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FeS colloids – formation and mobilization
pathways in natural waters†

Vincent Noël, *a Naresh Kumar, bcd Kristin Boye, a Lilia Barragan,a

Juan S. Lezama-Pacheco,e Rosalie Chu,f Nikola Tolic,f

Gordon E. Brown Jr.abd and John R. Bargar a

We have used synchrotron-based X-ray absorption spectroscopy (structure of Fe–S clusters), transmission

electron microscopy (solid-phase crystallinity), Fourier-transform ion-cyclotron-resonance mass

spectrometry (identity and composition of natural organic carbon compounds), inductively coupled plasma

optical emission spectrometry (total aqueous Fe), and the revised ferrozine method (aqueous FeĲII) and

FeĲIII) concentrations) to determine the stability and nature of colloids generated by sulfidation of

ferrihydrite nanoparticles in the absence and presence of organic compounds. We observed that reductive

dissolution of ferrihydrite by aqueous sulfide generates nm-scale FeS clusters. Their subsequent

aggregation, which promotes settling of FeS aggregates into the solid fraction, was directly correlated with

sulfide/Fe ratio. At sulfide/Fe ratios ≤0.5, FeS clusters and larger colloids remained in suspension for at least

14 days (and up to several months). At sulfide/Fe ratios >0.5, sulfidation reaction rates were rapid and FeS

cluster aggregation was accelerated. Moreover, the presence of organic compounds increased the time of

suspension of FeS colloids, whereas increased ionic strength inhibited the generation of FeS colloids. We

present a general conceptual model to predict when and where FeS colloids can form and enhance or

inhibit the mobility of contaminants and nutrients associated with them. Our study indicates that in low-

salinity fresh groundwater systems poor in sulfate (i.e. low sulfidation; lakes, floodplains, peatlands etc.), the

ferrihydrite sulfidation reaction generates aqueous FeS clusters and larger colloids that remain suspended

over long time periods, thus mobilizing a substantial fraction of the total aqueous Fe and S.

1. Introduction

Colloid-facilitated transport enhances the mobility of
nutrients1–3 and contaminants, such as heavy metals,4–7

radionuclides,8–13 pesticides,14–17 and animal hormones and
veterinary antibiotics,18–20 mediating groundwater quality and
nutrient and organic carbon transport.21–23 Recurring seasonal
wetting and drying of floodplain sediments drives redox
processes at sediment–water interfaces.6,24–28 Under sulfate-
reducing conditions, metal sulfide precipitation has been
proposed to generate colloidal particles6,29–32 as well as smaller
aqueous complexes, which we refer to as clusters in this paper,
based on the findings of Luther and Rickard,33 which can
aggregate to form larger colloids.35 Laboratory studies of the
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Environmental significance

Colloids mediate the mobility of nutrients, metals and radionuclides in sediments that experience strong wet-dry cycling and thus impact groundwater
quality. Sulfidation of FeĲIII)-(oxyhydr)oxides nanoparticles has been proposed to generate sulfidic colloids. However, their nature and the parameters
controlling their formation are not well understood. Such information would improve understanding of their impact on water quality. We found that in
fresh groundwater systems poor in sulfate (i.e. low sulfidation; lakes, floodplains, peatlands), sulfidation of ferrihydrite generates FeS colloids that remain
suspended over long time periods, thus mobilizing a substantial fraction of the Fe and sulfide budgets. These results provide a conceptual model for
predicting under what conditions FeS colloids form and enhance or inhibit the mobility of contaminants and nutrients associated with them.
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stability of aqueous metal (poly)sulfide and polynuclear clusters
suggest that such dissolved clusters can sorb and transport
contaminants in sulfidic environments.33 Furthermore,
aqueous metal sulfide clusters are remarkably resistant to
oxidation and have been found to contribute to contaminant
transport in rivers.34 Finely dispersed metal sulfide colloids
may resist aggregation and deposition, especially when
stabilized by organic substances.29 Improved knowledge of the
mechanisms of colloidal particle formation under sulfate-
reducing conditions and the factors promoting their stability in
aqueous suspensions is therefore critical for developing
conceptual models for the formation of colloids and their
impact on the mobility of contaminants and nutrients.

FeĲIII)-(Oxyhydr)oxides, such as ferrihydrite (Fh ∼
FeĲIII)ĲOH)3), are redox-sensitive and ubiquitous in surface
and near-surface environments. Under sulfate-reducing
conditions, reductive dissolution of Fh can occur by electron
transfer from dissolved sulfides produced by microbial
sulfate reduction.36–39 During the reaction of Fh with
dissolved sulfide, oxidation of sulfide ions (to zero valent
sulfur, S(0)) at mineral–water interfaces causes the release of
dissolved FeĲII) into the aqueous phase.40 The recent study by
Kumar et al.41 revealed that the ratio of dissolved sulfide to
iron (sulfide/Fe) is a critical variable in the Fh sulfidation
reaction. Reductive dissolution of Fh resulted in incremental
releases of dissolved FeĲII) up to a sulfide/Fe ratio of 0.5, with
FeĲII) concentrations declining sharply above this ratio,
suggesting formation and settling of poorly crystalline iron
monosulfide (FeS). However, dissolved FeĲII) is not
thermodynamically stable in waters at circumneutral pH
values and should react with aqueous sulfide, resulting in
the formation of aqueous FeS complexes as well as larger
colloidal particles.42 Aqueous FeS clusters, defined
operationally in terms of their voltammetric characteristics,
have been previously detected in natural (sub)surface
water.33,42,43 Thus, we posit that aqueous FeS clusters and/or
larger colloidal particles are able to resist aggregation that
results in precipitation and can potentially sorb nutrients
and contaminants and facilitate their transport under
conditions outside of the solubility regime of the individual
participating ions. Here, we found that the Fh sulfidation
reaction generates FeS clusters and larger colloidal particles
and determined the conditions required for their stability in
aqueous suspensions.

Fh exhibits a high reactivity with natural organic carbon
(NOC) and is often found either partially or completely
covered by NOC in natural environments.44–47 Thus,
sulfidation reactions of Fh–organic composites could release
NOC, which may affect the generation, nature, and stability
of potential FeS colloids generated during sulfidation
reactions of Fh, in addition to impacts on carbon export. The
presence of organic ligands could inhibit the aggregation of
aqueous FeS clusters into larger FeS colloidal particles, which
was suggested by Rickard and Luther42 but has not yet been
demonstrated experimentally. In addition, organic ligands
associated with FeS colloids could also cause these colloids

to resist aggregation and deposition.48 Consequently, the
sulfidation of Fh–organic composites could modify the
nature and stability of FeS colloids.

