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ARTIFACTS IN THE DETERMINATION OF
TRACE METAL BINDING FORMS IN ANOXIC
SEDIMENTS BY SEQUENTIAL EXTRACTION
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Bremen 33, FR.G.

M. KERSTEN, J. GRUBER and U. FORSTNER

University of Technology Hamburg-Harburg, Dept. of Environmental Science and
Engineering, P.O. Box 901052, D-2100 Hamburg 90, F.R.G.

(Received in final form, 31 August 1992)

The binding forms of Co, Cd, Cu, Pb, and Zn in an anoxic, sulfide-bearing sediment were investigated by performing
both thermodynamic equilibrium calculations and sequential extractions. Care was taken to maintain oxygen-free
conditions during the whole experiment. The calculations suggested that trace metals were bound to sulfidic
minerals. Sequential extraction results, however, showed increased importance of exchangeable and reducible
fractions in the order Cu < Cd < Pb < Zn < Co. Thermodynamic equilibrium calculations of the chemical reactions
during extraction showed that Cd, Co, Pb, and Zn sulfides are to a significant extent soluble in the acetate-ex-
changeable (step 1 + 2) and oxalate-reducible (step 3) fractions. Neglecting the dissolution of sulfide minerals
would lead to a misinterpretation of the experimental results.

KEY WORDS: Sequential extraction, speciation, anoxic sediments, cadmium, cobalt, copper, lead, zinc.

INTRODUCTION

The approach of solid *“ speciation” is connected to the complexity of heterogeneous
systems, e.g. of soils, sediments and aerosol particles. The term speciation is used here in
the meaning of “operational procedures for determining typical metal species in environ-
mental samples”™'. At present, the only laboratory routine available to determine particulate
trace metal speciation is sequential extraction.” Incomplete selectivity of the reagents used
to attack a given sediment component is most responsible for the operational character of
this method. The determination of particulate trace metal binding forms by sequential
extraction is demanding, particularly for analysis of anoxic sediments. When sampling,
storing and extracting anoxic sediments, oxygen-free conditions have to be maintained.”’
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Table 1 Results of sequential extractions of anoxic sediments from different sources determined by different lab-
oratories, in % of the total non-residual fractions extracted, and total element concentration as sum of the non-re-
sidual and residual fractions (in pg/g).

Element/ Step 1 Step 2 Step 3a Step 3b Step 4 Total (ng/g)
Reference NH40Ac  NaOAc/ NH2OH»  NH2OHe  H0v HF/HCIO«/HNOs
HOAc HCl (pH 2) HCI/HOAc NH4iOAc

Cd/4 <0.1 10.9 89.1 160

5 <0.1 6.7 221 71.2 1.9

6 <0.1 <0.1 <0.1 3.4+ 96.6 21

7 2 2 68 28 9

8 3 22 83 1.8 1.5

3 0.1 2.7 83.1 14.1 6.0
Cw/ 4 <0.1 <0.1 >99.9 175

5 <0.1 1.0 22 96.8 1005

6 <0.1 <0.1 <0.1 0.8* 99.2 1680

7 25 3.6 47 89.2 133

8 0.7 1.1 5.8 924 100

3 <0.1 0.1 0.4 99.5 664
Pb/ 4 04 5.8 93.8 125

5 <0.1 1.6 317 66.7 286

6 <0.1 <0.1 <0.1 19.8* 80.2 595

7 25 6.3 43.1 48.1 210

8 08 16.7 73.7 8.8 311

3 <0.1 6.3 67.3 26.4 101
Zn/ 4 0.3 386 61.1 2447

5 0.1 14.2 345 51.2 591

6 <0.1 2.4 59 38.7* 53.0 2275

7 2.6 14.3 72.7 104 760

8 0.7 449 45.1 9.3 443

3 <0.1 9.1 743 16.6 1067

*other than specified extractant: NH4Ox/HOx (pH 3)

The useable information is consequently restricted to relatively few publications. To our
knowledge, there are at least six published studies of anoxic sediments using the Tessier
extraction procedure which meet the necessary precautions.”® The result of this review is
listed in Table 1. In cases where the database has been presented graphically, it has been
extended by contacting authors and obtaining their raw data. The results of the more or less
polluted sediments were then recalculated to give the non-residual fractionation only for
ease of comparison.

