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Abstract Three undisturbed sediment samples were col-

lected from the intertidal zone of the Jiaojiang Estuary of

Zhejiang Province, China. The sediments were found to

contain remarkably low concentrations of organic carbon

(\0.6%) and acid volatile sulfide (AVS) (\30 lmol g-1).

The availability of these two substrates likely constrained

sulfate reduction and pyritization of several trace metals,

respectively. This was especially true at one station where

AVS concentrations in the upper 20 cm averaged less than

0.05 lmol g-1. Although the depth dependence of the

degree of trace metal pyritization was generally consistent

with expectations based on redox conditions, depth profiles

of reactive-metal and pyrite-metal concentrations in several

cases revealed more complex behavior and a positive

correlation between reactive-metal concentrations and pore

water metal concentrations.
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Introduction

River-borne pollutants, including especially trace metals,

tend to accumulate in estuaries, where their potentially

damaging effects are a concern to environmental geo-

chemists. Of current interest with respect to the bio-

availability of these metals are their relationships to pyrite

and acid volatile sulfide (AVS), and the mechanism(s) of

their coprecipitation with pyrite (Edenborn et al. 1986;

Huerta-Diaz and Morse 1992; Peterson and Carpenter

1986). Previous studies have shown that both thermody-

namic considerations and kinetic constraints impact the

association of these metals with pyrite (Calvert and

Morris 1977; Contreras et al. 1978; Davies-Colley et al.

1985; Elderfield et al. 1979; Fleischer 1955; Framson and

Leckie 1978; Morse and Luther 1999; Shea and Helz

1988), and the understanding of trace metal bioavailabil-

ity that has emerged from this previous work has had

important environmental, biological and geochemical

implications.

Of the world’s population of 6.7 billion China currently

accounts for *20%. Almost 60% of Chinese citizens live

in 12 coastal provinces, along the Yangtze River valley,

and in the coastal municipalities of Shanghai and Tianjin

(Hinrichsen 1999). This large coastal population is closely

associated with serious pollution of China’s coastal waters

as a result of riverine export of agricultural chemicals from

coastal catchments and discharges of domestic and indus-

trial wastes (Cao and Wong 2007). With few exceptions

(Ye et al. 2006a, b; Zhang et al. 2003) there are remarkably
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few reports on the distribution and speciation of trace

metals in the sediments of major polluted Chinese estuaries

and even fewer on the behavior and bioavailability of trace

metals during early diagenesis. Lacking such information

makes it impossible to determine the bioavailable and

potentially bioavailable fractions of trace metals in these

sediments and to predict, in particular, the bioavailability

of toxic elements. Trace metal speciation directly impacts

metal transference across the sediment–water interface,

i.e., trace metals can emerge from their pyritic phase in

anoxic sediments and diffuse into the overlying water, and

trace metals in bottom waters can move into sediments

through absorption and coprecipitation (incorporation into

pyrite). Therefore, pyritization and reverse pyritization of

trace metals are important processes controlling bioavail-

ability. Morse (1994), for example, has shown that more

than 20% of sedimentary pyrite can be rapidly oxidized

into a reactive phase and become bioavailable in oxic

seawater. Hence, when seafloor sediments are resuspended

and/or redox conditions become more oxidizing, metals

previously sequestered in unreactive sedimentary phases

can become bioavailable.

The total amount of pyrite formed in a marine envi-

ronment is strongly dependent on the environment’s redox

characteristics (Berner 1970, 1980). It is therefore expected

that the proportion of a given trace metal incorporated into

the pyrite phase will depend on these same redox charac-

teristics. During the present study, three undisturbed sam-

ples were collected from Jiaojiang Estuary in the Zhejiang

Province of China to determine the pyritization of poten-

tially toxic trace metals (As, Cd, Cr, Cu, Hg, Mn, Ni, Pb,

and Zn) in the sediments, to analyze the distribution of

the pyritic and reactive (bioavailable) fractions of these

metals in the sediment profile, and to examine the rela-

tionship between environmental conditions such as AVS

and organic matter content and trace metal transference

into the pyritic phase.

