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Abstract—Dredging and disposal of sediments onto agricultural soils is a common practice in industrial and
urban areas that can be hazardous to the environment when the sediments contain heavy metals. This chemical
hazard can be assessed by evaluating the mobility and speciation of metals after sediment deposition. In this
study, the speciation of Zn in the coarse (500 to 2000�m) and fine (�2 �m) fractions of a contaminated
sediment dredged from a ship canal in northern France and deposited on an agricultural soil was determined
by physical analytical techniques on raw and chemically treated samples. Zn partitioning between coexisting
mineral phases and its chemical associations were first determined by micro-particle-induced X-ray emission
and micro-synchrotron-based X-ray radiation fluorescence. Zn-containing mineral species were then identified
by X-ray diffraction and powder and polarized extended X-ray absorption fine structure spectroscopy
(EXAFS). The number, nature, and proportion of Zn species were obtained by a coupled principal component
analysis (PCA) and least squares fitting (LSF) procedure, applied herein for the first time to qualitatively
(number and nature of species) and quantitatively (relative proportion of species) speciate a metal in a natural
system.

The coarse fraction consists of slag grains originating from nearby Zn smelters. In this fraction, Zn is
primarily present as sphalerite (ZnS) and to a lesser extent as willemite (Zn2SiO4), Zn-containing ferric
(oxyhydr)oxides, and zincite (ZnO). In the fine fraction, ZnS and Zn-containing Fe (oxyhydr)oxides are the
major forms, and Zn-containing phyllosilicate is the minor species. Weathering of ZnS, Zn2SiO4, and ZnO
under oxidizing conditions after the sediment disposal accounts for the uptake of Zn by Fe (oxyhydr)oxides
and phyllosilicates. Two geochemical processes can explain the retention of Zn by secondary minerals: uptake
on preexisting minerals and precipitation with dissolved Fe and Si. The second process likely occurs because
dissolved Zn and Si are supersaturated with respect to Zn phyllosilicate. EXAFS spectroscopy, in combination
with PCA and LSF, is shown to be a meaningful approach to quantitatively determining the speciation of trace
elements in sediments and soils.Copyright © 2002 Elsevier Science Ltd

1. INTRODUCTION

Because of physical and chemical erosion of rocks, sedi-
ments, and soils, and urban and industrial wastes, waterways
generally silt up and require periodic dredging. Dredged sedi-
ments are usually deposited on soils along adjacent banks.
When sediments contain heavy metals, this practice is hazard-
ous because toxic elements can migrate to the underlying soil
and groundwater. The chemical risk resulting from the presence
of heavy metals depends on their mobility and bioavailability
and therefore on their electronic structure (e.g., oxidation state)
and crystal chemistry. The speciation of metals in solids is
evaluated classically by chemical extraction procedures
(Tessier et al., 1979; Quevauviller et al., 1994; Singh et al.,
1998). However, it is now widely recognized that this indirect
and operational approach should be complemented by physical
techniques, which allow direct identification of metal forms.
Extended X-ray absorption fine structure (EXAFS) spectros-
copy is of value for this purpose because of its element spec-

ificity, sensitivity to short-range ordering, and low detection
limit (a few tens of parts per million for Zn; Manceau et al.,
1996, 2000; Hesterberg et al., 1997; O’Day et al., 1998, 2000;
Ostergren et al., 1999). However, a major obstacle in using
EXAFS is its lack of species selectivity (the obtained signal is
a weighted average of all metal forms) and sensitivity to minor
forms, which can be the most toxic. In this study, these limi-
tations were circumvented for the first time by combining (a)
chemical selective extraction procedures, (b) elemental map-
ping by micro-particle-induced X-ray emission (�-PIXE)
(Mesjasz-Przybylowicz et al., 1999; Xenophontos et al., 1999)
and micro-synchrotron-based X-ray radiation fluorescence (�-
SXRF) (Bertsch et al., 1997; Manceau et al., 2000), and (c)
rigorous statistical analysis of EXAFS spectra using principal
component analysis (PCA) (Wasserman, 1997; Wasserman et
al., 1999; Ressler et al., 2000). In soils, metals are often bound
to phyllosilicates containing low-Z elements and to Fe and Mn
(oxyhydr)oxides. Consequently, the EXAFS signal from phyl-
losilicates is generally obscured by the intense scattering of Fe
and Mn atoms (Manceau et al., 2000). This difficulty was
overcome by enhancing the signal from layered minerals using
polarized EXAFS (P-EXAFS) measurements on self-support-
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ing films of the clay fraction from the sediment (Manceau et al.,
1998, 2000; Schlegel et al., 1999, 2001a, 2001b). The studied
sediment was dredged from the Scarpe canal near the city of
Douai in northern France. This region was selected because it
hosted the third largest nonferrous smelter in the world during
the first half of the 20th century, and it has released huge
amounts of dusts and residues to the environment.

2. EXPERIMENTAL

2.1. Samples

The contaminated sediment was collected with a drill and immedi-
ately deposited on a soil and sampled as described in Tiffreau et al.
(1999). Samples were air dried and wet sieved in deionized water at 2
mm, 500 �m, 200 �m, 50 �m, and 20 �m. The clay fraction (�2 �m)
was isolated by sedimentation of the �20-�m fraction, and the fine
fraction (�0.2 �m) was separated by ultracentrifuging the �2-�m
fraction. Macroscopic observation of the coarse fraction (500 to 2000
�m) showed that it is highly heterogeneous (Fig. 1). It consists of
nonporous black slags (NPBS) (20 wt.%), porous black slags (PBS) (40
wt.%), colored vitreous grains (CG) (27 wt.%), white grains (WG) (8
wt.%) composed mainly of quartz and shell fragments (carbonates), red
grains (RG) (4 wt.%) composed mainly of brick residues, and organic
particles (OP) (1 wt.%). The NPBS, PBS, and CG show evidence of gas
cavities and fluidal morphologic textures. Consequently, at least 87%
of the coarse particles present in the sediment are anthropogenic. Each
class of grains was separated under a binocular microscope for deter-
mining Zn speciation. All fractions and classes of grains were finely dry
ground in an agate mortar for bulk chemical analyses. The 500- to
2000-�m fraction was also wet ground in a mechanical agate grinder to
evaluate whether oxidation occurred during this stronger grinding
procedure.

2.2. Chemical Analyses

Sediment samples were digested by adding 9 mL of HF and 1 mL of
HNO3 to 0.5 g of solid in a Teflon bomb and heating at 200°C for 1 h
in a microwave oven. After evaporation of the solution, 3 mL of 6 N
HCl was added to the residue for final dissolution. Element concentra-
tions were measured by inductively coupled plasma atomic emission
spectroscopy (ICP-AES).