Although the anoxic samples came from quite different environments (Canadian lakes’;
Lake Macquarie, Australia*; and harbours of Los Angeles5 s Hamburgé, Rotterdam’, and
Barcelona®), their results show a striking agreement. It is surprising that the sulfide (i.e.
H,O0,/NHs-acetate extractable in step 4) fractions were smaller than what is to be expected
for anoxic sediments. Moreover, the yield of this fraction seems to be related to the strength
of the reducing agent used in the preceding step 3 (3a < 3b; Table 1) to extract the oxides.
Recent work on model anoxic sediments with Zn-doped FeS (mackinawite) has confirmed
accordingly that a significant portion of Zn was extracted already in step 2 and 3 and that
strong odour indicated the generation of hydrogen sulfide.” The solvent in step 3 of the
Tessier procedure, 25% acetic acid, apparently solubilized much of the mackinawite. As the
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major acid-volatile sulfide (AVS) component, FeS is fairly soluble in acidic media, and the
degree to which FeS has crystallized will determine whether this phase is extracted primarily
in the oxidizing step 4 or in earlier extraction steps.”'® The results and interpretations of
Kheboian and Bauer’ were intensely debated since their paper appeared in 1987, yet the
question was not satisfactorily answered to what extent such artificial reactions affect the
extraction results.'' ™

In our validation experiment, we will examine trace metal binding forms in an anoxic
sediment suspension. A fine grained, organic rich sediment was incubated under anaerobic
conditions until the dissolved sulfide concentration in the suspension reached a steady-state
and a significant concentration of acid volatile sulfide had built up in the sediment.
Thermodynamic equilibrium calculations were performed, (i) to evaluate the selectivity of
the extraction agents and redistribution processes among phases during extraction, and (ii)
to evaluate the possibility of concurrent precipitation of sulfide minerals and adsorption of
trace metals on hydrous ferric oxides.

EXPERIMENTAL PROCEDURES

Sediment sampling and incubation

Sediment samples were collected from the Elbe estuary in northern Germany. The sampling
site was located in an intertidal mud flat near the city of Hamburg which was found to be
severely contaminated with trace metals."’ The fraction <63 um was separated by wet
sieving using a nylon mesh. A wet portion of the fine-grained and organic rich sediment
fraction (loss on ignition 22 wt.-%), equivalent to 7.2 g oven dry solids, was transferred to
a 400 cm’ closed filtration cell (Amicon 4002) equipped with a 0.2 um membrane filter.
Artificial estuarine water made of Milli-Q water and pure chemicals (5 mmol/l NaCl, 2
mmol/l CaCl,, 1.5 mmol/l Na,SO,, MERCK suprapur® quality) were added to obtain a
solid-to-water weight ratio of 1 : 50. The sediment was suspended in the filtration cell by a
PTFE-coated hanging stirring bar which was driven by an external magnetic stirrer.

The filtration cell was connected to a water reservoir so that a constant suspension volume
was maintained during the experiment. After three days of aerobic pre-incubation the
oxygen supply was stopped. The sediment suspension was placed in a glove box flushed
with nitrogen gas to exclude penetration of oxygen into the suspension, where it became
anoxic due to microbial respiration processes. Filtered water samples were taken from the
cell by a magnetic driven PTFE gear pump and continuously analyzed for dissolved oxygen,
Fe(Il) and total dissolved sulfide using a coupled polarographic system. Concentrations of
dissolved trace elements Cd, Co, Cu, Pb, Zn were determined by atomic absorption
spectroscopy (AAS). After 28 days, when dissolved sulfide remained constant, subsamples
of the sediment suspension were pipetted out for the sequential extraction analysis.
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Extraction

Sampled sediment suspensions were partitioned into 5 fractions according to the modified
Tessier procedure published by Kersten and Forstner.® While the selectivity of this procedure
remains in question, it was designed to extract metals that are exchangeable (step 1),
specifically adsorbed or bound to carbonates (step 2), bound to Fe/Mn-oxides (step 3), bound
to organic matter or sulfides (step 4), or are bound to the mineral matrix (“residual” step 5).
Our scheme deviates from the original Tessier procedure in that the reducing solvent of step
3 is less acidic to prevent total solubilization of acid-volatile sulfide components.® 50 ml
subsamples were taken from the anaerobic suspension in the glove box, transferred into
acid-washed polycarbonate centrifuge tubes, and sealed with airtight caps. The centrifuge
tubes were then transferred to a centrifuge outside the glove box. The suspensions were
centrifuged for 20 min at 1,800 x g and transferred back to the glove box, where the
supernatant was decanted to polyethylene storage bottles containing sufficient hydrochloric

acid to lower the pH < 2. This procedure was repeated after each of the operational steps
listed below:

Step I The sediment was extracted for 2 h at room temperature with ammonium acetate
buffer (1 M), adjusted to pH 7.0, at a solid-to-solution ratio of 1:50. The samples were
agitated on a horizontal mechanical saker at a rate vigorous enough to prevent settling of
the sediment.

Step 2 The sediment residue from step 1 was extracted for 5 h at room temperature with
NaOAc (1 M), adjusted to pH 5.0 with acetic acid, at a solid-to-solution ratio of 1: 50.
Agitation method was the same as for step 1.