In order to better understand the conditions of formation,
as well as the colloidal nature of FeS generated during
sulfidation of Fh, our objectives in this study are to: (1)
determine if Fh sulfidation as a function of sulfide/Fe ratio
can result in the formation of FeS clusters and/or larger FeS
colloids; (2) investigate the impact of NOC on the generation
and stability of these FeS clusters and/or colloidal particles;
and (3) develop a conceptual model for generation of stable
FeS clusters and/or colloids, taking into account variabilities
in groundwater composition, that can be used to predict
colloidal behavior and impact on the sorption of metals,
organic carbon, and nutrients by FeS colloids. The results of
this study provide a framework of reaction rates and products
dependent on the composition of the solid and aqueous
fractions. Such information is important for determining if
FeS colloid-facilitated transport should be incorporated into
reactive transport models of groundwater.

2. Material and analytical procedure
2.1 Experimental details

2.1.1 Ferrihydrite synthesis. Synthetic two-line ferrihydrite
(Fh) was prepared by titrating 1 L of 104 mM aqueous
solution of ferric chloride hexahydrate (FeĲIII)Cl3·6H2O) to a
pH of 7.2–7.4 with 1 M sodium hydroxide (300 mL).49,50 The
solution was first vigorously stirred while 200 mL of a 1 M
NaOH solution was added relatively quickly to bring the pH
to 6.5; and the remaining 100 mL of 1 M sodium hydroxide
was added drop wise for ∼15 min until the pH reached 7.2–
7.4. After hydrolysis, the precipitates were centrifuged
(Spectrafuge 16M, Labnet International, USA) and the Fh
nanoparticles were washed thoroughly (5–7 times) with Milli-
Q water to remove salts, freeze-dried, and stored in an
airtight amber glass tube at 4 °C until further use (no longer
than 2 weeks). The degree of crystallinity and fraction purity
of Fh were measured by X-ray diffraction analysis.41 Total
available surface area and particle sizes of the Fh prepared
via this procedure have been previously reported as 332
m2 g−1 and 5–7 nm, respectively.41

2.1.2 Organic compounds. Polyacrylic acid (PAA) and
natural organic carbon (NOC) derived from plants were
selected for this experiment to assess and contrast an organic
molecule with a simple, single type of functional group
(carboxylic functional groups in PAA51) vs. NOC, which
contains a wider variety of functional groups representative
of the complexity of organic matter in natural systems (NOC;
Fig. SI-1†). The NOC in this case was composed of the water
extractable organic carbon from 100 g of grass freshly
collected from a horse pasture (Riverton, WY). The grass was
dried at 40 °C for one week, cut into small pieces, and then
extracted in 1 L Milli-Q water (in 1 L glass bottle) on a
continuous horizontal shaker (240 rpm) for 48 hours (h). The
resulting aqueous fraction was filter-sterilized through 0.02
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μm PES membrane filters (Millipore) to avoid the presence of
bacteria. The chemical composition of NOC was analyzed by
Fourier-transform ion cyclotron resonance mass spectrometry
(FT-ICR-MS) as described in the ESI† (Fig. SI-1).

2.1.3 Preparation of ferrihydrite–organic composites. A
series of batch tests were performed using varying
concentrations of PAA for a fixed mass of FeĲIII)-
(oxyhydr)oxides in order to determine the ideal concentration
of PAA to optimize maximum sorption onto FeĲIII)-
(oxyhydr)oxides surfaces (Fig. SI-2†). Thus a ratio of 200 mg C
g−1 Fh was chosen for both PAA and NOC. To prepare the Fh–
organic composites, 200 mg of washed and freeze-dried Fh
was suspended in 20 mL MilliQ water containing 0.1 M NaCl
and stirred for 1 h in order to achieve good homogeneity,
and the pH was naturally around 6.8–7.0. The appropriate
volumes of PAA or NOC were added to consistent aliquots of
the Fh in suspension. The samples were reacted for 48 h in
the dark on a horizontal shaker table (240 rpm). Fh–PAA and
Fh–NOC composites were centrifuged at 6000 rpm and dried
at 35 °C for 24 h. Thereafter, the solids were transferred to
the anoxic chamber (∼4% H2, 96% N2) equipped with an O2

detector and Pd catalyst (Coy Laboratories) and left open to
equilibrate overnight. The Fh control (without any organic
compounds) was also transferred to the anoxic chamber and
allowed to equilibrate.

2.1.4 Sulfide solution. A stock solution of (0.5 M) dissolved
sulfide was prepared by dissolving sodium sulfide
nonahydrate (Na2S·9H2O) crystals (Acros, Belgium) in O2-free
Milli-Q water inside the anoxic chamber. The O2-free water
used throughout this study was prepared by bringing Milli-Q
water to a boil and sparging with high purity N2 gas while
cooling down to room temperature (∼4 h).

2.2 Sulfidation reaction

In this study, the variability of sulfide concentration added was
measured against the Fe mass available to follow Fe–sulfide
reaction (and product) at various stoichiometric ratios of Fe
and dissolved sulfide. Focus of this study is to unravel the
mechanistic of this reaction in controlled laboratory
experiments and the role of sulfide/Fe stoichiometry in the
process of colloid generation. The various stoichiometric ratios
of Fe and dissolved sulfide chosen in this study stay however,
representative of the variability of natural ecosystems between
low magnitude typically observed in groundwater, wetland, and
sediments,52 and marine and costal ecosystems.53