2.3. Chemical Treatments

Chemical treatments aimed at selectively dissolving Zn species but
not phyllosilicates were applied to the �2-�m fraction. Oxidation-
sensitive species (i.e., organic matter and sulfides) were extracted with
H2O2 following the procedure described in Jackson (1985). Fe (oxy-
hydr)oxides were removed with a dithionite-citrate solution buffered
with sodium bicarbonate (CBD) (pH � 7.3; Mehra and Jackson, 1960).
This reducing treatment was applied only one time to prevent dissolu-
tion of other mineral phases. The oxidative and reductive treatments
were applied either separately or successively to remove all redox-
sensitive species. The percentages of elements extracted by these
chemical treatments were determined from their concentrations in the
solid and extracted solutions as measured by ICP-AES.

2.4. X-ray Diffraction

Mineral identifications was performed using a Siemens D501 pow-
der diffractometer with Co K� radiation (40 kV and 37.5 mA). X-ray
powder diffraction patterns of the nonclayey fraction were recorded
over 5 to 90° 2� with a 0.04° 2� step and a 20-s counting time per point.
Clay fractions were prepared as oriented slides, and X-ray diffraction
(XRD) patterns were recorded for both air-dried and ethylene-glycol-
saturated states from 2 to 50° 2� at a 0.04° 2� interval using a 6-s
counting time per point.

2.5. Microprobe Analyses

�-PIXE and �-SXRF analyses were performed on coarse particles (500
to 2000 �m) and the clay fraction (�2 �m), respectively. �-SXRF was
preferred over �-PIXE for the fine fraction analyses because of its better
lateral resolution. The �-PIXE measurements were carried out at the
nuclear microprobe facility of the Pierre Süe Laboratory in Saclay, France
(Trocellier, 1996) on NPBS, PBS, and CG prepared as 30-�m-thick thin
sections embedded in epoxy resin. Elemental maps were recorded using a
3.07-MeV 4He� beam, and samples were rastered in a 4-�m step through
a 4 � 4 �m sized focused beam with a typical beam current of 200 pA and
a cumulated charge of 2.5 �C. Selected K� fluorescence radiations for Zn,
Fe, and S were collected using a Si(Li) solid state detector with a 100-ms
counting time per point. Elemental concentrations of selected points on the
chemical map were calculated using the Gupix software (Maxwell et al.,
1989). The �-SXRF maps were recorded on the 10.3.2. beamline at the
Advanced Light Source in Berkeley, California (McDowell et al.,
1998). They were measured on clay fractions prepared as oriented
slides scanned with a 2-�m step through a 2 � 2 �m sized focused
X-ray beam. Selected K� fluorescence radiations for Zn, Fe, and S were
collected using a solid state detector and a 4-s counting time per point.

2.6. EXAFS Spectroscopy

Pressed pellets from the dry-ground raw sediment (Raw), the dry-
ground (DGC) and wet-ground (WGC) whole coarse fraction, and the
dry-ground NPBS, PBS, and CG fractions were prepared for bulk
EXAFS measurements. EXAFS spectra of individual grains for non-
porous black slags, porous black slags, and colored grains (NPBSg1,
NPBSg2, PBSg, and CGg) prepared as thin sections were also re-
corded. Samples of the two finest fractions, including the raw (Raw �
2�m), the CBD-treated (CBD � 2�m), the H2O2- and CBD-treated
(H2O2 � CBD � 2�m), and the �0.2-�m fractions (�0.2 �m), were
prepared as self-supporting films for P-EXAFS. The orientation distri-
butions of basal planes of clay minerals within self-supporting films
were determined by quantitative texture analysis (i.e., texture goniom-
etry), as described elsewhere (Manceau et al., 1998, 2000). As an
illustration, the radial distribution of the orientation densities of c* axes
off the film normal for the H2O2 � CBD � 2�m sample is presented
in Figure 2. This distribution shows an evolution of the orientation
density, reaching a maximum of 7.2 m.r.d. (multiple of a random
distribution) perpendicular to the film plane (� � 0) and a minimum of
0 m.r.d. near � � 80°. The full width at half maximum of the distribution
is 58.9°, which is significantly larger than the values of 23.1 to 39.9°
reported by Manceau et al. (2000) on soil clay fractions. However, theo-
retical calculations showed that the texture strength is still high enough
to observe a polarization dependence of P-EXAFS spectra.

Zn K-edge X-ray absorption spectra were measured at room tem-
perature on the BM32 beamline at the European Synchrotron Radiation
Facility in Grenoble, France. The X-ray absorption of samples was
measured either in transmission detection mode with photodiodes or in
fluorescence-yield mode with a 30-element Ge solid-state detector
(Canberra), depending on Zn concentration. X-ray absorption spectra
of the NPBSg1, NPBSg2, PBSg, and CGg individual grains were
collected using a 100 � 40 �m sized X-ray beam in fluorescence-yield
mode (Hazemann et al., 1995). Measurements on powdered samples
were performed at the magic angle (Manceau et al., 1990) to get rid of
the possible preferential orientation of layered minerals in the pellets.
Polarized measurements were carried out by mounting self-supporting
films on an (X,Y)-goniometer stage. In-plane and out-of-plane X-ray
absorption spectra were measured by orienting the plane of the film
parallel (� � 0°) and perpendicular (grazing incidence, � � 80°) to the
electric field vector of the X-ray beam, respectively.

The EXAFS functions (�[k]) were derived from X-ray absorption
spectra by modeling the postedge atomic absorption with a spline
function and normalizing the signal amplitude to the jump of the
sample X-ray absorption. The kinetic energy (Ek) of the photoelectron
was converted to wave vector (k) value by taking the energy origin
(Ek � 0) at the half-height of the K-edge absorption jump. Radial
structure functions (RSFs) were obtained by Fourier transforming
k3�(k) functions apodized with a Kaiser function (Manceau and
Combes, 1988). The abscissae of RSFs graphs (R � �R) correspond to
interatomic distances uncorrected for phase shift (Teo, 1986).
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The EXAFS spectra were analyzed in a two-step procedure. The first
step consisted of a PCA of the whole set of EXAFS spectra (Fay et al.,
1992; Wasserman, 1997; Wasserman et al., 1999; Ressler et al., 2000).
Presentation of the fundamentals of this mathematical treatment is
clearly beyond the scope of this paper, and interested readers are
referred to Malinowski’ s (1991) textbook. The PCA allows determi-
nation of the number of independent components contained in a set of
spectra, which corresponds to the number of Zn species (i.e., Zn
spectra) statistically meaningful to quantitatively reproduce the series
of experimental data. Of course, the total number of metal species has
to be lower than the number of spectra, a requirement that was amply
satisfied in the present study. The criterion R � � (k3�exp � k3�model) /
� k3�exp was used to determine the number of principal components.
A component was considered significant when its introduction in the
spectral reconstruction process led to decrease of R by at least 20%.
The consistency of this procedure was also checked by visual exami-
nation of the experimental and reconstructed spectra. Then, an opera-
tion called target transformation evaluates whether a reference spec-
trum is a likely principal component of the system. A large database of
Zn-containing mineral species, including pure minerals (carbonates,
sulfides, oxides, phosphates, etc.) various Zn-substituted and Zn-sorbed
references (phyllosilicates, Fe and Mn (oxyhydr)oxides, etc.; Manceau
et al., 2000), and organic compounds (Sarret et al., 1998), was screened
to identify Zn species. Ideally, if all unknown species are present in the
database, then the number of references selected by this procedure is
equal to the number of principal components. In other words, this
approach is quite rigorous and tells us (a) if a particular reference is
actually present in the unknown sample and (b) how many species are
absent in the database and remain unidentified.