Step 3 The residue from step 2 was extracted overnight at room temperature with ammo-
nium oxalate buffer (0.1 M, pH = 3) at a solid-to-solution ratio of 1:50. Agitation method
was the same as in the previous steps, but the sample tubes were kept in a dark box to prevent
photooxidation artifacts.'®

Step 4 The residue from step 3 was digested for 2 h at 85°C in glass beakers on a sand bath
with 10 ml of 30% H,0., adjusted with HNO; to pH 2 -3 (MERCK 7210). After 2 h, an
additional 10 ml acidified H,O» was added, and digestion continued at 85° C till dryness.
The samples were occasionally agitated during the entire procedure to prevent foam over.
After cooling, the residue was washed by 50 ml of ammonium acetate (1 M) in 6% (v/v)
HNO; (pH 2.0) into centrifuge tubes and were shaken overnight at room temperature on a
horizontal mechanical shaker.

Step 5 The residue from step 4 was freeze-dried and subsequently digested in an open
teflon beaker with conc. HNO; at 160° C to near dryness. The residual slurry was then diluted
to 50 ml by Milli-Q water. Bulk metal concentrations were determined on separate
subsamples by the same procedure as for the residual step. Vials with the extracts were
stored till analysis in a refrigerator.



15: 07 18 January 2011

Downl oaded At:

ARTIFACTS IN TRACE METAL DETERMINATION 191

Analysis

Water soluble and extracted trace metals were determined directly from the supernatant by
Zeeman graphite furnace AAS (Perkin Elmer Model 3030); calibration was performed using
matrix-matched standards. The total amounts of metal extracted in steps 1 to S agreed within
10 % with the amount released in the bulk acid digestion. Detection limits ranged from 0.1
nmol/1 to 20 nmol/l depending on the dissolved metal. For the determination of acid volatile
sulfide concentrations, hydrogen sulfide was released by adding 15 ml of HCI (10 M) to 50
ml of the suspension in an oxygen-free nitrogen gas train. Hydrogen sulfide was trapped in
a sulfide antioxidant buffer (ORION-SAOB). The total sulfide concentration was high
enough to use the conventional silver/silver-sulfide solid-state electrode.'’

Total sulfide in the suspension filtrates, as well as the dissolved oxygen, Mn(lI), and
Fe(II) concentrations, were determined by differential pulse polarography on a static
mercury drop electrode (DPP/SMDE). This was done in the glove box and immediately after
sampling. A Metrohm polarographic system (VA 646 and VA 675) was used for the
voltammetric measurements. A more detailed description of the experimental setup and the
analytical methods was given by Wallmann."

Thermodynamic equilibrium modelling

The class B metal ions Pb?*, Cd**, Zn>* and the transition metal ions Cu**, Co>* considered
in this paper form stable sulfide minerals.”””® They can precipitate in anoxic sediments,
where dissolved sulfide is formed due to microbial sulfate reduction. On the other hand,
adsorption on iron sulfides, particulate organic substances, manganese and ferric (hydr)ox-
ides, carbonates and clay minerals may as well contribute to the binding of trace metals in
those sediments.”’ Thermodynamic equilibrium calculations are often employed to investi-
gate the solubility and binding forms of trace metals in sulfide-bearing natural environ-
ments.”?** In these calculations aquo-ion concentrations are assumed to be controlled by
the solubilities of pure solid metal sulfides. Complexes with reduced sulfur compounds and
other inorganic ligands are considered to be dominant dissolved species.”* Adsorption on
solid surfaces and complexation of aquo-ions by organic ligands and colloids in the pore
water are usually neglected because of lack of thermodynamic data for natural sediment-
water systems. Calculated total concentrations are compared with the ones in the pore water
and the simplifying assumptions are regarded as valid if predicted and measured concentra-
tions agree within one order of magnitude. The pure sulfide minerals are then believed to
control the solubility of the corresponding trace metals. Nevertheless it is possible that large
fractions of trace metals are bound in other solid forms, as indicated in Table 1.

The adsorption of trace element ions onto amorphous ferric hydroxides was considered
because a relevant amount of Fe and other trace metals has been found in step 3. This is a
common feature of sequential extraction studies of anoxic sediments (Table 1). Adsorption
was calculated using the “Stanford Generalized Model of Adsorption” as implemented in
the MINEQL code.”® In this model, adsorbing ions form complexes with surface sites. The
centers of the ions are located either in an inner or an outer “compact” layer, depending on
the ionic radii. The widths of the layers (represented as the layers’ electrostatic capacities
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which are inversely proportional to the widths) are adjustable parameters. Dzombak &
Morel”’ remodeled adsorption of 12 metal cations and 10 inorganic anions on hydrous ferric
oxides assuming two site types differing in their affinities to ions in solution. The width of
the inner and outer compact layers are assumed to be zero, i.e. all adsorbed species are
supposed to be located on the surface, regardless of their radii. An electrostatic potential
develops at the surface due to the adsorbed ions. It is assumed to be the same for both site
types, justified perhaps by the long range of the Coulomb force. Large capacities of inner
and outer compact layers in MINEQL were chosen so that the width of these layers were
negligible and the parameters given for the model of Dzombak & Morel”’ could be used in
the calculations. In the rather odd units that MINEQL uses for capacities, their numerical
values were 1.1+10% and 2¢10°, respectively.