A total of 200 mg of Fh nanoparticles was added to 65 mL
of oxygen-free Milli-Q water (in 80 mL glass vials) containing
0.1 M NaCl as a background electrolyte. The initial Fh
nanoparticles are aggregated and settled into the 0.1 M NaCl-
solution immediately. Independent of the targeted sulfide/Fe
ratio (sulfide/Fe = 0.05; 0.1; 0.5; and 2.0), the same Fe
concentration (i.e. the same mass of Fh) was used in all glass
vials. Thereafter, an appropriate amount of sulfide solution
was added to achieve the targeted sulfide/Fe ratio (i.e. 0.235,
0.470, 2.360, and 9.440 mL of 0.5 M sulfide solution for ratios

of 0.05, 0.1, 0.5, and 2, respectively). Vials were then closed
with airtight rubber septa and aluminum crimp seals to
restrict oxygen penetration and put on a continuous
horizontal shaker (240 rpm). Aqueous and solid fraction
samples were taken at different time intervals (3, 9, 24, 48,
120, 192 and 336 h) after the addition of sulfide, inside the
anoxic chamber using disposable needles and syringes. The
retrieved samples were filtered through 0.02, 0.1, 0.22 and
0.45 μm PES filters (Millipore) using a filtration assembly
that allows the preservation of the filter paper. Because no
significant difference was observed in terms of total Fe
concentration of the aqueous fraction passed through the
different size filters, only the aqueous fraction that was
filtered at 0.02 μm, i.e. 20 nm, is discussed in this paper. The
aqueous fraction sample, defined as everything passing
through 20 nm filters (Fig. 1), was stored in 10 mL glass vials
(closed with airtight septa) for further chemical analyses. The
solid fraction, defined as everything retained on the 20 nm
filter paper (Fig. 1), was left to dry inside the anoxic chamber
and kept air sealed in 10 mL glass vials until analysis with
transmission electron microscopy.

The sulfidation reaction was repeated under exactly the
same conditions for the Fh–PAA and Fh–NOC composites.
The pH remained between 6.9 to 7.3 for all the sulfidation
reactions tested (Table SI-1†).

2.3 Chemical analysis of aqueous fraction

Aqueous FeĲII) and FeĲIII) were measured using a revised
ferrozine method described by Viollier et al.54 at a wavelength
of 562 nm (limit of detection was 0.4 μmol L−1) using a
Hewlett-Packard Vectra QS 165 spectrophotometer. Total Fe
concentrations were determined by inductively coupled
plasma optical emission spectrometry (ICP-OES). Certified
reference materials and blanks were intercalated during the
analytical series.

2.4 X-ray absorption spectroscopy (XAS) of aqueous fraction

Fe K-edge X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) spectra of the
aqueous fraction filtered at 20 nm, were collected at 10 K
(liquid He cryostat). Fluorescence-yield XANES and EXAFS
spectra were collected using 30 or 100 pixel germanium
detectors at beamline 7–3 and 9–3, respectively, at the Stanford
Synchrotron Radiation Lightsource (SSRL). In order to avoid
any oxidation, the preparation of samples was performed
inside an anoxic chamber. The aqueous fraction was mixed
with glycerol to avoid ice precipitation at 10 K (75% aqueous
fraction: 25% glycerol), then the mixture was loaded into a
plastic holder with a Kapton® tape window, and finally the
holder was mounted on the cryostat sample rod and brought to
the beamline in a liquid nitrogen bath before being rapidly
transferred into the liquid He cryostat. The Si(220) double
crystal monochromator was detuned by 50% to minimize
higher order harmonics and the beam energy was calibrated by
setting the first K-edge inflection point of a Fe foil to 7112 eV

Environmental Science: Nano Paper
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(double transmission mode). A minimum of 7–16 spectra was
collected for each sample to extract workable average spectra.
No beam damage was detected. Fe K-edge spectra were
averaged and normalized using the ATHENA software.55 Fe
K-edge EXAFS spectra were first analyzed by principal
component analysis (PCA)56 using the SIXPACK code57 in order
to estimate the minimum number of components necessary to
fit these EXAFS spectra58 (Tables S2†). Finally, the species of Fe
was determined by linear combination-least squares (LC-LS)
fitting of the EXAFS spectra using the Athena program. The
quality of the LC-LS fits was estimated by an R-factor parameter
(Rf) of the following form: Rf = (χexp − χcalc)

2/(χexp)
2. Shell-by-

shell fitting was performed with the program ARTEMIS using
the FEFF8 code 8.4.59 Backscattering phase and amplitude
functions were calculated using the FEFF8.4 program for Fe–S
and Fe–Fe pairs. Fe–O pairs were also tested, but found not to
be relevant.

2.5 Transmission electron microscopy (TEM) of solid fraction

TEM images were acquired using a FEI Tecnai G2 F20 X-Twin
(operating voltage of 200 kV) equipped with a field-emission
gun, an X-ray detector (EDS) for compositional analysis, and
a CCD camera; the point-to-point resolution was 2.5 Å. Dilute
suspensions (prepared using O2-free MilliQ water) of the
solid fraction (Fig. 1) were deposited on ultra-thin holey
carbon TEM grids and were dried under a nitrogen (97% N2

+ 3% H2) atmosphere before TEM observations.

3. Results

In this study, we define the aqueous fraction as everything
passing through 20 nm filters, whereas that the solid fraction
is defined as everything retained on the 20 nm filter paper

(Fig. 1). The size of nanoparticles of ferrihydrite and of his
product of reduction, FeS, are lower than 20 nm.41,42

Consequently, we assume that the nanoparticles of
ferrihydrite and FeS can be retain on the filter only if they
form bigger aggregates, which are widely described to lead to
the settling of these nanoparticles. In this manuscript, we
exclude the aggregates as potential colloids as they can
deposit, and we focus only on the Fe- and S-particles do not
aggregate to in the ultimate goal to track on the particles
remaining in suspension, i.e. colloids.

3.1 Correlation between aqueous fraction color and total Fe
concentration

We focus first on sulfidation of Fh in the absence of organic
compounds. Immediate visual observation of the aqueous
fractions separated using a 20 nm filter (Fig. 1), collected
after 3 h of Fh sulfidation at different sulfide/Fe ratios,
reveals a wide variation in color (Fig. 2). The color intensity
increased with increasing sulfide/Fe ratio, from light
transparent green, for sulfide/Fe ratios of 0.05 and 0.1, to
opaque black for sulfide/Fe ratios ≥0.5. The total Fe
concentration increased in the aqueous fraction with
increasing sulfide/Fe ratio (Fig. 2). The quantity of Fe-
containing species released into the aqueous fraction from
Fh sulfidation is dependent on the sulfide/Fe ratio and the
time since Fh sulfidation was induced, as discussed below.