The second step consisted of least squares fitting (LSF) of experimental
EXAFS spectra to the combination of reference spectra previously iden-
tified by PCA. Of course, this second step makes sense only if all unknown
species were previously successfully retrieved from the database. The
fractional contribution of each model spectrum to the fit is directly pro-
portional to the amount of Zn present in that form in the sample. Uncer-
tainty in the proportion of individual Zn species was estimated from a
variation of R amounting to �15%. This value corresponds to an absolute
precision on the proportion of an individual compound of �10%.

3. RESULTS

3.1. Chemical Analyses

Results from chemical analyses indicate that Zn is preferen-
tially concentrated in the 500- to 2000-�m, 2- to 20-�m, and

�2-�m fractions, which contain �8400, 11,200, and 16,700
ppm Zn, respectively (Table 1). The amount of zinc in the bulk
sample and in the size fractions is well correlated with sulfur
(R2 � 0.88) and not with any other element (for example, R2 �
0.1 for Zn-Fe). Within the coarse-grain fraction (500 to 2000
�m), Zn concentration varies from �1800 ppm in OP to
�11000 ppm in the PBS (Table 2). S concentration amounts to
2000 ppm in WG; 7000 to 12,000 ppm in CG, NPBS, and PBS;
and up to 110,000 ppm in OP. The highest Fe concentrations
are measured in CG (�23,000 ppm) and RG (�49,500 ppm).
All grains contain large amounts of Ca, with concentrations up
to �10.7% and 29 wt.% in NPBS and WG, respectively.
Therefore, variability in chemical composition corresponds to
the variability in shape and color of sediment grains. The 2- to
20-�m fraction is composed of a mixture of clay aggregates
and grains similar to coarse grains. Consequently, only the 500-
to 2000-�m and the �2-�m fractions were investigated in
detail. The �2-�m fraction is enriched in Zn (�16,700 ppm),
Fe (�46,500 ppm), S (�21,000 ppm), P (�9500 ppm), Al
(61,000 ppm), and Mg (�6000 ppm) compared to the bulk
sediment. The mass proportion of Zn in each fraction was
calculated from the relative mass of this fraction and its Zn
concentration (Figs. 3A and 3B). Results show that the coarse

Fig. 1. Coarse fraction (500 to 2000 �m) of the sediment observed
with a binocular microscope.

Fig. 2. (001) pole figure and radial orientation distribution densities
(� scan) of the dispersion of crystallite platelets off the film plane for
the H2O2 � CBD � 2 �m sample. The strong density maximum at the
center of the (001) pole figure (� � 0°) indicates that the film has a
[001]* fiber texture. Linear density scale and equal area projection are
used for the pole figure. The pole density is expressed in multiple of a
random distribution (m.r.d.). Points: experimental values; solid line: fit
with a Lorentzian function.
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fraction (500 to 2000 �m) contains 11% of total Zn, the 2- to
20-�m fraction 55%, and the �2-�m fraction 12% (Fig. 3C).

3.2. Chemical Extractions

As much as 82% of S and 76% of Zn were removed from the
�2-�m fraction by H2O2 (Table 3), suggesting a possible Zn-S

association, as already inferred from bulk chemical analysis.
This treatment also removed a significant part of the Ca (45%)
and Mn (14%). The removal of Ca likely results from the
dissolution of CaCO3 at the low pH (�2 to 3) of this extraction
procedure, as also reported by Shuman (1978). Only 56% of the
Fe was removed by the CBD treatment, which is consistent

Table 1. Average concentrations of major and trace elements and mineralogy of the sediment.

Size fraction (�m) Bulk
500 to
2000 200 to 500 50 to 200 20 to 50 2 to 20 �2 �0.2

wt.% 9 25 14 13 34 5 �0.1
Elemental concentrations (ppm)

Na 3100 3500 1800 2000 6700 3000 1700 1600
Mg 3700 6000 1200 1000 3300 4600 6200 9200
Al 28,500 39,300 10,500 10,500 36,100 48,700 61,000 85,900
P 3600 1700 380 1000 2700 6400 9300 1700
S 12,800 7700 2000 4600 7000 17,000 20,600 940
K 9500 13,200 4600 6800 13,700 10,600 12,000 17,100
Ca 50,000 85,900 19,600 20,800 15,000 58,400 34,400 9000
Mn 270 480 120 130 260 390 530 420
Fe 18,400 16,100 4100 4800 17,800 36,300 46,300 61,700
Zn 6600 8400 2400 1300 5500 11,200 16,700 910
Pb 770 1000 300 210 780 1600 1900 2900

Mineralogy
Quartz Quartz Quartz Quartz Quartz Quartz Quartz Quartz
Calcite Calcite Calcite Calcite Microcline Calcitea Calcite
Albitea Albite Albitea Albite Albitea

Microclinea Microlinea Microlinea

Hematitea Hematite Hematitea Sphalerite
Willemite Calcium
Sphaleritea Iron oxidea

Illite Illite
Smectite Smectite
Kaolinite Kaolinite
Chlorite Chlorite

a Trace amounts.

Table 2. Average concentrations of major and trace elements and mineralogy of grains from the coarse fraction of the sediment.