Description of the study area

Three core samples (TZ01, TZ02, and TZ03) were col-

lected from Jiaojiang Estuary in Taizhou Bay, Zhejiang

Province. The Zhejiang coast borders the East China Sea

and lies in the middle of China’s coastal zone; it is flanked

by Shanghai City to the north and Fujian Province to the

south. Taizhou Bay, in the central part of the Zhejiang

coast, is seriously impacted by discharges of chemical

pollutants, mainly from the Jiaojiang River (Fig. 1). Sedi-

ments in the bay progress from clayey silt to silt in a

southerly direction from Jiaojiang Estuary. The tidal range

is 0.8–6.3 m with an average of 4 m.

Fig. 1 Sampling locations in Jiaojiang Estuary
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Materials and methods

Cores TZ01, TZ02 and TZ03 were obtained by inserting a

seven-centimeter diameter PVC pipe into the sediments

during the low ebb tide. The pipe was capped, lifted ver-

tically out of the water, the bottom sealed with a lid, and

surficial water pumped out. The cores were then sealed and

placed in a vertical position in a freezer (-20�C). Cores

TZ01, TZ02, and TZ03 were 30, 38, and 38 cm long,

respectively. In the laboratory, they were subsampled at

two-centimeter intervals under a nitrogen atmosphere.

After freeze drying, two-gram subsamples were taken from

each 2-cm section for speciation analysis. The subsamples

were digested following the procedures described by Hu-

erta-Diaz and Morse (1990) as refined by Lord (1982) to

separate the following three operationally defined fractions

(1) reactive fraction: digested while shaking in 1 M HCl

for 16 h. This fraction includes crystalline, amorphous iron

and manganese oxyhydroxides, carbonates, and hydrous

aluminosilicates. The metallic component of the reactive

fraction includes exchangeable metals, metallic sulfides

(not including pyrite), and carbonate-related metals. (2)

Silicate fraction: digested while shaking in 10 M HF for

16 h. Five grams of boric acid are then used to re-dissolve

precipitated fluorides. This fraction is comprised of clay

minerals. (3) Pyrite fraction: obtained by using concen-

trated HNO3 to digest solid residuals from step (2) for 2 h.

This fraction consists of pyrite-associated trace metals.

Since trace metals associated with the above silicate

fraction do not take part in element transference during early

diagenesis and are thus not considered to be bioavailable,

chemical testing and analyses were not done on them. Hence

the sum of the metal (Me) concentrations in the reactive and

pyrite metal fractions (reactive-Me ? pyrite-Me) was con-

sidered to be bioavailable. Arsenic and Hg were measured

using atomic fluorescence spectrometry (AFS-230) accord-

ing to state standard (GB17378-1998); the analytical preci-

sion was better than ±5%. Cd and Cr were assayed following

DZ/T0223-2001 using an ExCell inductively coupled

plasma (ICP). Cu, Pb, Zn, Ni, Fe, and Mn were analyzed

using an IRIS ICP (JY/T015-1996); the analytical precision

was better than ±5%.

AVS data were obtained using Hsieh’s cold diffusion

method (Hsieh et al. 2002; Hsieh and Shieh 1997) as fol-

lows: about 10 g of wet sediment were weighed and

transferred to a 250-ml flask; 2 ml 1 M ascorbic acid

solution were added; a plastic vial containing 15 ml (3%)

alkaline Zn solution was placed in the flask; the flask was

purged with pure N2 gas while injecting 15 ml 8 M HCl

solution to initiate the reaction; the reaction was allowed to

proceed for 18 h at room temperature; the plastic vial was

then removed, the cover screwed tightly, and the vial stored

in a dark, cool place. Sulfides in the absorbed liquid were

measured using iodine as an oxidant (Hsieh and Shieh

1997).

Samples for organic carbon analysis were initially

ground, acidified to remove inorganic carbon, and freeze

dried. The samples were then further ground (\100 mesh)

and *10 mg weighed for final analysis. Carbon contents

were determined using a FlashEA-112 elemental analyzer

(Thermo Company) with an analytical precision of ±1%.