Low sulfide concentration (sulfide/Fe ratio ≤0.5; Fig. 2).
During Fh sulfidation, the color of the freshly collected
aqueous fraction (filtered at 20 nm) disappeared after 24 h,
120 h, and 192 h after the start of Fh sulfidation for sulfide/
Fe ratios of 0.05, 0.1, and 0.5, respectively. The total aqueous
Fe concentration dropped from 2 mg L−1 (sulfide/Fe ratio =

Fig. 1 Schematics of the experimental approach and terminology used in this study to distinguish the solid fraction from the aqueous fraction
(using a 20 nm filter). The duration of settling of the solid fraction changed for each sulfide/Fe ratio as a function of the time needed for particles
to condensate and/or aggregate as follows: 1, 14, and 50 days for sulfide/Fe ratios of 2, 0.5 and 0.1, respectively. After separation of the solid
fraction, the aqueous fraction was filtered again using a 20 nm filter in order to separate the newly formed solid fraction from that formed and
aggregated during settling of the solid fraction. In all cases, the first filtration using a 20 nm filter was carried out immediately after sulfidation was
initiated.
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0.05), 4 mg L−1 (sulfide/Fe ratio = 0.1), and 79 mg L−1

(sulfide/Fe ratio = 0.5) to below 1 mg L−1 concomitantly with
the loss of color.

High sulfide concentration (sulfide/Fe ratio = 2; Fig. 2).
The total Fe concentration in the aqueous fraction dropped
significantly from 51 to 7 mg L−1 after 24 h of Fh sulfidation
and to 1 mg L−1 after 48 h of Fh sulfidation. Concomitantly, the
intensity of the color of the aqueous fraction decreased after 24
h of Fh sulfidation, and after 48 h no color was observed.

The sample colors and total aqueous Fe concentrations
suggest that Fh sulfidation released colored Fe-containing
phases during the first 24 h (sulfide/Fe = 0.05) to 192 h
(sulfide/Fe = 0.5) after sulfidation was induced.

3.2 Residence time of colored Fe-containing aqueous phases

The aqueous fractions filtered from Fh sulfidation reaction
vials without organic compounds (separated using 20 nm
filters) were allowed to settle for several days in order to
observe the ability of colored Fe-containing phases to stay in
suspension (Fig. 1). The residence time of these phases in
suspension is directly correlated with the sulfide/Fe ratio as
described below.

Low sulfide concentration (sulfide/Fe ratio ≤0.5; Fig. 2).
Based on sample color, the Fe-containing phases
generated from Fh sulfidation at a sulfide/Fe ratio of 0.1
are stable for several months if anoxic conditions are
maintained. The total aqueous Fe concentration also
remains stable for the same period of time. At a higher
sulfide/Fe ratio of 0.5, the colored Fe-containing phases

also remain stable in the aqueous fraction for a
considerable, but shorter, period of time, ∼14 days. After
∼14 days, the Fe-containing phases aggregated, then
settled. At that time, the total aqueous Fe concentration
devoid of these aggregates (newly filtered using a 20 nm
filter; Fig. 1) dropped, which suggests that the colored Fe-
containing phases are the main Fe-bearing constituent
released during sulfidation of Fh or that these phases can
sorb other dissolved Fe-containing phases.

High sulfide concentration (sulfide/Fe ratio >2; Fig. 2).
Based on color, Fe-containing phases aggregated, followed by
settling in less than 24 h, which resulted in a major, relatively
rapid decline in aqueous Fe concentration.

Colored Fe-containing phases generated at sulfide/Fe
ratios ≤0.5 remained in suspension for at least 14 days. The
black coloration associated with these phases that aggregate
and settle in time (for the sulfide/Fe ratio of 0.5) suggests
that a significant fraction of these phases are colloidal. We
will subsequently refer to these Fe-containing phases as FeS-
colloids, and their chemical forms are detailed in §3.4.

3.3 Effect of organic compounds and ionic strength on Fe-
containing aqueous phases

Influence of organic compounds (Fig. 3). Fh sulfidation
experiments were carried out for two different types of Fh–
organic composites: (i) polyacrylic acid (PAA) sorbed on the
surface of Fh, and (2) natural (water extractable) organic
carbon (NOC) from grass sorbed on the surface of Fh.
Overall, the presence of PAA or NOC sorbed on Fh before

Fig. 2 Left: Total Fe concentration and color intensity of the aqueous fraction (filtered using a <20 nm filter, before settling) from the reaction
vials containing 0.1 M NaCl-solution and a sulfide/Fe ratio of 0.1 (bottom), 0.5 (middle), and 2 (top) at 3, 9, 24, 48, 120, 192, and 336 hours (h) after
the Fh (ferrihydrite) sulfidation reaction was initiated. Right: Coloration of the same aqueous fractions after the separation of a solid phase and total
Fe concentration after a second filtration using a 20 nm filter.
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the addition of sulfide did not affect the visual appearance
of the filtered aqueous fractions (20 nm) before settling.
However, the maximum concentration of total Fe released
into the aqueous fraction was systematically higher in the
presence of organic compounds, especially with PAA,
regardless of the sulfide/Fe ratio (Fig. 3, on the left).
Moreover, the colored Fe-containing phase remained in the
aqueous fraction longer in the presence of organic
compounds than in Fh sulfidation experiments without
organics (Fig. 3, on the right). Thus, the aqueous fractions
(separated using 20 nm filters) collected immediately after
inducing sulfidation of Fh–organic composites show that
the color persists for more than 200 h. In contrast, the color
of the aqueous fraction collected during Fh sulfidation
without sorbed organics disappeared after 120 h at a
sulfide/Fe ratio of 0.1 (Fig. 3, on the right).

Influence of ionic strength (Fig. 4). Fh sulfidation initially
performed with 0.1 M NaCl as the background electrolyte,
was also repeated with higher concentrations of NaCl in
order to determine the effects of increased ionic strength of
the aqueous fraction before the addition of sulfide. The total
aqueous Fe concentration in the aqueous fractions with a
concentration of NaCl above 0.15 M dropped significantly
(<1 ppm) only 3 h after the Fh sulfidation reaction was
induced (Fig. 4). Concomitant with the drop in total aqueous
Fe concentrations, the color of the aqueous fractions
disappeared as well (Fig. 4).

These observations show that the presence of organic
compounds prolonged the time of formation and the
quantity of Fe-containing phases, whereas an increase in
ionic strength sped up the settling rate or inhibited colloid
formation altogether.

