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A B S T R A C T

The behaviour of arsenic(As) in anoxic sediments was studied in the Marque River (Northern France), where
concentrations of As are close to the geochemical background level. The distribution of Fe, Mn, S and As species
in the solid phase as well as in the pore waters was investigated during four sampling campaigns (February,
April, July and October 2014) in order to better understand the parameters involved in the behaviour of arsenic
during early diagenetic processes. In the solid phase, As was found to be mainly present in the exchangeable
fraction, and the most probable As carrier phases appeared to be amorphous iron, manganese (hydr)-oxides,
calcite, and siderite. In pore waters, only the inorganic forms of arsenic [As(III), As(V), and thio‑arsenical
species] were detected. As(III) was the dominant species, but thio‑arsenic species were also evidenced in core
depth. No direct interaction between arsenic, iron and manganese cycle has been observed in the pore waters.
The behaviour of As is mainly linked to the cycle of sulfur, and especially to the production of sulfides. Overall,
this study confirms that the experimental determination of redox speciation is still very useful to understand the
behaviour of As during early stages of diagenesis, since application of thermodynamic modelling to redox
sensitive environments is not sufficiently constrained yet to provide reliable results.

1. Introduction

Arsenic species are mainly found in the forms of arsenate [As(V)]
and arsenite [As(III)] in natural waters and sediments (Gorny et al.,
2015a, 2015b, 2015c, and references therein). As the solubility, mo-
bility and toxicity of arsenic depend on its oxidation state (Dixit and
Hering, 2003; Jain and Ali, 2000), determination of As speciation and
transformation is essential to understand the behaviour of As in anoxic
river sediments. Indeed, these environments are highly complex due to
numerous biogeochemical reactions. Early diagenetic processes are di-
rectly or indirectly linked to the degradation of sedimentary organic
matter by bacteria in the first centimeters of the sedimentary column.
Mineralization occurs through various metabolic processes, where the
organic matter serves as a reducing agent (electron donor). This oxi-
dative process involves the transfer of electrons between oxidants
(electron acceptors) from O2, NO3

−, Mn(III, IV) and Fe(III) (hydr)-
oxides, and finally SO4

2− (Berner, 1980). Redox transformations of
these major species, combined with other bacterial processes, i.e., me-
thylation, are capable to deeply modify the speciation and the fate of

arsenic within the first centimeters of the sedimentary column, as well
as its potential toxicity toward the aquatic organisms (Borch et al.,
2009; Gorny et al., 2015a; Páez-Espino et al., 2009).

In the mineral particles, arsenic is usually found in association with
aluminum, iron and manganese (hydr)-oxides, carbonates, and sulfide
minerals (Drahota et al., 2009; Sadiq, 1995), with various degree of
mobility. In particular, sorption processes play an important role on the
control of As speciation and mobility (Bowell, 1994; Dixit and Hering,
2003). In the literature, most of the studies that focused on the sorption
mechanisms were based on the examination of arsenic fractional dis-
tribution (Keon et al., 2001; Wenzel et al., 2001), the identification of
As species associated with the exchangeable fraction in the solid phase
(Orero Iserte et al., 2004), or the specific interaction between arsenic
species and minerals (Wang and Mulligan, 2008). However, the number
of experimental studies dedicated to the behaviour of As species with
time and depth in pore waters remain scarce (Chaillou et al., 2003;
Couture et al., 2010; Deng et al., 2014; Fabian et al., 2003).

This study aims to improve the understanding of As behaviour
under the redox constraints induced within surface river sediments that
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contain large amounts of biodegradable organic matter. For this pur-
pose, the distribution of both As and other key elements (such as Fe, Mn
and S) that potentially control the fate of As was studied in the sediment
solid phase of the Marque River through sequential extractions. In ad-
dition, analyses of pore waters were performed by HPIC-ICP-MS to
assess As speciation. The use of redox potential values will also be
discussed to demonstrate that thermodynamic equilibrium modelling is
inadequate when redox speciation is involved, and to point out the
limits of geochemical modelling in such complex environments.