Surface area was assumed to be 600 m’ per gram of hydrous ferric oxides and a site
density of 0.2 mole and 5°10° mole per mole of Fe for weak and strong affinity sites was
used, respectively.”’ The content of am. ferric hydroxides in the anaerobic sediment
suspension was estimated from the amount of iron extracted in step 3 of the sequential
extraction procedure assuming that all ferrous iron minerals (mackinawite, siderite and
vivianite) had been extracted in the preceeding steps of the sequential extraction procedure.'®
The oxalate buffer used in this step dissolves (hydr)oxide phases and possibly partly
magnetite and organic iron complexes.” The concentration of the total particulate ferric iron
in the sediment suspension was calculated from extraction data as 4.7610" mol/l.

Equilibrium concentrations of dissolved trace elements in the sediment suspensions
during incubation and the various extraction steps were calculated using the computer
program MINEQL.” Complexation of trace elements by chloride-, hydroxide-, acetate-
(step 1 and 2), oxalate- (step 3), carbonate-ions, reduced sulfur compounds, and formation
of pure solid metal sulfide solids were considered. The table in the appendix lists the
chemical reactions considered. MINEQL corrects for ionic strength effects by using the
Davies equation with the parameters A = 0.509 and b=0.3.

RESULTS AND DISCUSSION

Modelling of the sediment incubation

Table 2 gives the input data used in the equilibrium calculations, i.e., the chemical
composition of the investigated sediment suspension system. The results of the MINEQL
calculations are listed in Tables 3 and 4. Adsorbed Ca and PO, ions determine the properties
of the ferric oxide surface. The surface sites with strong affinities are almost entirely filled
with Ca ions. Little less than one half of the low affinity sites are filled with phosphate ions
and another one third with protons. Because of the competition of Ca’*, PO.> and H' ions
with the trace metals and because of the poor solubility of the sulfides, the adsorbed
concentrations of the trace metals are orders of magnitude smaller than the experimentally
determined particulate metal concentrations (Table 3). No significant portions of these
metals are to be expected in step 3 of the extraction procedure if our choice of the solid
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Table 2 Total soluble concentrations, adsorption site densities =Fet"
and =Fet’, and pH-value used in trace metal speciation calculations for
the anoxic sediment incubation and the extraction steps 1-3.

Component, Concentrations (mol/l)

site in incubation step | step 2 step 3
Ca 2.0-10° - . -

Na 8.04107 0 1 0

cl 9.0410°> 0 0 0
SO4 1.54107 0 0 0
NH4" - 1 0 0.1
Ac’ - 1 1 0
ox . 0 0 0.1
TH,S 6.00107 103! 10°%° 10738
CO; 3.010° - - -
$PO4 9.0107 - - .
=Fet" 9.5¢10° - - .
=Fet’ 240107 - - -

pH 7.6 7.0 5.0 3.0

sulfide phases is reasonable and if step 3 dissolves only the ferric oxides.

Table 4 compares calculated and measured trace metal concentrations in the sediment
suspension. The corresponding values are similar for Zn and Co, which is a basic require-
ment for our hypothesis that the chosen sulfide solids control the dissolved concentrations
of both these trace metals. The equilibrium concentration of dissolved Cd was calculated
with two separate combinations of sulfide and bisulfide complexes.”*° Unfortunately the
real speciation of Cd in sulfide-bearing solutions is not known.” Table 4 shows, in fact, that
the two calculated values deviate by about two orders of magnitude either above or below
the measured concentration. The calculations indicate an oversaturation for both dissolved
Pb and Cu with respect to their sulfide minerals. It is possible that Cu and Pb were bound
to dissolved organic ligands or colloids which could not be considered in the calculations.

Table 3 Adsorption of trace metal ions on
hydrous ferric oxides. C*3ads (in mol/l) is the
calculated maximum concentration bound

onto the hydrous ferric oxides of the sediment.
For comparison, C*s (in mol/l) gives the exper-
imentally determined particulate trace metal
concentration.

Adsorbed metal C*%%ds s

Co 1058 1032
Zn 107104 1032
Cu 17.0 4.1
cd 107136 1037

Pb 10°%! 1046
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Table4 Calculated and experimentally determined trace metal concentrations C*¥piss and C*pigs (in mol/l), re-
spectively, dissolved in the suspension system at a pH = 7.6. Column 4 lists the dominant reactions by a reaction
number denoted in the appendix.