NPBS PBS CG RG WG OP

wt.% 20 40 27 4 8 1
Elemental concentrations (ppm)

Na 3800 4700 4600 5000 750 �dla

Mg 5900 2900 8800 6800 1100 �dla

Al 27,100 31,100 62,200 79,100 5100 �dla

P 200 530 170 1300 610 150,000
S 10,500 12,000 7000 3600 2000 110,000
K 12,700 14,100 20,500 28,300 2000 3900
Ca 107,000 13,500 60,600 29,100 236,000 36,300
Mn 330 360 930 450 340 150
Fe 13,500 14,300 23,100 49,500 2500 6700
Zn 7700 11,000 5000 5100 1900 1800
Pb 820 1400 650 600 120 70

Mineralogy
Quartz Quartz Quartz Quartz Quartz nab

Calcite Calcite Calcite Calcite Calcite
Albitec Mullite Mullite Hematite Aragonitec

Iron Albite Albitec Microclinec

phosphate

NPBS � nonporous black slags, PBS � porous black slags, CG � colored vitreous grains, RG � red grains, WG � white grains, OP � organic
particles.

a Under detection limit.
b Not analyzed.
c Trace amounts.
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with one cycle of treatment. This treatment also extracted 34%
of Zn, 65% of P, 48% of Ca, and 27% of Mn. Simultaneous
extraction of Zn and Fe suggests that Zn is partly bound to Fe
(oxyhydr)oxides, and the parallel extraction of Zn and P could
arise from the dissolution of an iron phosphate constituent. The
complexation of Ca2� by citrate in solution could explain the
high amount of extracted Ca (Stumm and Morgan, 1996). The
relatively high amount of Mn extracted by the CBD treatment
likely results from the reductive dissolution of manganese
oxides, indicating that this treatment is not Fe specific. The sum
of Zn separately extracted by H2O2 and CBD amounted to
�110%, compared to �89% when the two extractants were
applied successively to the same sample, indicating that the two
procedures are almost conservative. In conclusion, despite the

less than perfect selectivity of chemical extractants, chemical
extractions by H2O2, CBD, and H2O2 � CBD treatments
suggest that Zn is associated predominantly with S and, to a
lesser extent, with oxidized Fe or Mn mineral species.

3.3. XRD

Characteristic XRD patterns from the coarse and clay frac-
tions are presented in Figure 4, and minerals identified by this
technique are listed in Tables 1 and 2. Quartz and calcite are
predominantly present in the coarse fraction, admixed with
minor amounts of albite, microcline, hematite, willemite
(Zn2SiO4), and sphalerite (ZnS). The XRD pattern shows a
broad maximum between 28 and 33° 2� (3.14 to 4.13 Å)
originating from diffusion by amorphous material. In addition
to the dominant quartz and calcite, sphalerite, calcium iron
oxide, albite, illite, chlorite, kaolinite, and smectite were also
detected in the �2-�m fraction. XRD patterns of intermediate
size fractions could be described as a mix of the two previous
end-member patterns. In summary, two Zn-bearing phases
were identified by XRD: willemite and sphalerite.

3.4. �-PIXE and �-SXRF

3.4.1. Characterization of Zn-Bearing Coarse Particles

�-PIXE elemental maps of PBS grains showed that Zn, S,
and Fe are irregularly distributed in the grains. The highest Zn
concentrations were observed in sulfur-containing localized
areas several tens of micrometers across (105,000 ppm Zn,
86,000 ppm S, and 47,000 ppm Fe at point A in Fig. 5),
whereas smaller Zn concentrations were observed in Fe-rich
zones (14,300 ppm Zn, 300 ppm S, and 48,000 ppm Fe at point
B in Fig. 5). In these two point analyses, moderate concentra-
tions of Si (51,000 to 96,000 ppm) and Ca (10,000 to 35,200
ppm) and tiny amounts of the other elements (Mg, K, etc.) were
measured. At point C in Figure 5, moderate concentrations of
Zn and Fe were measured (44,000 and 21,000 ppm, respec-
tively) with low S, Si, and Ca amounts (5600, 1800, and 9000
ppm, respectively), indicating that Zn is not associated with
only Fe and S.

The presence of at least two predominant Zn species in PBS
grains was shown in the plot of S vs. Zn intensities by two
groups of points, one in which Zn and S are strongly correlated

Fig. 3. Concentration of Zn in grain-sized fractions (A), weight
percentage of grain-sized fractions (B), and proportion of Zn in grain-
sized fractions (C).

Table 3. Percentages of elements removed by chemical extractions
from the �2-�m fraction of the sediment.

H2O2 CBD H2O2 � CBD

Mg 5 5 5
Al 2 4 8
P 0 65 69
S 82 naa naa

K 7 15 18
Ca 45 48 73
Mn 14 27 14
Fe 1 56 49
Zn 76 34 89
Pb 2 23 27

CBD � sodium bicarbonate–buffered ditrionite-citrate solution.
a Not analyzed.
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(R2 � 0.80) and a second in which they are not (Fig. 6). No
strong correlation was observed between S and Fe and between
Zn and Fe (plots not shown). These findings extend to CG,
whereas only the Zn-S association was detected in NPBS (data
not shown).

3.4.2. Characterization of Zn-Bearing Fine Particles

�-SXRF elemental maps of the �2-�m fraction showed that
Zn, S, and Fe are heterogeneously distributed (Fig. 7). High Zn
concentrations were found in (S, Fe)-rich grains several mi-

crometers in diameter (points A and B in Fig. 7), but Zn and Fe
were also associated in larger and more diffuse areas of the clay
matrix. The existence of two Zn chemical associations was
confirmed by the plots of �-SXRF intensities (Fig. 8). The first
type of association corresponds to the group of points labeled I
and II in Figure 8. In these two groups, Fe and S are strongly
correlated (Fig. 8C, R2 � 0.76 to 0.93) and Zn and Fe (R2 �
0.63 to 0.66) and Zn and S (R2 � 0.51 to 0.56) are less
correlated (Figs. 8A and 8B). Group I in Figure 8 corresponds
to point A in Figure 7 and group II to point B in Figure 7.

Fig. 4. Powder X-ray diffraction patterns for the coarse (A) and clay (B) fractions of the sediment. Detected phases in
(A) are quartz (Q), calcite (C), albite (A), microcline (M), hematite (H), sphalerite (S), and willemite (W). Detected phases
in (B) are: quartz, calcite, albite, calcium iron oxide (CF), sphalerite, and phyllosilicates (*). The d spacings (Å) of the most
intense peaks for each mineral are reported.
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Because they lack other major elements, these grains could
correspond to a Zn-Fe-S solid solution or to an intimate mixture
of pyrite (FeS2) and sphalerite, and the two observed correla-
tions (I and II) to a different pyrite/sphalerite ratio. Figure 7
shows that Zn is concentrated preferentially in the center of the
grains and Fe in the outer region. This chemical differentiation
may result from the initial precipitation of an (Fe, Zn) sulfide
solid solution during the smelting process followed by the
precipitation of FeS2 after all the Zn was depleted from the
melt. As these sulfide grains are clearly not authigenic but

inherited from the smelting process, another explanation is the
preferential leaching of Zn from the (Fe, Zn) sulfide grains after
their formation. According to this alternative, these grains
would have dissolved incongruently because Fe in FeS2 and Zn
in ZnS have the same solubility (logKs, ZnS � �10.9, Dyrssen
and Kremling, 1990; logKs, FeS2 � �16.4, Davison, 1991).
The preferential leaching of Zn may have happened in nature or
during the sample preparation. These sulfur grains are clearly