2. Materials and methods

2.1. Location and sampling

The Marque River, located in Northern France, was chosen as the
sampling site (Fig. 1). The river rises at Mons-en-Pévèle. The watershed
area is about 217 km2 with an average slope gradient of 0.1%. The
stream runs firstly through a suburban basin (down to Villeneuve
d'Ascq), then it goes through an urban basin before it drains to the
Deûle River at Marquette-Lez-Lille. The last 7.6 km are channelized but
not navigated anymore. The River is characterized by a low flow rate of
1.0 m3 s−1 in average at Forest-sur-Marque, which can reach up to
5.4 m3 s−1 during flood events (Ivanovsky et al., 2016).

Four sampling campaigns were carried out in February, April, July
and October 2014 at Marcq-en-Barœul (Fig. 1) to follow various early
diagenesis biogeochemical transformations at different times of the
year. Four sediment cores were collected each time using a manual
corer equipped with a Perspex® tube (length 35 cm, i.d. 7.5 cm).

The sample processing method is summarized in Fig. 2. The first
core was sliced on site every 1–2 cm for the determination of total
dissolved As content and As speciation as a function of depth. The
cutting operation was done under nitrogen atmosphere in a glove box.
The second core was also sliced under nitrogen atmosphere for the
determination of alkalinity, Dissolved Organic Carbon (DOC), major
elements (Ca, Fe, K, Mg, Mn and Na) and nutrients (NH4

+, NO3
−,

NO2
− and SO4

2−) in the pore waters. To do that, each sediment slice
was centrifuged with an X 340 Prolabo centrifuge (rotation radius:

20 cm) during 20min at 2500 rpm in order to extract the pore waters.
The samples were subsequently filtered at 0.45 μm (Sartorius syringe
filter with cellulose acetate membrane) under nitrogen atmosphere.
Prior to the determination of alkalinity, DOC and ions, samples were
stored at −18 °C in pre-calcinated (24 h, 450 °C) glass tubes (25mL
with Teflon/silicon septum, Sterilin). Prior to determination of total As,
major and minor elements, samples were acidified at 2% (v/v) with
HNO3 (Merck, 65%, suprapur), and stored in polypropylene tubes (PP,
15mL, Falcon®) at 4 °C. For the determination of As speciation, filtered
pore water samples were stored in PP tubes until calibration of HPIC-
ICP-MS and determination of As speciation was done (< 3 h). The re-
maining raw sediments were stored under nitrogen atmosphere at
−18 °C for analyses on the solid phase. The analyses in the sediment
particles were only performed once time because it has been assumed
that the composition of the solid phase has not evolved significantly as
the sampling site remained the same and the monitoring was performed
within a period of 9months. For information, the total concentrations,
the metal distributions and the reduced sulfur species concentrations
have been measured in February, July and October, respectively. The
third core was used for the measurement of pH and redox potential
every cm within a previously holed Perspex® tube. The fourth core was
used for determination of sulfides using AgI-DGT (Diffusive Gradients in
Thin films; Teasdale et al., 1999). Surface water was also sampled for
analyses following the same procedures, but under oxic conditions and
without centrifugation.

2.2. Pore water analyses

Measurements of pH and redox potential were performed using a
glass electrode (Mettler Toledo) and a platinum electrode (Mettler
Toledo), respectively. Both working electrodes are combined with an
Ag/AgCl ([KCl]= 3M) reference electrode, with a potential equal to
0.22 V versus the Standard Hydrogen Electrode (SHE). All potential
values reported in the text are expressed versus the SHE electrode.

Anion concentrations (NO3
−, NO2

−, SO4
2−) were measured using a

Dionex™ ion chromatography system equipped with a separation
column (IonPacAG18, length 50mm, i.d. 4 mm, coupled with IonPac
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Fig. 1. Localization of the Marque River.
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AS18, length 250mm, i.d. 4 mm), a potassium hydroxide eluent gen-
erator (EG50) and an electrochemical detector (ED40).