3.4 Spectroscopic characterization of Fe-colloids

FeS-Colloids generated from Fh sulfidation at a sulfide/Fe
ratio of 0.5 were quickly (within the day) analyzed by X-ray
absorption spectroscopy in order to determine the number
and types of Fe-containing species. In order to determine if
the Fh sulfidation reaction time and the presence of organic
compounds in the aqueous fraction had any effect on the
molecular form of aqueous Fe, XAS analyses were performed
on the filtered aqueous fractions (<20 nm) collected after 3
h, 24 h, 48 h, and 120 h of Fh sulfidation in the presence

Fig. 3 Left: Maximum total Fe concentration in the aqueous phase (<20 nm, before settling) during the sulfidation reaction of Fh (red), Fh–PAA
(polyacrylic acid) composites (blue), and Fh–NOC (natural organic carbon, see §2.1.2) (black) composites, in a 0.1 M NaCl-solution, as a function of
sulfide/Fe ratios. Right: Evolution of total Fe concentrations and color intensity of the aqueous phase over time since initiation of sulfidation of Fh,
Fh–PAA composites, and Fh–NOC composites in a 0.1 M NaCl-solution for a sulfide/Fe ratio of 0.1.

Fig. 4 Total Fe concentration of the aqueous phase (<20 nm, before
settling) as a function of molar concentrations of the background
electrolyte, NaCl (as the background electrolyte). Concentrations were
measured at 3, 9, and 24 h after Fh sulfidation was initiated at a
sulfide/Fe ratio of 0.1, which released significant quantities of colloids
in the 0.1 M NaCl-solution (dotted black line).
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and absence of organic compounds (PAA or NOC; Fig. 5).
PCA indicates that 99% of the total variance of the system of
all 12 EXAFS spectra collected for these Fe-colloids (<20 nm)
can be explained by just one principal component (Table SI-
2†58). Indeed, the similarity of Fe K-edge XANES and EXAFS
spectra of Fe-colloids in the absence and presence of organic
compounds suggests that Fe is not complexed mainly with
organic ligands (below 10% of the total Fe content, which is
the detection limit60). Furthermore, the similarity of Fe
K-edge XAS spectra of Fe-containing colloids collected at
different times after the Fh sulfidation reaction also suggests
that aqueous Fe-containing colloids remained stable.
However, a slight difference in the shape of the EXAFS
spectra was systematically observed between Fe-containing
colloids collected after 3 h of Fh sulfidation and those
collected after 24 h, 48 h, and 120 h of Fh sulfidation (Fig. 5),
suggesting an evolution of two different Fe-containing
species, as discussed below.

Low and rapid decrease of a ferrihydrite-colloidal phase.
The intensity of oscillations is systematically lower for
EXAFS spectra of the Fe-containing colloids collected after 3
h of Fh sulfidation as compared to 24 h, 48 h, and 120 h.
The FT of the EXAFS spectrum of Fe-containing colloids
collected after 3 h of Fh sulfidation shows a feature
centered at ∼2.90 ± 0.1 Å (R + ΔR; Fig. 5), which aligns well
with FeĲIII)–FeĲIII) pair correlations characteristic of
ferrihydrite (∼2.97 Å (R + ΔR)).41 The intensity of this
feature decreases significantly between 3 h and 24 h of Fh
sulfidation. This FeĲIII)–FeĲIII) pair correlation is not
detectable after 48 h or 120 h of sulfidation. LC-LS fits of
the Fe K-edge EXAFS spectra of Fe-containing colloids
collected after 3 h, using a Fh reference spectrum and the
spectrum from Fe-containing colloids collected after 120 h
of Fh sulfidation, show that the Fh colloids represent, on
average, 20% of the aqueous Fe after 3 h of Fh sulfidation
(Fig. 6a and S4†), independent of the presence or absence
of organic compounds (Fig. SI-4†). However, addition of a

Fh component in the fit of the EXAFS spectra from the 24 h
and 48 h samples did not improved the fit quality.

In our experiments, the initial Fh nanoparticles were
aggregated and settled before the addition of sulfide to the
0.1 M NaCl-solution. Thus, the presence of a Fh colloid
suggests that the sulfidation of Fh aggregates released Fh
colloids at the beginning of the reaction and that this phase
disappeared between 3 h and 24 h after sulfidation (Fig. 6a).
FeĲIII) concentrations measured by colorimetry (revised
ferrozine method) in the aqueous phase further corroborate
this assumption that Fh colloids can be released during
sulfidation of Fh aggregates (Fig. SI-3†). Moreover, FeĲIII) is
mainly detected in the aqueous fraction for sulfide/Fe ratios
≥0.5, suggesting that a minimum of sulfidation is required
to mobilize Fh colloids (Fig. SI-3†). However, the exposure of
mobilized Fh-colloids to dissolved sulfide could promote
rapid reductive dissolution of this phase, which would
explain the decreasing amount of Fh-colloids after 3 h of
sulfidation. Additionally, He et al.61 showed that zero-valent
sulfur (S(0)) produced during Fh sulfidation can sorb on the
surfaces of positively charged Fh nanoparticles, which should
lead to extensive coagulation of Fh-colloids.

Mobilization of FeS colloids as aqueous FeS clusters.
Despite the use of a large k-range (3–18 Å−1), the FT of the
EXAFS spectrum of the Fe-containing colloid collected after
120 h of sulfidation shows only two major pair correlations;
(i) a FeĲII)–S1 pair at 2.24 Å (coordination number N fixed at
4) and (ii) a FeĲII)–FeĲII)1 pair at 2.74 Å (N = 1.8 ± 0.3)
identified by shell-by-shell fitting (Table SI-3†). These two
pair correlations are typical of FeS.62 Minor frequencies (δR
minimum resolvable distance = 0.08) of a second FeĲII)–S2
pair correlation at 4.46 Å (N = 2.3 ± 1.2) and a second FeĲII)–
FeĲII)2 pair correlation at 3.84 Å (N = 1 ± 0.5) also improved
the fit quality (Fig. 6b). The number of Fe neighbors around
the first shell of Fe (NFe–Fe1 = 1.8 ± 0.3), and the second shell
of Fe (NFe–Fe2 = 1 ± 0.5) is lower than the value of 4 expected
for an aggregated phase (nanoparticle), such as