Pore water samples were obtained by centrifuging aliquots

of sediment and were analyzed for trace metals as descri-

bed above.

Statistical tests were carried out using analysis of vari-

ance (ANOVA), Kruskal–Wallis (KW), and runs tests

(Sokal and Rohlf 1981). To examine the data for (1) sys-

tematic differences in the degree of trace metal pyritization

(DTMP) between stations and (2) patterns of DTMP vari-

ation with depth, the data were first normalized to filter out

noise from depth variations in the former case and inter-

station differences in the latter case. Specifically, to look

for differences between stations, the metal DTMP values

were normalized at each depth by subtracting the mean

DTMP (averaged over stations) at that depth and dividing

the difference by the standard deviation of the DTMP at

that depth. The DTMP values so normalized had the same

mean (zero) and standard deviation (one) at each depth.

Likewise, to look for variations with depth, the DTMP

values were normalized at each station by subtracting the

meant DTMP (averaged over all depths to 30 cm) and

dividing by the corresponding standard deviation. The

DTMP values so normalized had the same mean (zero) and

standard deviation (one) at each station.

Results

Vertical distributions of organic carbon (Org-C) and AVS

are shown in Fig. 2. To compare results between stations,

statistical analyses were carried out on the data from the

upper 30 cm of each core. Mean percentages of organic

carbon in the upper 30 cm were 0.40 ± 0.02, 0.53 ± 0.01,

and 0.56 ± 0.01 at stations TZ01, TZ02, and TZ03,

respectively, where the error bounds are the standard

deviations of the mean values. A Kruskal–Wallis (KW) test

revealed a highly significant (p = 1.2 9 10-6) difference

in the percentages of organic carbon between stations, with

TZ01 clearly having the smallest percentage. The differ-

ence in percent organic carbon between stations TZ02 and

TZ03 was much smaller but nevertheless significant at

p = 0.05 based on a paired t test. There was no systematic

variation of Org-C concentrations with depth at any of the

stations.

Mean AVS concentrations in the upper 30 cm were

12.6 ± 2.2, 0.37 ± 0.17, and 6.1 ± 2.5 lmol g-1 at
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stations TZ01, TZ02, and TZ03, respectively. A KW test

again revealed a highly significant difference between

stations (p = 9.8 9 10-7), with station TZ01 clearly hav-

ing the highest concentrations. The AVS concentrations at

station TZ03 exceeded the AVS concentrations at station

TZ02 in 17 of 19 paired comparisons (in this case including

all samples to a depth of 38 cm), a highly improbable result

by random chance (p = 3.6 9 10-4). AVS concentrations

at station TZ02 increased dramatically below a depth of

*20 cm. There was no systematic variation of AVS with

depth at the other two stations.

The sum of reactive and pyretic metal concentrations

averaged over all depths and stations are summarized in

Table 1, and average percentages of each metal associated

with the pyrite fraction are summarized in Table 2. The

pattern of metal concentrations is qualitatively consistent

with earlier reports (e.g., Otero et al. 2003) in which Fe and

Mn are present in the highest concentrations, Zn, Cu, and

Ni concentrations are roughly two orders of magnitude

lower, and Pb and Cr concentrations are lower by an

additional factor of *5. Three of the metals of greatest

environmental concern, As, Cd, and Hg, were present at

even lower concentrations. The percentages of metals in

the pyrite fraction varied widely (Table 2), from *1% for

Mn to greater than 90% for Hg. Of the more toxic metals,

more than 50% of As, Cd, and Hg were found in the pyrite

fraction, but only 8% of Pb was pyritized.