Dissolved sulfides concentrations were measured by DGT (Diffusive
Gradient in Thin film) using an AgI binding gel, the detailed prepara-
tion of which is described in Gao et al. (2009). The de‑oxygenated DGT
probes (under nitrogen flow for 24 h) were inserted in the sediment
core for 24 h in a thermostatic chamber set to the field temperature.
After deployment, each DGT probe was rinsed quickly with ultrapure
water (Milli-Q, Merck Millipore) and put in a well-humidified plastic
box before treatment. The sulfide concentration was determined using a
flatbed scanner (300 dpi) from grey level records after calibration ex-
periments.

Dissolved Organic Carbon (DOC) was measured with a TOC-VCSH

analyzer. DOC was determined using the high-temperature (900 °C)
catalytic oxidation method with CO2 IR detection (Ammann et al.,
2000; Callahan et al., 2004), previously calibrated using potassium
hydrogenophtalate (Shimadzu) standard solutions.

Ammonium was analyzed by spectrophotometry (Varian, Cary 300)
according to the analytical procedure described by Weatherburn
(1967).

Alkalinity, mainly in the form of HCO3
−, was measured using an

automatic pH titrator (Metrohm, model Titrino 736 GP) with a

5 10−3 M HCl solution [see Lesven et al., 2008 for more details].
Metal concentrations in the pore waters were determined by

Inductively Coupled Plasma – Optical Emission Spectrometry (ICP-OES;
Varian Vista Pro, axial view) or by Inductively Coupled Plasma – Mass
Spectrometry (ICP-MS; Thermo Elemental™ X-series) depending on the
concentration levels. Arsenic speciation was assessed by coupling
beetwen High Performance Ion Chromatography (HPIC; Thermo
ScientificTM DionexTM ICS-5000+) and ICP-MS (see Gorny et al.
(2015b) for operating conditions). Starting from 25 μL of pore waters,
the different As species, i.e., As(III), As(V), MMAAV (monomethyl ar-
senic acid), and DMAAV (dimethyl arsenic acid) were separated in<
4min using a IonPac® AG7-AS7 anion-exchange column set and he-
lium-purged 1 and 50mM HNO3 as a mobile phase. The detection limits
were below or equal to 0.25 μg L−1. Qualitative measurement of
thio‑arsenic species is possible based on the chromatographic peak
area, i.e., the ratio between the peak area of thio‑arsenic species and the
sum of the peak areas of all As species. This methodology is useful since
no standard for thio‑arsenic species is commercially available.

2.3. Sediment analyses

Grain size distribution was determined by laser granulometry on
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every 1-2 cm 

Total As
As specia�on

Alkalinity
DOC

Major elements
Nutrients

Centrifuga�on

Filtra�on

Eh,
pH

Pore waters

Deployment of
de-oxygenated
AgI-DGT probes

Sediment
analysis

Raw sediment

Sulfides

Grain size distribu�on
Total element content

As, Mn and Fe distribu�on
Sulfide minerals

Anoxic condi�on preserva�on

Fig. 2. Summary of the treatments applied to the sediment cores.
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wet sediment (Malvern Mastersizer 2000). In order to characterize the
mineralogical composition of the sediment particles, air-dried samples
and clay-size fraction were analyzed by X-ray diffraction, using a D8
advance Bruker AXS diffractometer equipped with a Cu anode
(CuKalpha) and a 1D LynxEye PSD detector; for more details, see Bout-
Roumazeilles et al. (1999).

Total carbon and nitrogen content in dry sediment samples were
determined using an elemental CHNS analyzer LECO model 932.
Particulate Organic Carbon (POC) was determined by the ignition loss
method; for more details, see Louriño-Cabana et al. (2011).