Fig. 5. Zn, S, and Fe micro-particle-induced X-ray emission maps of
a porous black slag. Scanning step: 4 �m; count time: 100 ms/point.
Concentrations measured in point A are [Zn] � 105,000 ppm, [S] �
86,000 ppm, and [Fe] � 47,000 ppm. Concentrations measured in point
B are [Zn] � 14,300 ppm, [S] � 300 ppm, and [Fe] � 48,000 ppm.
Concentrations measured in point C are [Zn] � 43,900 ppm, [S] �
5600 ppm, and [Fe] � 21,400 ppm. Fig. 7. Zn, S, and Fe micro-synchrotron-based X-ray radiation flu-

orescence maps of the �2-�m fraction of the sediment. Scanning step:
2 �m; count time: 4 s/point. Points A and B correspond to (Fe, S)-rich
grains.
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bigger than 2 �m, and consequently, their presence in the clay
fraction stems from an imperfect grain-size separation of the
�2-�m fraction. However, similar grains, but of a smaller size
(�2 �m), were observed by scanning electron microscopy
(SEM) (data not shown), supporting their pervasive presence.
The second type of Zn association corresponds to the points
that lack S and are reasonably well correlated to Fe (Fig. 8A,
R2 � 0.56). In summary, �-SRXF suggests the existence of two
Zn species in the �2-�m fraction of the sediment, one con-
taining S and Fe and present as individualized grains, and a
second containing Fe, but no S, distributed throughout the clay
matrix.

3.5. Powder EXAFS Spectroscopy

Figures 9 and 10 show Zn K-edge EXAFS spectra and RSFs
for the raw sediment (Raw), the various size fractions (WGC,
DGC, NPBS, PBS, CG, Raw � 2 �m, CBD � 2 �m, H2O2 �
CBD � 2 �m, and �0.2 �m), and some individual grains
(NPBSg1, NPBSg2, PBSg, CGg), together with two reference
compounds, sphalerite and zincite (ZnO). The CGg spectrum is
clearly much different from all others, and its phase, amplitude,
and shape were satisfactorily simulated by ZnO weighted by
0.62 (Fig. 9A). Therefore, this grain contains ZnO as the major
Zn species. The 38% decrease in amplitude compared to the
reference is likely due to a self-absorption effect (Troger et al.,
1992; Castaner and Prieto, 1997), since the grains are clearly
heterogeneous and locally can contain high Zn concentrations.
The decrease in amplitude cannot be attributed to structural
disorder because the experimental and ZnO EXAFS spectra
have the same shape and, specifically, the same high frequency
features. As will be shown below, spectra of the other samples
are not affected by this phenomenon. In particular, it was not
observed for the ZnS species, and this result is consistent with
�RBS measurements, which showed that ZnS is localized in
the surface of grains (Isaure et al., 2001).

Significant differences are observed among other EXAFS
spectra. For instance, the PBS spectrum has a notable higher
frequency and amplitude than the �0.2-�m spectrum. Spectra
could be classified in three groups on the basis of the position
of first RSF peak (Figs. 9B, 10A, and 10B). Samples of the first
group include Raw, PBS, PBSg, NPBS, NPBSg1, NPBSg2,
Raw � 2 �m, and CBD � 2 �m, and have their first peak

centered at R � �R � 1.96 Å, as ZnS (Fig. 9B). Samples of the
second group encompass CGg, WGC, H2O2 � CBD � 2 �m,
and �0.2 �m, and have their first peak at R � �R � 1.59 Å,
as ZnO (Fig. 10A). DGC and CG make up the third group and
are characterized by a split of the first peak with maxima at R �
�R � 1.59 Å and R � �R � 1.96 Å (Fig. 10B). Considering
that the �R value is about �0.3 to �0.4 Å (Teo, 1986), an R �
�R value of 1.96 Å is typical of the Zn-S bond length (2.34 Å
in ZnS). Likewise, the R � �R � 1.59 Å value matches the
Zn-O bond length (1.96 Å in ZnO).

For the fine fractions (Raw � 2�m, CBD � 2 �m, H2O2 �

Fig. 6. Plot of S vs. Zn micro-particle-induced X-ray emission
intensities for nonporous black slags. Points in group I correspond to
(Zn, S)-rich regions such as point A in Figure 5 (R2 � 0.80). Points in
group II correspond to the rest of the matrix (R2 � 0.005).

Fig. 8. Plots of Zn, Fe, and S normalized micro-synchrotron-based
X-ray radiation fluorescence intensities for the �2-�m fraction. Points
of groups I and II correspond to (Fe, S)-rich regions such as points A
and B in Figure 7 (R2 � 0.76 and 0.93).
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CBD � 2 �m, and �0.2 �m), no angular dependence of
EXAFS spectra was observed. Since texture goniometry
indicated that clay particles are significantly oriented in the
film plane, this result could be interpreted by the absence of
Zn-containing phyllosilicates. However, clear evidence will
be given below that Zn is partly bound to phyllosilicates, and
the absence of polarization effect suggests that the Zn-clay
particles are not aligned in the film plane for a specific
reason.

3.5.1. Identification of Zn Species

For a given number of principal components, the higher the
number of experimental spectra, the more accurate is the metal
species determination. For this reason, PCA analysis was per-
formed on the whole set of spectra except CGg, because pre-
liminary analysis indicated that the ZnO species was only
present in CGg.

Figures 11 and 12 show experimental spectra reconstructed

Fig. 9. (A) Zn K-edge extended X-ray absorption fine structure spectroscopy spectra of the series of samples. (B) Radial
structure functions (RSFs) for samples having their first RSF peaks at R � �R � 1.96 Å.
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using a combination of the first two, three, and four principal
components. The first two components satisfactorily repro-
duced the majority of sample spectra, except WGC (R � 0.42),
DGC (R � 0.22), CG (R � 0.28), H2O2 � CBD � 2 �m (R �
0.39), and �0.2 �m (R � 0.28) in the 2.5- to 10.0-Å�1 range
(Fig. 11). The WGC (R � 0.10) and H2O2 � CBD (R � 0.09)
spectra were well reproduced with the three first components,
but this model still failed to account for DGC (R � 0.13), CG
(R � 0.18) and �0.2 �m (R � 0.13) in the 7.0- to 8.7-Å�1

interval, the 6.3- to 7.8-Å�1 interval, and the 5.8- to 7.5-Å�1

interval, respectively (Fig. 12A). Finally, adding the fourth and
last component improved the simulation of DGC (R � 0.12),
CG (R � 0.17), and �0.2 �m (R � 0.07) spectra (Fig. 12B). As

is evident from a visual inspection of Figure 12B, this four-
component model yielded a better match of the phase in the
7.0- to 8.7-Å�1 interval for DGC, the 6.3- to 7.8-Å�1 interval
for CG, and the 5.8- to 7.5-Å�1 interval for �0.2 �m. This
improvement of the spectral match did not result in a substan-
tial reduction of the fit residual R factor because the difference
between the experimental and the simulated spectra is compa-
rable to the noise level. Consequently, three, and probably four,
independent EXAFS spectra (i.e., Zn species) are necessary and
sufficient to describe quantitatively the 13 experimental EX-
AFS spectra. Additional support for the existence of a fourth
component will be provided by the LSF procedure.