The approach used to detect differences in DTMP

between stations and depths is illustrated in the case of Fe

in Fig. 3. The upper left and right panels show the average

degree of pyritization (DOP) and normalized DOP values

at each station, respectively. Based on an analysis of var-

iance (ANOVA), there is no difference (p = 0.17) in the

DOP between these stations. This conclusion is true for

both the untransformed data and normalized data. The

bottom left and right panels show the average DOP and

Fig. 2 Variations of

sedimentary organic carbon and

AVS concentrations with depth

at the three sampling stations

Table 1 Median reactive ? pyretic metal concentrations and asso-

ciated 95% confidence limits for all stations and depths in Jianjiang

Estuary

Metal Median value

(all stations and depths)

95% confidence

limits to median

Fe 1.79 9 105 (1.63–1.84) 9 105

As 49 45–52

Cd 10 9–11

Cr 94 84–122

Cu 4.0 9 102 (3.5–4.2) 9 102

Hg 0.34 0.32–0.36

Mn 1.4 9 104 (1.3–1.5) 9 104

Ni 2.1 9 102 (1.9–2.2) 9 102

Pb 1.1 9 102 (1.0–1.1) 9 102

Zn 9.4 9 102 (8.9–10.0) 9 102

All values are nanomoles per gram sediment
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normalized DOP values as a function of depth. Based on a

runs test, the data show a systematic pattern of variation

with depth (p \ 0.02). At depths less than *10 cm the

DOP values are relatively low, at depths between *10 and

20 cm the DOP values are relatively high, at depths

between *20 and 25 cm the DOP values are relatively

low, and at greater depths they are relatively high. This

pattern is apparent regardless of whether the data are

untransformed (lower left) or normalized (lower right).

The conclusions concerning inter-station differences and

depth variations in this case are independent of whether the

data are untransformed or normalized, and this was the

case for most of the metals. However, there were a few

cases where normalizing the data successfully filtered out

noise that obscured differences or patterns in the untrans-

formed data. For this reason, normalized data were exam-

ined for evidence of inter-station differences and depth

variations in the remaining data sets.

Figure 4 shows the six cases where inter-station differ-

ences in DTMP were judged to be significant by ANOVA.

In the case of Ni the differences were significant at only

p = 0.06. In the other five cases the type I error rate was

less than 0.01. In four of the six cases the DTMP was

lowest at station TZ02, and in four of six cases the DTMP

was highest at station TZ01. This pattern is consistent with

the concentrations of AVS at these stations (Fig. 2). There

was no significant inter-station difference in DTMP for Mn

(p = 0.27), Cr (p = 0.19) and Pb (p = 0.09).

Runs tests revealed a significant pattern of depth vari-

ation for six of the metals (Fig. 5) in addition to Fe. The

pattern of depth variation was similar for all six metals.

DTMP values were consistently low near the surface. At

depths greater than *10 cm DTMP values increased. In

some cases they remained high at all depths greater than

*10 cm; in other cases there was a local minimum in the

vicinity of *20–25 cm, with increasing values at greater

depths. There was no significant pattern of depth variation

in the DTMP of Cd, Ni, and Zn.

Four pore water metal concentrations showed systematic

variations with depth (Fig. 6). Fe and Cr concentrations

were positively correlated with depth (p \ 0.05), Cu con-

centrations were negatively correlated with depth

(p \ 0.05), and Mn concentrations peaked at * 10 cm and

declined at deeper and shallower depths (runs test,

p \ 0.05).

Discussion

The incorporation of metals into pyrite is influenced by a

number of factors including (1) the availability of sulfate

and the activity of sulfate-reducing bacteria (Fang et al.

2002), (2) the concentration of reactive iron, (3) the

availability of organic carbon, (4) thermodynamics, and (5)

kinetics (Morse and Luther 1999). An important caveat to

bear in mind is that the pyrite fraction operationally defined

by the chemical separation procedure used in this study

may include metals not strictly bound in pyrite (Morse and

Luther 1999; Otero et al. 2003).