Amorphous iron and manganese (hydr)-oxides (and associated As)
were extracted under nitrogen atmosphere from 0.4 g of wet sediment
using 20mL of ascorbate solution (pH=8.2, [NaHCO3]=0.6mol L−1,
[trisodium citrate]= 0.2M and [ascorbic acid]= 0.1M) (Haese et al.,
2000; Jones and Turki, 1997; Kostka et al., 1995).

Reactive fraction (Mreactive) of Fe and Mn (i.e., mainly exchangeable,
bound to organic matter, amorphous and poorly-crystallized (hydr)-
oxides, calcite, phosphate and AVS) were extracted under nitrogen at-
mosphere from 2 g of wet sediments and 20mL of 1M HCl solution
during 24 h (Canfield, 1988; Chao and Zhou, 1983; Cooper and Morse,
1998; Kostka and Luther, 1994). It is therefore possible to evaluate by
calculations the fractionation of Fe and Mn through: (i) reducible
(hydr)-oxides (ascorbate reactive concentrations), (ii) exchangeable
fraction without reducible (hydr)-oxides (HCl reactive concentration
minus ascorbate reactive concentration), and (iii) residual fraction (total
concentration minus HCl reactive concentration), i.e., detrital alumi-
nosilicate minerals, refractory oxides, organic matter and sulfides.

Acid Volatile Sulfur (AVS) and Chromium Reducible Sulfur (CRS)
were evaluated by potentiometry after their conversions into H2S gas
following the experimental procedure described by Billon et al. (2001).
Determination of AVS, CRS and reactive iron (Fereactive, obtained by
extraction using HCl 1M at room temperature for 24 h) allows for the
calculation of the degree of sulfidization (DOS) and the degree of pyr-
itization (DOP) (Gagnon et al., 1995):

=
+

+

DOS [Fe ] [Fe ]
[Fe ] [Fe ]

CRS AVS

CRS reactive (1)

=

+

DOP [Fe ]
[Fe ] [Fe ]

CRS

CRS reactive (2)

where [FeAVS] and [FeCRS] are the amounts of iron bound to AVS
(considering that the main precipitate is FeS) and CRS (considering that
the main precipitate is FeS2), respectively.

Total element contents, i.e., Al, Ca, Fe, K, Mg, and Mn, were de-
termined after total mineralization on dry samples using a mixture of
nitric and hydrofluoric acids, and aqua regia, following the protocol of
Boughriet et al. (2007).

Fractionation of arsenic in wet sediments was done using the
modified sequential extraction procedure proposed by Ruban et al.
(2001). The method gives access to three groups of sedimentary solid
fractions: (i) exchangeable fraction (NaOH 1M); (ii) internalized re-
active fraction (HCl 1M); and finally (iii) residual fraction (acid mi-
neralization previously described for total element content). The two
first steps were performed under nitrogen atmosphere. No speciation
measurement was performed on the NaOH exchangeable fraction: acid-
base reaction would occur between mobile phase (dilute HNO3) and

extracting solution (NaOH 1M) that would modify chromatographic
conditions for separating As species.

Total element concentrations in extracts were analyzed by ICP-OES
or ICP-MS depending on the concentration. Spectrometers were cali-
brated using standard solutions (with a minimum acceptable
R2 > 0.995), blank correction was applied when necessary, and stan-
dard reference materials were analyzed regularly to control the analysis
quality. Results of control analysis quality are presented Table S1 with
correct extraction yields (> 80%).