Fig. 5 Fe K-edge XANES spectra (on the left), EXAFS spectra (on the middle), and their Fourier transforms (on the right), of the aqueous fractions
(<20 nm, before settling) collected from Fh sulfidation (top), Fh–PAA composites (middle), and Fh–NOC composites (bottom) in a 0.1 M NaCl-
solution, after 3 h (in purple), and after 24, 48 and 120 h (black) of reaction with dissolved sulfide at 0.5 sulfide/Fe ratio. Due to their spectral
similarity, the EXAFS spectrum of the aqueous fractions collected after 24, 48 and 120 h of sulfidation (in absence and presence of organic
compounds) juxtaposes itself almost perfectly, which explain that we can't distinguish from each either on the figure.
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mackinawite.63 Thus, the very low coordination numbers
suggest the presence of a molecular form of FeS and not an
FeS condensed phase. Luther et al.35,64 proposed that during
metal sulfide precipitation, the structure of the aqueous
clusters is similar to that of the first condensed phase. The
HR-TEM images of the settled solid fraction from our Fh
sulfidation experiments clearly show the occurrence of
structural layers with d-spacings characteristic of
mackinawite (Fig. 7). Our proposed structure is consistent
with the molecular-level structure of the aqueous FeS clusters
modeled by Luther and Rickard,33 who suggested that the
structure of smaller Fe2S2·4H2O clusters is similar to the basic
layered structure of mackinawite. The shorter interatomic
distances of the aqueous FeS clusters in our experiments
compared to the structure of the smaller Fe2S2·4H2O and
Fe4S4·4H2O clusters modeled by Luther and Rickard33 suggest
that our aqueous FeS clusters are more complicated
intermediate phases with a slight contraction of the structure
(Table 1). Furthermore, the Fe–Fe1 interatomic distances of
aqueous FeS clusters in our experiments are longer than in
the mackinawite structure and shorter than in the structure

of smaller Fe2S2·4H2O clusters, which is consistent with the
expected contraction of Fe–Fe distances in a larger FeS
crystallite (Table 1). Fe–O pairs were also tested using shell-
by-shell fitting, but were not found to improve the fit quality.
We do not exclude the possible presence of dissolved Fe-
hydroxy species or of hexaaquo FeĲII), but we consider these

Fig. 6 Molecular-level characterization of Fe in the aqueous fraction (<20 nm, before settling) from the sulfidation reaction of Fh at a sulfide/Fe ratio
of 0.5 in a 0.1 M NaCl-solution. (a) Linear combination-least squares fitting of the EXAFS spectrum of the aqueous fraction collected 3 h after the Fh
sulfidation reaction was initiated. The fitting was performed using a Fh reference spectrum and the spectrum from the aqueous fraction collected 120 h
after sulfidation reaction was initiated. (b) Shell-by-shell fits of EXAFS spectrum of the aqueous fraction collected 120 h after Fh sulfidation reaction was
initiated. The fitting range R = 1–5.5 Å and Fourier transform range: k = 3.4–16.8 Å−1, are indicated by the green dotted line, homology between the
structure of mackinawite and the aqueous FeS clusters identified as representing the colloids present in our samples (on the right).

Fig. 7 TEM images of the solid fraction (Fig. 1) from sulfidation of Fh
in a 0.1 M NaCl-solution after 336 h, for sulfide/Fe ratios of 0.5 (a) and
2 (b). The white circles and lines show the nanoparticles and the
orientation of layers, respectively.
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species to be at or below the detection limits of the fits of
our EXAFS spectra (below 10% of the total Fe content, i.e. the
detection limit60), which corroborates the conclusion of
Rickard and Luther.42 Thus, the Fe-containing colloids
generated during Fh sulfidation, regardless of the presence
or absence of organic compounds, are mainly FeS colloids.

3.5 TEM characterization of solid fraction

HR-TEM was used to characterize the morphology of settled
FeS nanoparticle aggregates from the solid fraction after 336
h of Fh sulfidation. FeS nanoparticles are revealed by the
presence of layered structures (d = 5.5 Å; Fig. 7). At a low
sulfide/Fe ratio (= 0.5), we observed nanoparticles that do not
exceed lengths of 5–8 nm; in addition, the layered structures
have different orientations (Fig. 7a). At a sulfide/Fe ratio of 2,
we observed FeS nanoparticles that are significantly larger
(31 nm in length) (Fig. 7b), suggesting self-assembly into a
nanoparticle with a crystallographically aligned layer
structure.

4. Discussion
4.1 Influence of sulfide/Fe ratios on the mobilization of FeS
colloids

Kumar et al.41 proposed that reductive dissolution of Fh leads
to the release of dissolved FeĲII) up to a sulfide/Fe ratio of
≤0.5 and the formation and settling of poorly crystalline FeS
aggregates at sulfide/Fe ratios of >0.5. Results from the
present study are consistent with the observation that
dissolved Fe is removed from aqueous solution due to the
settling of FeS aggregates at high sulfide concentrations
(sulfide/Fe ratio >0.5). However, at low sulfide concentrations
(sulfide/Fe ratio ≤0.5), our data reveal that Fe released to the
aqueous fraction is mainly in the form of aqueous FeS
clusters (Fig. 6b). This result corroborates MINEQL+
modeling, which suggests that dissolved FeĲII) (hexaaquo
FeĲII)) is of minor importance in sulfidic systems and
becomes significant only at acidic pH values.42 In addition to
aqueous FeS clusters, we can not exclude the possible
presence of other Fe–S complexes such as FeSH+. However, in
systems where Fe is more concentrated than sulfide (which is
the case for sulfide/Fe ratios <0.5), Rickard and Luther42

predicted that Fe-rich, polynuclear clusters should form, but
not FeSH+ (Fig. 6; §3.4).

These results suggest that aqueous FeS clusters serve as
precursors of larger FeS colloidal particles, which necessitates

the following modification to the model proposed by Kumar
et al.41 for Fh sulfidation at low sulfide/Fe ratios. FeĲII)
released from the reductive dissolution of Fh by dissolved
sulfide produces aqueous FeS clusters at low sulfide/Fe ratios.
As observed in experiments from the present study, at low
sulfide concentrations (sulfide/Fe ratio ≤0.5), aqueous FeS
clusters resist aggregation for at least 14 days (Fig. 2),
behaving as FeS colloids. Conversely, at high sulfide
concentrations (sulfide/Fe ratio >0.5), aqueous FeS clusters
quickly aggregate and settle in less than 1 day. Thus, our new
results indicate that the sulfide/Fe ratio has a major
influence on mobilization of FeS colloids in low-temperature
sulfidic environments, and subsequently on the mobilization
of FeS colloids to which contaminants and nutrients sorb.