The Org-C concentrations reported in this study (Fig. 2)

are low and would be expected to limit the rate of sulfate

reduction (Westrich and Berner 1984). This fact has

probably constrained rates of pyrite formation and associ-

ated AVS concentrations (Morse and Rickard 2004). This

is particularly true at station TZ02, where the AVS con-

centrations in the upper 18 cm were less than 0.06%. This

likely explains the low DTMPs for As, Cu, Hg, and Ni at

this station (Fig. 4). The pattern of low DOP and DTMP

in the first few centimeters of sediment (Figs. 3, 5) is

consistent with the impact of bioturbation and physical

turbulence on redox conditions in surficial sediments.

Most of the features of the DTMP results are consistent

with thermodynamic/kinetic arguments invoked by Morse

and Luther (1999):

• The DTMP of Hg is high (96%). This result may be

an artifact of the tendency of Hg in sulfidic sediments

to form an HgS phase that extracts with the pyrite

fraction. Kinetic arguments suggest that Hg should

form a mineral phase prior to the formation of FeS

and FeS2. Operationally, however, it is impossible to

tell whether Hg is present as a distinct sulfide mineral

or as a co-precipitate with pyrite (Morse and Luther

1999).

• The DTMP of Mn is low (1.4%). Rapid kinetics results

in the incorporation of much of the Mn(II) in anoxic

sediments into a carbonate fraction prior to sulfate

reduction. This results in a very low DTMP for Mn,

even when the DOP is high (Otero et al. 2003).

Table 2 Median percentages of metals in pyrite fraction and asso-

ciated 95% confidence limits for all stations and depths in Jianjiang

Estuary

Metal Median value

(all stations and depths)

95% confidence

limits to median

Fe 11 8–19

As 51 44–57

Cd 53 50–58

Cr 40 24–45

Cu 18 16–19

Hg 96 86–98

Mn 1.4 0.9–1.9

Ni 15 10–18

Pb 8 6–9

Zn 27 23–32
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• The DTMP for Pb is low (8%). Kinetic arguments

suggest that Pb will form a sulfide mineral faster than Fe

and hence be unavailable for incorporation into FeS and

FeS2. This logic is consistent with the fact that most lead

DTMP values are less than 30% (Huerta-Diaz and

Morse 1990; Huerta-Diaz and Morse 1992) but is not

infallible. Otero et al. (2003) found lead DTMPs to be

*70% in the sediments of the Guaymas Basin.

• The DTMP for Cu (18%) is somewhat higher than the

DOP (11%). This result is consistent with thermodynamic

arguments, although Morse and Luther (1999) argue

that Cu should form a sulfide mineral phase faster

than Fe, and its DTMP should therefore be controlled

by kinetics rather than thermodynamics. They go onto

point out, however, that understanding the behavior of

Cu in anoxic sediments is confounded by the fact that

Cu commonly exists in both the ?2 and ?1 oxidation

states and may be found in a number of copper

sulfide and iron-sulfide phases. Reported copper

DTMP values range from almost zero to more than

Fig. 3 Untransformed and

normalized DOPs versus station

(upper panels) and versus depth

(lower panels). Error bars are

standard deviations of mean

values. Runs tests were based on

sequences of values above or

below dashed line
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50% when the DOP is less than 20% (Huerta-Diaz and

Morse 1992).

• The DTMP for As is high (51%). Morse and Luther

(1999) suggest that As is likely to co-precipitate with

sedimentary pyrite, for example as arsenopyrite.

Because arsenic must be reduced from As(V) to As(III)

before being incorporated into sulfide minerals, its

DTMP is sensitive to complex redox pathways (Morse

and Luther 1999), and reported DTMPs for As range

from 0 to 100% at DOPs less than 20% (Huerta-Diaz

and Morse 1992).

• The DTMP for Ni (15%) is comparable to the DOP

(11%). This result is consistent with thermodynamics

and the fact that Ni2? is less reactive to water

substitution than Fe2?.