The four most likely Zn species were then identified by

Fig. 10. Radial structure functions (RSFs) for samples having their first RSF peaks at (A) R � �R � 1.59 Å and at (B)
R � �R � 1.96 Å with a shoulder 1.59 Å.
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target transformation of reference spectra in our Zn database.
The best spectral match was obtained with willemite, sphalerite,
Zn-sorbed ferrihydrite (ideally 5Fe2O30.9H2O) (ZnFh) used as a
proxy for Zn bound to Fe (oxyhydr)oxides, and the trioctahedral
smectite Zn-kerolite (Si4[Zn0.75Mg2.25]O10[OH]2.nH2O) (ZnKer)
used as a proxy for Zn-containing phyllosilicates (Fig. 13). The
spectral agreement is good for willemite (R � 0.19), ZnS (R �

0.20), and ZnFh (R � 0.27), with all features correctly reproduced,
and fair for ZnKer (R � 0.33). The reliability of the Zn species
determination is assessed in Figure 13 by comparing the ex-

Fig. 11. Experimental Zn K-edge extended X-ray absorption fine
structure spectroscopy spectra (solid lines) and two-component recon-
structed spectra (dotted lines) for the whole series of samples.

Fig. 12. Experimental Zn K-edge extended X-ray absorption fine
structure spectroscopy spectra (solid lines) and three-component (A) or
four-component (B) reconstructed spectra (dotted lines) for a selection
of samples.
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perimental and recalculated spectra for zincite (R � 0.74),
franklinite (ZnFe2O4, R � 0.80), and Zn-containing goethite
(�[Fe, Zn]OOH, R � 0.40). The presence of willemite and
sphalerite in the samples is in agreement with XRD results. The

Fe (oxyhydr)oxide and phyllosilicate Zn species were not de-
tected by XRD but are positively identified by EXAFS because
of its metal specificity and sensitivity to short-range ordering.
Note that these two additional species are consistent with the
�-SXRF maps of the �2-�m fraction, which showed that Zn is
tightly associated with Fe throughout the clay matrix at the
micron scale (natural phyllosilicates generally contain Fe).

3.5.2. Quantification of Zn Species

The proportion of each Zn species in the various samples
was then determined by LSF of the experimental EXAFS
spectra with linear combinations of the reference spectra. Sim-
ulations were performed using, successively, one, two, three,
and four Zn species out of the four references previously
identified by target transformation. A given fit was retained if
the factor of merit R decreased significantly (more than 20%) in
comparison to the previous simulation. Visual examination was
also used to check the consistency of the fit. Best-fit calcula-
tions along with the experimental spectra are shown in Figures
14 and 15 and in Table 4. For example, the one-component fit
for the raw sediment was clearly unsatisfactory (Fig. 14A, R �
0.40), and its EXAFS spectrum could be correctly simulated
(R � 0.18) by assuming a combination of ZnS and ZnFh.
Adding a third component did not improve the fit (R � 0.18,
not shown). The frequency between 6.2 and 7.0 Å�1 is not
reproduced correctly by the simulation because the ZnS refer-
ence presents a narrow feature at this energy. The absence of
this feature in the sediment spectrum likely originates from a
lower crystallinity of ZnS, leading to a loss of higher distance
atomic shell correlations and, accordingly, to a decrease of
higher frequency wave contributions. Apart from CGg, in
which Zn is speciated as ZnO, three Zn species were identified
in the coarse fraction: ZnS, ZnFh, and willemite (Fig. 14, Table
4). The distribution of Zn species in the WGC fraction (22%
ZnS � 42% ZnFh � 40% willemite) differed from the one
found in the DGC fraction (52% ZnS � 30% ZnFh � 20%
willemite), indicating that wet grinding partly dissolved ZnS,
thus enhancing the sensitivity of EXAFS to residual phases,
namely, Fe (oxyhydr)oxides and willemite. The powder
(NPBS) and individual grains (NPBSg1 and NPBSg2) of NPBS
contain only ZnS (Figs. 14D, 14E, and 14F), whereas both ZnS
and ZnFh are present in PBS (PBS and PBSg, Figs. 14G and
14H). This result is in agreement with �-PIXE, which showed
only a Zn-S association in NPBSs (data not shown) and Zn-S
and Zn-Fe associations in PBSs (Fig. 5). The powder and
individual grains of each black slag fraction have similar pro-
portions of Zn species, which indicates that Zn speciation is
homogenous from one grain to another. In contrast, the CG
powder could be described by a combination of 51% ZnS �
36% ZnFh � 19% willemite (Fig. 14I), whereas only ZnO was
detected in the studied individual grain (CGg). Therefore, the
CG chosen for EXAFS analysis was not representative of the
CG fraction, and ZnO is thought to amount to less than 10% of
total Zn in this fraction. This finding points out the difficulty in
sampling heterogeneous systems and the necessity of combin-
ing bulk and individual grains or laterally resolved analyses to
evaluate the representativity of a particular species. In the
present case, the proportion of ZnO in the whole sediment is
likely less than a few percent. Given that the majority of Zn in

Fig. 13. Target transformation of Zn K-edge extended X-ray absorp-
tion fine structure spectroscopy spectra for several Zn references:
willemite (Zn2SiO4), sphalerite (ZnS), Zn-sorbed ferrihydrite
(5Fe2O30.9H2O, ZnFh), Zn-substituted kerolite (Si4[Zn0.75Mg2.25]
O10[OH]2.nH2O, ZnKer), Zn-containing goethite (�[Fe, Zn]OOH, Zn-
Goet), franklinite (ZnFe2O4), and zincite (ZnO). Solid line: experimen-
tal spectra; dotted line: target transformed spectra.
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the coarse fraction is contained in NPBS, PBS, and CG (87%,
Table 2), the Zn speciation in NPBS � PBS � CG, weighted
by the Zn concentration in each class of grains, should be
conservative with that in the coarse fraction (DGC). The rela-
tive amount of Zn species calculated for NPBS � PBS � CG
is 69% ZnS � 20% ZnFh � 3% willemite (Table 4), compared
to 52% ZnS � 30% ZnFh � 20% willemite for DGC. This
calculation overestimates ZnS (�17%) and underestimates fer-
rihydrite (�10%) and willemite (�17%). This discrepancy can
be attributed to the omission of the other types of grains (RG,
WG, and OP), which represent 13% of total Zn, and to an
underestimation of the proportion of CG, which are the richest
in willemite. Indeed, gray grains have been classified as NPBS,
but they may have a CG-like composition. In conclusion, in the
coarse fraction, Zn is partitioned between three major phases,
ZnS, Fe (oxyhydr)oxides, and willemite, the proportion of
which amounts to �52, 30, and 20%, respectively.