4.2 Stability of FeS colloids

Kumar et al.41 showed that Fh dissolution rates increase with
increasing sulfide concentration up to a sulfide/Fe ratio of
0.5. In the present study we found an increase in the quantity
of FeS colloids generated with increasing sulfide
concentrations (Fig. 8). Furthermore, the release of FeS
colloids increased with the Fh sulfidation time according in a
logarithmic relationships in our experiment, as shown for
three different sulfide/Fe ratios in Fig. 8. Once formed, the

Table 1 Homology between the structure of the simple aqueous FeS clusters, Fe2S2·4H2O, and Fe4S4·4H2O calculated by Rickard et al. (2007)42 using
the HYPERCHEM program, the aqueous FeS cluster resulting from Fh sulfidation collected after 120 h (characterized in this study), and mackinawite in
terms of interatomic distances. Dashes (-) indicate the absence of second-shell Fe–Fe and Fe–S

Fe2S2·4H2O Fe4S4·4H2O FeS colloids from Fh sulfidation reaction (120 h) Mackinawite

Fe–S1 2.201 Å 2.217 Å 2.238 Å 2.256 Å
Fe–Fe1 2.833 Å 2.800 Å 2.741 Å 2.560 Å
Fe–Fe2 - - 3.839 Å 3.670 Å
Fe–S2 - - 4.450 Å 4.310 Å

Fig. 8 Total Fe concentration of the aqueous fraction (<20 nm,
before settling) as a function of time since the sulfidation reaction was
initiated in a 0.1 M NaCl-solution for sulfide/Fe ratios of 0.05, 0.1, and
0.5 (red). The logarithmic functions describing the total Fe released in
the aqueous fraction ([Fe]) as a function of the time of Fh sulfidation (t)
are displayed for each sulfide/Fe ratio.
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stability of FeS colloids in solution is also dependent on the
sulfide/Fe ratio; the aggregation of FeS colloids increased up
to a sulfide/Fe ratio of ≤0.5 (Fig. 2). The direct correlation
between the quantity of FeS colloids released into aqueous
solution and the time before aggregation promotes their
settling suggests that the sulfide/Fe ratio controls the mobility
of FeS in the aqueous sulfide–iron system. Here, it is
important to notify that the solubility of FeS in solutions
above pH 6 is pH independent.42 Thus, the mechanism of FeS
precipitation from aqueous FeS is also not dependent on the
pH, but mainly controlled by the sulfide/Fe ratio. However,
the pH is a key parameter controlling the surface charge,
which could directly impact the aggregation mechanisms.

Once released into aqueous solution, aqueous FeS clusters
(0.5 to 2 nm (ref. 42)) can aggregate, leading to the formation
of larger FeS nanoparticles (∼2 nm (ref. 65)). These FeS
nanoparticles can further aggregate and settle as an FeS solid
phase (Fig. 7). Based on Fe isotope studies, Wu et al.66

proposed that the pH of the aqueous fraction drives the degree
of FeS nanoparticle aggregation and, consequently, the degree
of exchange between settled FeS nanoparticle aggregates (solid
fraction) and aqueous FeS clusters (aqueous fraction). These
authors proposed that at neutral pH, FeS nanoparticle
aggregation is limited, which was more recently corroborated
by morphologic studies.67 This limited aggregation at neutral
pH is due to the low isoelectric point of FeS (ref. 66) (∼pH 2),
which results in strongly negative surface charges on FeS
nanoparticles and electrostatic repulsion between
nanoparticles at neutral pH. The pHPZC values for FeS were
experimentally determined at 3.3 by Bebie et al.68 and 2.9 by
Widler and Seward.69 Wolthers et al.70 reported pHPZC values of
∼7.5 for FeS, however authors did state that the data reported
could have been affected by oxidation, which is consistent for
example with Dublet et al.,50 reporting pHPZC values of ∼7.9 for
lab synthesized nanoparticulate 2-line ferrihydrite. In our
experiments, the pH varied between 6.9 to 7.4, and increased
systematically up to 0.4 pH values after 336 h of Fh sulfidation
for all sulfide/Fe ratios (Table SI-1†). This increase of the pH
could promote the aggregation of FeS nanoparticles generated
from Fh sulfidation. Although, the increase of the pH is
systematic for each sulfide/Fe ratio, while inversely, the stability
of colloids over the time is changing drastically with the
increase of sulfide/Fe ratio. So, even if FeS nanoparticle
aggregation could potentially be triggered by increasing pH,
the sulfide/Fe ratio remains the main factor controlling
aggregation in our experiment.

The HR-TEM images of settled FeS nanoparticle
aggregates suggest different crystallographic orientations of
FeS nanoparticles depending on the sulfide/Fe ratio (Fig. 7).
The arrangement of FeS nanoparticles in aggregates
generated at low sulfide/Fe ratio (sulfide/Fe ratio = 0.5) was
more chaotic than for FeS nanoparticles formed at high
sulfide/Fe ratio (sulfide/Fe ratio = 2) (Fig. 7). Thus, we
propose that the sulfide/Fe ratio, like pH, impacts the
aggregation mechanism of the FeS nanoparticles and
subsequently the stability of aqueous FeS clusters/colloids in

aqueous solution, with aqueous FeS clusters/colloids being
less stable with increased sulfide/Fe ratio. This hypothesis
requires additional testing to determine the degree of
aggregation and its impact on the mobilization of aqueous
FeS clusters in the aqueous phase as a function of sulfide/Fe
ratio, which could also contribute to colloid-facilitated
transport of contaminants and nutrients.

4.3 Influence of organic compounds on the stability of FeS
colloids

The similarity of the chemical forms of Fe in FeS colloids in
the absence and presence of organic compounds suggests
that Fe–S complexation is more prevalent than Fe–organic
complexation. Interaction of aqueous FeĲII) with the S ligands
seems to be the key mechanism controlling Fe partitioning
into the aqueous fraction. However, the presence of organic
compounds prolonged the time of formation and the
quantity of aqueous FeS colloids (Fig. 3). The presence of
organic molecules sorbed on Fh could retard Fh sulfidation,
but this mechanism does not explain the systematic
observation of higher concentrations of FeS colloids in the
aqueous fraction in the presence of organic compounds than
in their absence (Fig. 3). We thus hypothesize that the
interaction of aqueous FeS clusters with organic compounds
could increase the mobility of FeS colloids by retarding their
aggregation into larger nanoparticles.