• The DTMP for Cr is 40%. This result is consistent with

the fact that Cr3? is kinetically inert to substitution

reactions and has one of the slowest rate constants for

water exchange (Burgess 1999), substantially slower

than the corresponding rate constant for Fe2?. There-

fore it would not be expected to combine with sulfur

prior to the formation of FeS and FeS2. However,

Morse and Luther (1999) note that Cr3? is also

kinetically inert to reaction with S2- and ‘‘is not

incorporated into pyrite’’ (p. 3378). Otero et al. (2003)

point out that the only Cr sulfides identified to date have

been found in the nuclei of meteorites. Reported

DTMPs for Cr are typically less than 20%, but,

consistent with the results of this study, Huerta-Diaz

and Morse (1992) have reported values of more than

40% in sediments in which DOPs are less than 20%.

Otero et al. (2003) were surprised to find chromium

DTMPs of 100% in Guaymas Basin sediments and

suggested (p. 1160) that the Cr ‘‘was probably present

in pyrite due to isomorphic substitution of Fe.’’

Seemingly inconsistent with the thermodynamic/kinetic

arguments invoked by Morse and Luther (1999) are the

following results of this study:

• The average DTMP of Zn was 27%. Previous work has

generally shown the DTMP of Zn to be less than 20%

(Huerta-Diaz and Morse 1992; Otero et al. 2000), the

explanation presumably being the fact that the water

exchange rate is ten times higher for Zn2? than Fe2?

(Burgess 1999). However, Otero et al. (2003) report a

DTMP for Zn of 100% in Guaymas Basin sediments

and speculate (p. 1160) ‘‘Zn precipitates along with Fe

to form mixed sulfides that are not soluble in HCl.’’ Of

Fig. 4 Normalized DTMPs of

metals evidencing significant

differences between stations.

Error bars are standard

deviations of mean values
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Fig. 5 Normalized DTMPs of

metals evidencing systematic

variations of DTMP with depth.

Runs tests were based on

sequences of values above or

below dashed lines. Error bars
are standard deviations of mean

values

Fig. 6 Pore water

concentrations of metals whose

concentrations evidence

systematic variation with depth.

Error bars are standard

deviations of mean values
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note in the case of the Jiaojiang Estuary is the

remarkably high Zn concentrations in the sediments

(*9.4 9 102 nmol g-1), roughly five times higher

than the Zn concentrations reported by Otero et al.

(2003).

• The average Cd DTMP was 53%. All DTMPs for Cd

reported by Huerta-Diaz and Morse (1992) are less than

10%, presumably because Cd2? has a much higher

water exchange rate than Fe2? and forms metal sulfides

prior to formation of FeS and FeS2. Otero et al. (2003),

however, report a DTMP for Cd of greater than 50% in

the depth interval 19–39 cm in sediments of the

Guaymas Basin. In that case Otero et al. (2003)

postulate, ‘‘Mn remains immobilized as carbonate,

oxyhydroxide or as a metal sulfide, thereby trapping

larger amounts of trace metals which are eventually

incorporated into the pyrite phase.’’ The Mn concen-

trations in this study, however, are about 10 times

smaller than the concentration of 155 lmol g-1

reported by Otero et al. (2003) at depths of 19–

39 cm. Trapping of trace metals by Mn may therefore

be less of an issue in Jiaojiang Estuary than the

formation with Fe of mixed sulfides that are insoluble

in HCl (vide supra).

Changes in DOP and DTMP can result from a change in

the concentration of metals in either the pyrite (pyrite-Me)

or reactive (reactive-Me) fractions, or both. As a check on

the implications of the DOP and DTMP depth profiles

(Figs. 3, 5), the depth dependence of pyrite-Me concentra-

tions was analyzed for each of the metals examined in this

study. Based on analysis of variance, the concentrations of

pyrite-Me in the upper 6–8 cm of sediment were found to be

significantly lower (p \ 0.03) than the concentrations at

greater depths for Fe and all metals whose DTMP profiles

were judged to be nonrandom by a runs test (Fig. 5). These

results are to be expected if physical mixing and bioturba-

tion impact redox conditions in the upper few centimeters of

sediment. Consistent with the runs test analyses, ANOVA

revealed no significant depth-dependent variations in the

pyrite-Me concentrations of Cd, Ni, and Zn.