Two components were sufficient to fit EXAFS spectra of the
clay (�2 �m) and fine (�0.2 �m) fractions (Fig. 15). The
Raw � 2 �m fraction was correctly fitted with 58% ZnS and
52% ZnFh. These two species were also identified in CBD �
2 �m, but the amount of ZnFh was lower, as expected, because
of the partial dissolution of Fe (oxyhydr)oxides during the CBD
treatment (Fig. 15B). In these two samples, the narrow feature
between 6.2 and 7.0 Å�1 was again not correctly reproduced by
the simulation, probably because of a lower crystallinity of ZnS
in the sediment, as mentioned previously for sample Raw. In
H2O2 � CBD � 2 �m, there was no ZnS left, and conse-
quently, the minor ZnKer component was revealed together
with ZnFh (Fig. 15C). Note that the amount of Zn-ferrihydrite
identified in H2O2 � CBD � 2 �m accounts for only 11% of
the Zn-ferrihydrite detected in Raw � 2 �m because the main
part of Zn-ferrihydrite was extracted by the treatment. The
untreated �0.2-�m sample contained only ZnKer and ZnFh,
indicating that the size of ZnS grains in the sediment is larger
than 0.2 �m. ZnFh represents the major pool of Zn in the
�0.2-�m fraction (71%, Fig. 15D). Since the fine fraction does
contain Zn-bearing phyllosilicates, this species was added to
the simulation of Raw � 2 �m, but this three-species model
(ZnS � ZnFh � ZnKer) failed to improve the two-species
model (ZnS � ZnFh). Therefore, the Zn-phyllosilicate species
firmly identified in the chemically treated and size-fractionated
sediment samples likely represents less than �10 to 20% of
total Zn in the clay fraction, and even less in the raw sediment.
This explains why this species went undetected in the analysis
of the Raw sample (Fig. 14A).

4. DISCUSSION

4.1. Speciation of Zn in the Coarse Fraction

In the coarse fraction, sphalerite, willemite, zincite, and
Zn-containing Fe (oxyhydr)oxide were identified by EXAFS
spectroscopy. Sphalerite, the presence of which was suggested
by �-PIXE, detected by XRD, and quantified by EXAFS spec-
troscopy, is the major Zn species of this fraction and is local-
ized in smelting residues (black slags and colored vitreous
grains). Thiry and Van Oort (1999) showed that in the pyro-
metallurgical process, up to 20% of zinc can be lost because of
incomplete oxidation of ZnS, generating ZnS-containing slags.
This mineral was also positively identified by XRD and SEM in

dusts emitted by a smelter processing zinc and lead sulfide ores
located nearby our sampling site (Sobanska et al., 1999). Al-
though our results unambiguously demonstrate that ZnS arises
primarily from anthropogenic activities, ZnS precipitation in
the anoxic sediment cannot be dismissed because the measured
potential of the dredged sediment was �180 mV. The occur-
rence of diagenetic ZnS was also reported by Webb et al.
(2000) in Zn-contaminated sediment from Lake DePue, Illi-
nois. ZnS particles were also identified recently by chemical
extractions, XRD, and SEM in a stream sediment near a gold
mining site in South Korea (Song et al., 1999) and by EXAFS
spectroscopy in an anoxic sediments near a mining area in
Anglesey, Wales (Parkman et al., 1996) and in estuary sedi-
ments contaminated by military and industrial activities in San
Francisco Bay, California (O’Day et al., 2000).

Willemite was identified by XRD in the coarse fraction and
by EXAFS spectroscopy in the coarse fraction and CG. No
Si-Zn correlation was observed by �-PIXE in CG because of
the overwhelming presence of Si in quartz and other silicates
(Table 2). Willemite is a high-temperature anhydrous silicate
that originates from the smelting processes. This Zn species
was detected in smelter-affected soils by XRD (Thiry and Van
Oort, 1999) and by XRD and EXAFS (Manceau et al., 2000).
The third high-temperature mineral identified in this study is
zincite. It is clearly not of paramount importance because it was
detected in only one specimen of CG, not in the powdered
coarse-grain fraction. This chemical heterogeneity is consistent
with the large range of colors exhibited by sediment grains
spanning from light blue, green, and gray to darker colors. ZnO
is the product of ZnS oxidation in smelters, and it was identified
by Sobanska et al. (1999) in smelter dusts and by Thiry and
Van Oort (1999) in soils located near a Zn foundry. Therefore,
ZnO identified in this study most likely originates from the
nearby (Zn, Pb) smelters. Additional evidence for the anthro-
pogenic origin of zincite, willemite and sphalerite is the occur-
rence of mullite in PBS and CG grains, as indicated by XRD.
Indeed, mullite is also a high-temperature mineral that was
identified in smelter-affected soils (Thiry and Oort, 1999) and
in industrial alumino-silicate ashes (Hammade, 2000).

Zn-sorbed ferrihydrite-like species were pervasive in all
coarse particles except NPBS using �-PIXE and EXAFS spec-
troscopy. Although EXAFS allows neither firm identification
of the nature of the Fe (oxyhydr)oxide Zn is bound to nor
determination of its uptake mechanism (e.g., adsorption, lattice
substitution), the presence of well-crystallized Zn-substituted
Fe (oxyhydr)oxides can be dismissed because they have a
distinctly different EXAFS spectrum (Fig. 13; Manceau et al.,
2000). Since ferrihydrite is the most common ferric phase
formed during the oxidative dissolution of pyrite (FeS2; Cornell
and Schwertmann, 1996; Bigham et al., 1996), and given its
high metal sorption capacity (Davis and Kent, 1990; Spadini et
al., 1994; Cornell and Schwertmann, 1996; Martinez and
McBride, 1998), it is the most probable Zn-containing ferric
phase. The weak porosity of NPBS accounts for the absence of
secondary phases, such as Zn-sorbed ferrihydrite, in these
grains. This Zn species was reported in the bed sediment from
an acid mine drainage system (Hochella et al., 1999), in mine
tailings containing sphalerite and pyrite, and in contaminated
sediments (Song et al., 1999).
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Fig. 14. Least squares fit of extended X-ray absorption fine structure spectroscopy spectra for samples from the coarse
fraction with one, or a combination of two or three, Zn references (ZnS, ZnFh, and willemite).
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4.2. Speciation of Zn in the Clay Fraction