Organic compounds are known to influence the
aggregation rates of nanoparticles by adsorbing the particles
and inducing electrostatic and electrosteric repulsive forces
that alter coagulation kinetics.71–73 Few studies, however,
have considered how organic compounds contribute to
retarding aggregation.42 Also, in spite of a number of studies,
the stoichiometry of FeS clusters in the aqueous fraction is
still unknown.42 FeS cluster stoichiometries could include
sulfur-rich varieties as well as Fe-rich species34 and, more
importantly, in natural systems these species will likely sorb
a counter ion, such as organic molecules, to neutralize
charge.42 The possible sorption of organic ligands by aqueous
FeS clusters and larger colloidal particles could induce
repulsive forces between clusters and colloids. Such forces
could explain the delay in aggregation and settling kinetics of
FeS in the presence of organic compounds observed in our
study in spite of the lack of change in the molecular structure
of aqueous FeS clusters. It is well-known that organic
substances contain metal-binding functional groups that
influence precipitation kinetics by forming dissolved
complexes with metals and lowering the mineral saturation
index – the driving force for precipitation.32,74,75 Similarly,
organic ligands have been proposed to contribute to the
stabilization and persistence of mobile zinc sulfide76 and
mercury sulfide74,77 aqueous phases in aquatic environments.

Our results clearly show that the presence of the organic
compounds we tested retards FeS colloid aggregation, but it
does not inhibit aggregation. Nevertheless, the interaction of
aqueous FeS clusters with organic compounds in natural
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systems could promote the formation of complexes with
larger surface area and higher sorption capacity, potentially
enhancing the adsorption of contaminants and nutrients.

4.4 Effect of solution ionic strength on mobilization of FeS
colloids

In addition to the previously discussed effects of sulfide/Fe
ratios and the presence of organic compounds, our Fh
sulfidation findings clearly show that the stability of FeS
colloids is dependent on the ionic strength of the aqueous
phase (Fig. 4). Our results suggest that above an ionic
strength of 0.15 M, mobilization of FeS colloids is inhibited.
Indeed, the increase of ionic strength above 0.15 M NaCl
dramatically accelerates aggregation, followed by settling of
FeS nanoparticles in less than 3 h (Fig. 4). These
observations suggest that groundwater composition could
play an important role in the mobilization of FeS colloids.
In order to improve our ability to predict the types of
environments more susceptible to mobilizing FeS colloids in
groundwater, we used different types of artificial
groundwater, characterized by different ionic strengths, to
test the ability of Fh sulfidation to release FeS clusters and
larger colloids that remain in suspension in the aqueous
fraction for long periods of time. The focus of this study

being to understand the impact of ionic strength observed
in our experiment on release of FeS colloids in natural
conditions, only groundwater characterized by neutral pH,
pH of the experiment, were chosen, and any source of
oxidants (nitrate and oxygen) were avoided The influence of
the pH and oxidants will be deeply studied in a future
study. The artificial groundwater were prepared to represent
the following environments (Table SI-4†): (1) alpine river
(proxi of alpine lake groundwater); alluvial groundwaters
with: (2) low ionic strength (Crested Butte groundwater, CO)
and (3) high ionic strength (Riverton groundwater, WY); (4)
seawater (proxi of groundwater under marine influence)
(Fig. 9). These tests demonstrate that aqueous FeS cluster/
colloid release and persistence in the aqueous fraction
should mainly occur in low-salinity neutral pH groundwater
systems where iron is enriched relatively to sulfide (1 and 2,
at sulfide/Fe ratio ≤0.5; Fig. 9). Thus, (sub)surface
freshwaters poor in sulfate (i.e. characterized by low
sulfidation), such as some fluvial or lacustrine systems, are
the most susceptible to the mobilization of FeS colloids
from Fh sulfidation. Importantly, this means that
chalcophile contaminants and nutrients associated with FeS
colloids in these environments would remain mobile under
conditions outside of the solubility regime for the individual
participating ions.

Fig. 9 Total Fe concentration of aqueous fractions (<20 nm, before settling) collected 120 h after the Fh sulfidation reaction for seven different
types of groundwater for sulfide/Fe ratios (purple) of 0.5 and 2. The ionic strength was calculated from MinTeq, and the chemical compositions of
each water sample are reported in Table SI.† The black area represents the range of I.S. values and sulfide/Fe ratios required to generate FeS-
colloids from Fh sulfidation.
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5. Conclusions and environmental
implications

Our investigation provides a general conceptual model for
predicting the release and stability of suspended FeS colloids.
We show that sulfide/Fe ratio (≤0.5) as well as ionic strength
(≤0.15 M) are critical variables enabling mobilization of FeS
colloids formed by sulfidation of ferrihydrite.

FeS colloids such as aqueous FeS clusters are responsible
for basic electron transfer in many key biogeochemical
pathways.42 Thus, diffusion of FeS colloids could promote
the electron shuttle influencing geochemical processes and
microbial activities in groundwater aquifers. Our recent
study78 concluded that colloidal transport under reducing
conditions could influence the spatial extent of biotic and
abiotic sulfidic conditions in otherwise oxic aquifers. The
interaction of FeS colloids with organic ligands in natural
environments could also contribute to the mobilization of
organic matter and nutrients in reducing environments.

Under anoxic conditions, FeS precipitation is widely
known to transform and remove contaminants from
groundwater, such as divalent metals,79,80 chromium,81

arsenic,82–84 selenium,85 uranium,86,87 technetium,88

tetrachloroethylene (PCE),89 and halogenated organic
compounds.90 Our study indicates that in low-salinity fresh
groundwater systems poor in sulfate (lakes, floodplains,
peatlands etc.), the sulfidation reaction of ferrihydrite
generates aqueous FeS clusters that remain suspended over
long periods, thus mobilizing a substantial fraction of the
total aqueous Fe and S. Luther and Rickard33 proposed that
these clusters could likely stabilize sulfide in oxic waters.
Furthermore, these FeS colloids can directly bind nutrients
and contaminants via sorption reactions and contribute to
their transport in (sub)surface waters, which is corroborated
by previous studies proposing that contaminant mobility in
groundwater can be directly associated with FeS mobility in
the aqueous fraction.91 Our observations underline the
potential effects of sulfate-reducing conditions, which can
enable the transport of contaminants traditionally thought to
be immobilized by FeS precipitation and settling. As a result,
it is necessary for remediation assessments to include the
possibility of FeS colloid-facilitated transport.
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