Element Dominant Dominant Relevant reactions Ciss C*Diss
sulfide mineral  solution species

Co B-CoS Co* Co-5 1043 1082
Zn ZnS ZnS (aq) Zn-6, Zn-7 10%9 10°%°
Cu CuS (am.) Cu(Ss)S* Cu-7, Cu-8, H-5 10%7 107!
cd cds CdS (aq.) Cd-7,Cd-8 1085 103
cd cds CA(HS)XS) Cd-6, Cd-8, Cd-7 ignored 1071%7 103
Pb PbS (galena)  PbCOs (aq.) Pb-5, Pb-6, H-9 107132 1084

The overall agreement between calculated and measured concentrations is thus weak as
usual with anoxic sediment pore water studies.”

Results of the sequential extractions

The results of the sequential extraction procedure are listed in Table 5. The equilibrium
calculations discussed above indicate that e.g. Zn and Co are bound to their sulfide phases,
ZnS and B-CoS, in the extracted sediment. It is usually assumed that the trace element
sulfides are extracted in the fourth step (“oxidizable fraction™) of the sequential extraction
procedure.” However, large amounts of both these trace metals already dissolved in the
preceeding steps 1-3 of the sequential extraction procedure. The weight-percentages of trace
elements extracted in these steps increase in the following order: Cu (<0.1 %) < Cd (8.5%)
< Pb (17.5%) < Co (62.4%) < Zn (68.5%). The results of the sequential extraction results
are comparable to those listed in Table 1, however, they are not validated by the equilibrium
calculation results of the sediment chemistry.

Modelling of the extraction procedure

Equilibrium calculations with MINEQL were carried out for the extractants to examine

Table 5 Results of sequential extraction of the sediment suspension
from the Elbe estuary (in % of total extracted metal).

Element Step 1 Step 2 Step 3 Step 4 Step 5

Fe 84 30.2 26.8 36 31.0
Co 82 23.2 31.0 15.0 226
Zn 0.2 13.0 55.3 24.8 6.9
Cu <0.1 <0.1 <0.1 73.1 26.9
Cd 24 <0.1 5.6 86.7 5.1

Pb <0.1 33 14.2 653 17.1
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chemical reactions that may affect the sequential extraction results. The acetate buffers used
for extraction of fractions 1 and 2, as well as the oxalate buffer used in the third step, may
have an impact on the sulfide equilibrium because stable acetate and oxalate complexes
form. They were considered in the calculations.

Dissolved sulfide concentration in the acetate and oxalate buffers was estimated as
follows: The concentration of total extractable iron was 41.2 mg Fe per g dry sediment and
the acid volatile sulfide (AVS)-concentration was 2.3 mg S per g dry sediment. Therefore
at most 10 wt.-% of the iron in the anoxic sediment was supposed to be bound as amorphic
FeS. Furthermore thermodynamic equilibrium calculations and Méssbauer spectra indicated
that significant amounts of ferrous iron carbonates and phosphates formed during the
anaerobic incubation.'® These iron phases dissolved in the first two steps of the sequential
extraction and thus increased the ferrous iron concentrations in excess of sulfide in the solid
phase and in the extraction solutions.' In that case, the total dissolved sulfide concentration
[ZH:S] is controlled by the solubility of FeS (am.) and the dissolved ferrous iron concen-
tration Cr.. Dissolved sulfide concentrations in the acetate buffers used in step 1 and 2 were
calculated from the following equation:

(s = et Remtet) (4 g, [Ac)

where K’;; is the solubility product of FeS (am.; reaction Fe-2 in the appendix), K’ s the
acid association constant of hydrogen sulfide (reaction H-3), K'r.a. the stability constant of
the FeAc'-complex (reaction Fe-1), ay. the proton activity, and [Ac’] the acetate concentra-
tion. The acetate buffers used for the extraction of fractions 1 and 2 had a high ionic strength
(I=1M). Thus stability constants valid for I = 1 M were used for the determination of the
equilibrium concentrations in these media. They are listed in the appendix. For those
reactions where no stability constants for I = 1 M were available the ionic strength effects
were considered by using the Davies equation. [Z H,S]-values of 7.6 umol and 7.7 mmol/1
were calculated from this equation for steps | and 2, respectively. However, the value for
step 2 was higher than the concentration of AVS in the extraction solution (1.4 mmol/l at a
solid-to-solution ratio of 1 : 50). It could be supposed, therefore, that FeS (am.) was
completely dissolved in the second step. The sulfide concentration in step 2 was thus assumed
to be controlled by the FeS (am.)-content of the sediment (Table 2).