In the fine fraction of the sediment, three Zn species were
identified: sphalerite, Zn-sorbed ferrihydrite, and Zn-containing
phyllosilicate. Size fractionation coupled with �-SXRF and
EXAFS showed that ZnS occurs in grains larger than 0.2 �m.
This finding is consistent with the identification by EXAFS
spectroscopy, electron microscopy, and secondary ion mass
spectrometry of sphalerite grains smaller than 1 �m in sedi-
ments from a mine drainage area in the Tri-State Mining
District (Kansas, Missouri, and Oklahoma; O’Day et al., 1998).
As in the coarse fraction, Zn-sorbed ferrihydrite is thought to
result from the weathering of iron and zinc sulfides. The Zn-
containing phyllosilicate was readily detected in the �0.2-�m
fraction, but only after dissolving ZnS and ZnFh in the �2-�m
fraction. In this dredged sediment, Zn released by the weath-
ering of primary minerals (ZnS, willemite) is essentially taken

up by poorly crystallized secondary Fe (oxyhydr)oxides and, to
a lesser degree, by phyllosilicates, which amounts to ��10 to
20% in the fine fraction. The lack of angular dependence
observed for raw and chemically treated fine fractions, includ-
ing H2O2 � CBD � 2 �m, in which about half the Zn is bound
to phyllosilicates, suggests that the Zn-containing phyllosili-
cates occur either as coatings on other grains or as extremely
fine, gel-like, neoformed clay particles. This finding suggests
that this Zn pool coprecipitated with dissolved silica to form
poorly crystallized clay particles and did not sorb on preexist-
ing phyllosilicate particles.

4.3. Origin and Fate of Zn

The anthropogenic Zn grains found in this sediment can have
several origins. Fine metalliferous particles may have been

Fig. 14. (Continued)
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Fig. 15. Least squares fit of extended X-ray absorption fine structure spectroscopy spectra for samples from the clay and
fine fraction with one, or a combination of two, Zn references (ZnS, ZnFh, and ZnKer).
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transported in air from the chimneys of the nearby foundries
because 70% of particles emitted from chimney stacks are
usually �10 �m in size (Sobanska et al., 1999). Coarse grains
likely result from the erosion of the nearby slag tailings
(Loyaux-Lawniczak, 1999; Sobanska, 1999) or from ore and
slag shipping in canals. When dredged sediments are deposited
on soils, the oxidation of ZnS releases soluble Zn, and this
process constitutes a potential hazard for aquifers and plants
(Sarret et al., 1998; Salt et al., 1999; Marseille et al., 2000). The
sorption of dissolved Zn by soil constituents, such as Fe (oxy-
hydr)oxides and phyllosilicates, or its precipitation with other
solutes can decrease this hazard. In terrestrial waters, the silica
concentration is largely controlled by the solubility of quartz
(11 ppm; Rimstidt, 1997) and amorphous silica (116 ppm;
Rimstidt and Barnes, 1980). In this context, solutions percolat-
ing in Zn-contaminated soils are supersaturated or near satura-
tion with respect to Zn-phyllosilicate, and this constituent can
readily precipitate, for instance, on quartz surfaces (Manceau et
al., 1999, 2000), thereby reducing the mobility of Zn. Dissolved
Zn and Si concentrations and the pH value measured after
equilibrating our sediment for 24 h in deionized water, filtration
to 0.45 �m, and acidification in concentrated HCl, were 1.2 	
0.12 mg/L, 5.2 	 0.22 mg/L, and 7.2, respectively. Placing
these values in the [Zn]aq � f(pH) equilibrium diagram for Zn
phyllosilicate (Fig. 26 in Manceau et al., 2000) suggested that
dissolved Zn was actually saturated with respect to phyllosili-
cates. In addition to the overwhelming presence of quartz and
amorphous silica in soils, which can provide enough dissolved
silica to immobilize Zn, contaminated sediments often contain
pyrite. Under oxidizing conditions, pyrite releases ferric iron,
which precipitates as hydrous (oxyhydr)oxides having a high
surface reactivity and affinity for metals. This study suggests
that these two physicochemical processes (i.e., Zn-Si precipi-

tation and Zn sorption on ferrihydrite) operate in the present
sediment and contribute to reduce Zn mobility.

5. CONCLUSION

In this study, we succeeded in qualitatively and quantita-
tively speciating Zn-bearing mineral phases in a smelter-af-
fected sediment. Three Zn minerals released in the environment
by smelting plants were identified, sphalerite, willemite, and
zincite, in decreasing order of abundance. Zinc released by the
weathering of these primary minerals is bound predominantly
to Fe (oxyhydr)oxides and, to a lesser extent, to phyllosilicates.
Identifying trace metal species in natural matrices is complex
and requires the combined use of structural and chemical
techniques. In this work, EXAFS spectroscopy, complemented
by a rigorous mathematical analysis of EXAFS spectra using a
PCA and LSF procedure, was employed in combination with
size fractionation, chemical treatments, and laterally resolved
techniques, namely, �-PIXE and �-SXRF. This meaningful
and multitechnique study provides a baseline for further quan-
titative studies on the speciation of metals in dilute and multi-
component systems of environmental relevance.
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Table 4. Nature and proportiona of Zn species and techniques applied for each sediment sample.

Sample
ZnS
(%)

ZnFh
(%)

Willemite
(%)

ZnKer
(%)

ZnO
(%) Rb XRD EXAFS P-EXAFS �-PIXE �-SXRF

Raw sediment 73 40 0.18 X X
Powder from coarse fraction

DGC (Dry-ground coarse fraction) 52 30 20 0.20 X X
WGC (Wet-ground coarse fraction) 22 42 40 0.25 X X
NPBS (Nonporous black slags) 103 0.27 X X
PBS (Porous black slags) 83 36 0.19 X X
CG (Colored grains) 51 36 19 0.22 X X
NPBS � PBS � CGc 69 20 3

Individual grains from coarse fraction
NPBSg1 (Nonporous black slag grain 1) 115 0.24 X X
NPBSg2 (Nonporous black slag grain 2) 115 0.24 X X
PBSg (Porous black slag grain) 77 30 0.19 X X
CGg (Colored grain grain) 62 0.23 X X

Fine fractions
Raw � 2 �m 58 52 0.21 X X X
CBD � 2 �m (CBD-treated � 2 �m) 80 37 0.17 X X X
H2O2 � CBD � 2 �m (H2O2 and CBD-
treated � 2 �m)

52 50 0.27 X X

�0.2 �m 71 32 0.28 X

XRD � X-ray diffraction, EXAFS � extended X-ray absorption fine structure, P-EXAFS � polarized EXAFS, �-PIXE � micro-particle-induced
X-ray emission, �-SXRF � micro-synchrotron-based X-ray radiation fluorescence, CBD � sodium bicarbonate–buffered ditrionite-citrate solution.

a Fit percentages were not normalized to 100%.
b R is the best-fit criterion: R � ��(k3�exp � k3�model)�/��k3�exp�. The precision on the proportion of Zn species is �10%.
c Sum of the three types of grain weighted by the proportion of Zn.
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