A similar ANOVA carried out on reactive metal con-

centrations revealed that the reactive-Me concentrations of

As, Cd, Cu, Hg, and Zn were all higher near the surface of

the sediment than at depth (p B 0.0007). Remarkably,

however, the reactive-Me concentrations of Cr, Fe, Mn,

and Pb were all higher at depth than near the surface

(p B 0.04). The implication then is that the pyrite-Me

concentrations of these four metals increased more rapidly

with depth than did their corresponding reactive-Me con-

centrations, the result being an overall increase in DTMP

with depth (Fig. 5). The depth dependence of the reactive-

Me concentrations of Fe, Cr, Mn, and Cu is entirely

consistent with the depth dependence of their pore water

concentrations (Fig. 6). In the first three cases pore water

metal concentrations were lower near the surface than at

depth; in the latter case the opposite was true. Of the metals

examined in this study, both the reactive-Me and pyrite-Me

concentrations of only Ni were independent of depth.

Contrary to expectations of an onshore-offshore gradient

in DTMP, in cases where inter-station differences were

significant, the lowest DTMPs were observed at station

TZ02 in four of six cases (Fig. 4). The most likely expla-

nation for this behavior is the remarkably low AVS con-

centrations in the upper 20 cm at station TZ02 (Fig. 2).

The cause of these low AVS concentrations is unclear,

particularly given the fact that AVS concentrations at

depths greater than 28 cm were virtually identical at sta-

tions TZ02 and TZ03 (Fig. 2). To explore the influence of

AVS concentrations on DTMPs at station TZ02, the

DTMPs of As, Cu, Hg, and Ni were compared (ANOVA)

at stations TZ02 and TZ03 at depths between 28 and

38 cm, where AVS concentrations were virtually identical

(Fig. 2). No statistically significant differences were found

in the DTMPs of these metals within that depth interval.

Since these are the four metals whose DTMPs in the upper

30 cm of sediment were lowest at station TZ02 (Fig. 4), it

seems likely that the low AVS concentrations in the upper

20 cm of sediment were responsible for this result.

The inter-station differences in DOP and DTMP were

further explored by using ANOVA to examine the corre-

sponding differences in pyrite-Me and reactive-Me con-

centrations. There were no significant differences

(p [ 0.16) between stations in the pyrite-Me concentra-

tions of Cd, Cr, Fe, Mn, and Pb. Inter-station differences in

pyrite-Me were significant or nearly significant for As

(p = 0.02), Hg (p = 0.045), Zn (p = 0.057), Cu

(p = 0.071), and Ni (p = 0.075). For Hg and Ni the lowest

pyrite-Me concentrations occurred at station TZ02, and for

As and Cu the highest pyrite-Me concentrations occurred at

station TZ01. These results are consistent with the pattern

of inter-station differences in DTMP (Fig. 4). Remarkably,

inter-station differences in reactive-Me concentrations

were significant (p B 0.05) for all metals except Cu. Thus

the most consistent cause of inter-station differences in

DTMP was differences in reactive-Me and not pyrite-Me

concentrations.

Conclusions

Pyritization of trace metals in the sediments of Jiaojiang

Estuary is a function of multiple variables, including AVS

concentrations, redox conditions, and pore water metal

concentrations. Metal DTMPs that were significantly dif-

ferent between stations were highest in four of six cases at
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station TZ01, where the AVS concentrations were also

highest, and were lowest in four of six cases at station

TZ02, where the AVS concentrations were lowest. DTMPs

were lowest in the upper few centimeters of sediment, as

would be expected based on redox conditions. Reactive-Me

concentrations varied significantly between stations for all

metals except Cu and in depth profiles were closely cor-

related with pore water metal concentrations. In most cases

DTMPs could be explained on the basis of thermodynamic

or kinetic arguments, but in some cases DTMPs were

higher than expected based solely on these considerations.

Mechanisms such as co-precipitation with pyrite, the

existence of complex redox pathways, and the formation

with Fe of mixed sulfides that are insoluble in HCl are

among the likely explanations for the higher than expected

DTMPs of some trace metals in these sediments.
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