The Zn-content in the third step exceeded the amount of other suifide forming trace
elements by at least one order of magnitude (excluding Fe, which is no longer bound by
sulfide phases at that step as discussed above). The calculations suggest that the remaining
portion of ZnS completely dissolved in the third step (cf. Table 6). The total dissolved sulfide
concentration was then assumed to be equal to the concentration of Zn measured in the
oxalate buffer (0.15 mmol/l) assuming that Zn was mobilized only from ZnS and not from
oxide phases.

The results of equilibrium calculations listed in Table 6 suggest also a complete dissolu-
tion of B-CoS. Only am. CuS, which is the least soluble of the considered sulfide minerals,
was not dissolved in the three steps proceeding step 4 originally designed as the only one
to extract metal sulfide minerals. The weight-percentages of the other trace metal sulfides
solubilized in steps 1 - 3 increase in the following order: Cd (4.2 - 29.3 %) < Pb (12.6%) <
Co (100%) = Zn (100%).
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Table 6 Solubility of trace metal sulfide minerals in step 1-3 of the sequential extraction procedure. Calcu-
lated and experimentally determined soluble concentrations C*piss and C*pigs (in mol/1) are listed in column 6
and 7, respectively. Column 5 lists the considered reactions by a reaction number denoted in the appendix.

Element Step Dominant Dominant Reactions C%iss  C'piss
sulfide mineral solution species
Co 1 B-CoS CoAc Co-1,Co2,Co-5  10%° 1064
2 CoAcz Co-1,Co-2,Co-5 104 10°°
3 Co?* Co-3,Co-4,Co-5  101% 1082
Zn 1 ZnS ZnS (aq.) Zn-1-3,Zn-6,Zn-7  10°° 198
2 ZnS (aq.) Zn-1-3,Zn-6,Zn-7 107 103
3 ZnOx; Zn-4,Zn-5,Zn-8  10%% 1038
Cu 1 CuS (am.) Cu(Ss)S* Cu-7, Cu-8, H-5 1073 (<107 e
2 Cu(Ss)S* Cu-7, Cu-8, H-5 1086 (<107Y)ss
3 CuOx; Cu-5,Cu-6,Cu-8 1082 (<107 )»s
cd 1 cds CdS (aq.) cd-7,Cd-9 1062 1073
1 CA(HS)XS)  Cd-6,Cd-9 10°7 1073
2 CdS (aq.) Cd-7,Cd-9 1098 (<1083
2 CA(HS)S)  Cd-1-4,Cd-6,Cd-9 10%7  (<103%)»s
3 CdOox Cd-5,Cd-7,Cd-10 103 1070
3 CdOox Cd-5,Cd-6,Cd-10 10%% 1070
Pb 1 PbS (galena) PbAcz Pb-1, Pb-2, Pb-6 10705 (<1033)es
2 PbAc; Pb-1, Pb-2, Pb-6 10°2 106!
3 PbOx Pb-3, Pb-4, Pb-6 102 1054

*: Calculated soluble concentration is higher than total concentration associated with the solid phase of the sedi-
ment. The sulfide mineral is thus assumed to be completely dissolved.
**. Detection limits were 107! mol/l for Cu, 1083 mol/1 for Cd and Pb.

The overall good agreement between calculated solubility of trace metal sulfides and the
respective concentrations in the various sequential extraction steps is striking and suggests
that the extractability of all considered trace metals is controlled by the sulfide minerals
listed in Table 6. Oxalate complexes of well known stoichiometry and stability are the
dominant dissolved trace metal species in step 3 of the extraction procedure. Ill-defined
Cd-sulfide and bisulfide complexes and natural organic ligands or colloids, which probably
influence the CuS, CdS and PbS solubility in the anoxic suspension, are of minor importance
in the step 3 solution because of the formation of stable Cu-, Cd- and Pb-oxalate complexes.
Both experimental results and equilibrium calculations show that the trace metal sulfide
minerals are not all together extracted in the same step of the sequential extraction procedure
but in all fraction to an amount depending on their solubility. The attendant generation of
dissolved sulfide anions, especially due to the solubilization of FeS (am.) and ZnS, might
thus precipitate trace metals originally bound in non-sulfidic sedimentary phases as sulfide
minerals during the extraction. This process rather than an insufficient reactivity of the
reducing reagent is the probable explanation for the observation that Pb and Cu were
removed later than expected in the experiment of Kheboian and Bauer’. The similarity in
the trace metal extraction results of anoxic (sulfidic) sediments from different environments
as indicated in Table 1 is also probably caused by these artificial dissolution/precipitation
equilibrium reactions. When using the same (Tessier’s)procedure, the proportions of trace
metals extracted in the step 1-3 are determined only by the sulfide equilibrium adjusting
during each step and the pollution degree of the anoxic sediments: the higher the particulate
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metal concentrations, the more proportions are transferred down the extraction sequence as
sulfide precipitates in spite of the increasing acid-induced sulfide dissolution.

