bay

Cd 4 0.126

Cr 13 0.161

Pb 1.7 0.023
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were higher at the high porewater metal stations, and the

percentages of chloro and sulfato conplexes of Pb and Zn

were higher at the low porewater metal stations. Metal

concentrations in clam tissue were remarkably uniform, but

clam tissue concentrations were correlated negatively with

porewater metal concentrations in all cases, and the cor-

relations were significant at p = 0.03 and 0.06 in the cases

of Cr and Pb. The porewaters were not the primary sources

of the metals in the clams. The porewater diffusion layer

likely accounts for the rather uniform concentrations of Pb,

Zn, Cd and Cr in clam tissue.
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