CONCLUSIONS

Sulfide minerals are important binding forms of the considered trace metals in the sulfide-
bearing sediment suspension. However, it has been verified with equilibrium modelling,
that these sulfide minerals have more or less increased solubilities in all the reagents of the
most commonly used sequential extraction procedures. Such procedures, therefore, do not
give any direct information on trace metal partitioning in anoxic sediments owing to
elemental redistribution by dissolution/precipitation reactions. In anoxic systems, however,
this redistribution process is not controlled by competitive adsorption, even in the presence
of reactive ferric hydroxides or organic matter. In fact, it has been shown by this and other
studies that postextraction readsorption in sediments may not significantly bias the results
obtained by the (modified) Tessier procedure for both anoxic and oxic sediments or soils.***

The results of sequential extractions for anoxic sediment are biased in a way, however,
which still may pass a lot of information about trace metal geochemistry. They are at least
consistent with an interpretation of the results based on equilibrium speciation calculations.
We suggest therefore that sequential extractions should be regarded as a procedure in which
the natural sediment is transferred in a well defined artificial environment and induced shifts
in reaction equilibria are registered. In future work on sequential extractions not only trace
metals but also major compounds as sulfide and calcium which influence dissolution/pre-
cipitation and adsorption/desorption equilibria should be measured in the extraction solu-
tions. The extraction time should be long enough to reach equilibrium and agents with strong
metal binding capacity should be used to minimize the influence of unknown natural ligands
and colloids on speciation of dissolved metals. In this way, sequential extractions can be
used as effective conformational tools to reduce the complexity of the natural system and
to gain a more complete understanding of trace metal speciation and mobility in sediments.
By this way a misleading interpretation of sequential extraction data owing to a purely
operational definition of extraction fractions is avoided.
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Appendix: Reaction equilibria considered in the calculations of Table 3, 4 and 6. 1 is the ionic strength at
which equilibrium constant K has been determined and for which it is valid. Reactions with number (0) have lit-
tle or no influence on partitioning of trace metals and surface sites.

Reaction Reaction  linmoll  logK Ref.
number

Fe** + Ac” & FeAc® Fe-1 1.0 +0.70 32+
Fe?* + HS < FeS(am.)+ H" Fe-2 0.0 +2.97 33
Fe*' + HS < FeS(am.) + H' Fe-3 >0.4 +2.00 33
H' +=Fe’0" ¢ Fe"'OH 0) 0.0 +8.93 27
H' + =FE'OH <> Fe"OH2" ) 0.0 +7.29 27
H' +=Fe"0" < Fe“OH ©) 0.0 +893 27
H' +=Fe"OH < Fe"OH;" Fe-4 0.0 +7.29 27
Ca®* + =Fe'OH < =Fe*OHCa®* ) 0.0 +4.97 27
Ca’* + =Fe"OH & =Fe"0Ca* + H' Fe-5 0.0 585 27
S04 + =Fe"OH <« =Fe“OHS04> (0) 0.0 +0.79 27
SO4% + H' + =Fe"OH <> =Fe"S04> + H20 (0) 0.0 +71.78 27
PO+ + H' + =Fe"OH < =Fe*POs + H20 (0) 0.0 +17.7 27
POs> + 2 H' + =Fe"OH < =Fe*HPO4 + H,0 Fe-7 0.0 +25.4 27
PO4> +3 H' + =Fe*OH & =Fe“H2P0O4 + H20 0) 0.0 +31.3 27
H' +S* o HS H-1 0.0 +139 35
H' +S* o HS H-2 1.0 +14.0 35
H' +HS < HJS H-3 0.0 +7.02 35
H' + HS < HoS H-4 1.0 +6.75 35
HS + 3/8 Sg(s) < Sa> +H* (0) 0.0 9.44 41%*
HS + 1/2 Sg(s) <> Ss> + H* H-5 0.0 9.56 414
H'+ Ac” < HAc H-6 1.0 +4.72 36
H' + 0x* < HOX H-7 0.0 +4.27 36
H* + HOX & H20x H-8 0.0 +125 36
H' + COs> & HCO3" H-9 0.0 +103 45
Co?* + Ac’ & CoAc’ Co-1 1.0 +0.65 34
Co** +2 Ac & CoAcz Co-2 2.0 +0.80 34
Co?t + Ox* &> CoOx Co-3 0.0 +4.72 35
Co?* +2 Ox¥ > CoOxz* Co-4 0.0 +6.90 35
Co?* + HS < Co(HS)* (0) 0.0 +5.70 36
Co?* +2 HS <> Co(HS)2 (0) 0.0 +8.80 36
Co* +HS < B-CoS(s)+H" Co-5 0.0 +7.10 36
Co?* + =Fe'OH <> =Fe’0Co" + H* ) 0.0 -0.46 27
Co?* +=Fe"OH <> =Fe*0Co" + H" Co-6 0.0 -3.01 27
Zn?* + Ac < ZnAc' Zn-1 1.0 +0.90 34
Zntt + 2 Ac & ZnAc Zn-2 1.0 +1.20 34
Zntt +3 Ac ¢ ZnAcy Zn-3 3.0 +1.57 34
Zn?* + Ox* & ZnOx Zn-4 0.0 +4.87 32
Zn?* +2 0% & ZnOx” Zn-5 0.0 +1.65 32
Zn** + 8% & ZnS(aq.) Zn-6 1.0 +185 30
Zn®* + S* & ZnS(s) Zn-7 1.0 +24.4 30
Zn’* + HS < ZnS(s) + H' Zn-8 0.0 +10.8 37
Zn®* + =Fe'OH & =Fe*0Zn" + H' © 0.0 +0.99 27
Zn?* +=Fe¢*OH < =Fe"0Zn" + H* Zn-9 0.0 -1.99 27
Cd** + Ac > CdAc’ Cd-1 1.0 +1.24 34
Cd* +2 Ac < CdAc; Cd-2 1.0 +1.86 34
Cd** +3 Ac < CdAcs Cd-3 1.0 +2.04 34
Cd® +4 Ac < CdAcs® Cd-4 3.0 +2.00 34
Cd* + 0x* & CdOx cd-5 0.0 +3.89 32

Cd®* + 8T + HS & CA(HS)S Cd-6 1.0 +20.6 29
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Appendix (continuation)
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Reaction Reaction  Iinmoll logK Ref.
number

cd* +2 8 = Cd(S)” () 1.0 +21.1 29
Cd** + 8 < CdS(aq) cd-7 1.0 +18.2 30
Ccd*' + HS < CA(HSY 0 1.0 +6.40 30
Cd* +2 HS & CA(HS), 0)] 1.0 +13.8 30
Cd®* + 3 HS < Cd(HS)3. 0)) 1.0 +16.0 30
Cd** + 4 HS < Cd(HS)e* (0) 1.0 +184 30
Cd¥ + 8% & CdS(s) cd-8 1.0 +25.1 30
Cd®* + HS & CdS(s) + H' Cd-9 0.0 +13.1 37
Cd*" + =Fe*OH « =Fe*0Cd" + H' ) 0.0 +0.47 27
Cd?* + =Fe“OH <> =Fe"0Cd" + H' Cd-10 0.0 -2.90 27
Pb® + Ac <> PbAc’ Pb-1 1.0 +2.10 34
Pb>* +2 AC < PbAc: Pb-2 1.0 +3.00 14
Pb>* + Ox* < PbOx Pb-3 0.0 +491 32
Pb2* + 2 Ox* & PbOx2* Pb-4 0.0 +6.76 32
Pb?* + Cos® < PbCOs Pb-5 0.0 +7.24 2
PbZ2* + 2 HS' < Pb(HS)2 © 0.0 +122 31
Pb?* + 3 HS < Pb(HS)s" ©) 0.0 +13.8 31
Pb?* + HS < PbS (galena) + H' Pb-6 00 +1238 39
Pb%* + =Fe*OH <> =Fe"OPb’ + H' Pb-7 0.0 +4.65 27
Cu®* + Ac’ & CuAc’ Cu-1 1.0 +1.67 34
Cu?* +2 Ac o CuAey Cu-2 1.0 +2.70 34
Cu’* +3 Ac <> CuAcs’ Cu-3 1.0 +3.00 34
Cu?* +4 Ac’ & CuAcs® Cu-4 1.0 +2.90 34
Cu* + Ox¥ & CuOx Cu-5 0.0 +6.23 34
Cu?* +2 0x* < CuOx* Cu-6 0.0 +10.2 34
Cu? + 3 HS < CuS(HS),* + H' © 1.0 +16.0 40
Cu¥ +4 HS < CuS(HS)> + H' 0) 1.0 +16.9 40
Cul* + HS + 85% < CuS(Ss)> +H' Cu-? 1.0 +18.3 40
Cu?* + 12 HS + 37284 +1/285%

< Cu(SaSs)™ + 12 H' 0)) 1.0 +242 40
Cu?* + 12 HS + 1/2 S4¥ +3/2 S5*

S Cu(Ssy> + 12 H ©) 1.0 +24.0 40
Cu?* + HS <> CuS(am.) + H* Cu-8 0.0 +18.9 39
Cu?* + =Fe'OH & =Fe*OCu™ + H' Cu-9 0.0 +2.89 27

*: estimated from corresponding equilibrium constants for Mn, Co and Ni listed in (30)
**. in the equilibrium calculations it is assumed that the activity of elemental sulfur is 1.0