2.4. Geochemical modelling

Visual Minteq v3.00 (Gustafsson, 1991) was used to calculate the
speciation of pore waters assuming that thermodynamic equilibrium is
reached. The software was also used to predict some possible pre-
cipitation/dissolution reactions through the calculation of the satura-
tion indexes. Input data are the concentrations of the following com-
ponents in the pore waters, i.e., As(III), As(V), Ca2+, Cl−, DOC, Fe2+,
K+, Mg2+, Mn2+, Na+, NH4

+, NO3
−, NO2

−, SO4
2−, and HS−. The

redox potentials measured with the platinum electrode, Eh, were not
considered in the calculations since their values did not verify the as-
sumption of thermodynamic equilibrium (see part 3.4.2). Other para-
meters were also considered, i.e., alkalinity, ionic strength, pH and
temperature. Finally, the output file described the predicted speciation
of each component in pore waters and saturation index (Ω) with respect
to any mineral phase. Hence, pore water is considered as supersaturated
with respect to a mineral for Ω > 0, at equilibrium for Ω=0 and
undersaturated for Ω < 0.

3. Results and discussion

3.1. General composition of the sediments

The average concentrations in the sediments are presented in
Table 1. The results exhibit only slight and similar relative changes for
major and minor elements throughout the core (RSD < 25%, n=12).
The average concentrations of Al, Fe and Mn are very close to those
recorded from deep horizons in Northern France. These relative con-
stant profiles suggest a common source for all these elements with no
real change of particle composition. Al, K, Fe and Mg concentrations are
generally well-correlated (R2 > 0.82), which corresponds to the ele-
mental signature of terrigenous fine particles like clays (Li and
Schoonmaker, 2003; Luoma et al., 2008). This assumption is reinforced
by the granulometric analyses (Fig. 3), which show that the sediment
contains 85% fine grain particles (size < 63 μm). Mineralogical ana-
lysis of the clay fraction (size < 2 μm) reveals the main presence of
smectite (62.5%), and to a lesser extent of illite (22.5%), kaolinite
(10%), and chlorite (5%). Mineralogical analyses were also carried out
on the fine fraction (< 63 μm) of the sediment. Quartz is the major
constituent of the solid phase, followed by calcite (0.6%), and to a
lesser extent by clays.

The contamination of As in the sediments was evaluated by con-
sidering the enrichment factor (EF) as defined previously (Atteia,
1994):

Table 1
Average elementary composition of sediment particles from the Marque River and soil horizons from Nord-Pas de Calais loess deposits (Sterckeman et al., 2006).

Al As Ca C Fe K Mg Mn N

g kg−1 mg kg−1 g kg−1 g kg−1 g kg−1 g kg−1 g kg−1 mg kg−1 g kg−1

Mean value 58 11 27 60 37 17.5 8 400 5.5
RSD (%) 8 20 9 15 12 5 10 12 21
Regional values from deep horizons 50.3 10 27.4 427
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=

( )
( )

EFAl
As

[As]
[Al] sample

[As]
[Al] reference (3)

with [As] and [Al] the total amount of As and Al. For that purpose, the
following background concentrations were used, i.e.,
[As]background= 10.0mg kg−1 and [Al]background 50.3 g kg−1, respec-
tively [average composition of soil horizon from Nord-Pas de Calais
loess deposits, see Sterckeman et al. (2006) and Sterckeman et al.
(2002)]. In the Marque river sediments, the average value of EFAs is
0.95, clearly indicating that the site is not contaminated with As. In
addition, the concentration variation as a function of the depth is very
limited, with a RSD < 15% for 12 values (Table 1).

3.2. Distribution of particulate Fe, Mn and S

According to Gorny et al. (2015a, 2015b, 2015c), several elements,
including mainly Fe, Mn and S, control at least partly the redox beha-
viour of As in surface sediments during early diagenetic processes. The
distribution of these elements in the solid phase is also closely examined
in this section.

Iron is mainly associated to the residual fraction (83% with a RSD of
5%) in all the cores (Fig. 3). Only a small proportion in the residual
fraction was found as pyritic compounds (average value of 1% calcu-
lated from FeCRS / Feresidual). In the reactive fraction, iron is significantly
associated with mono-sulfide minerals (average value of 24% calcu-
lated from FeAVS / Fereactive). Conversely, only a small amount of
amorphous iron(III) (hydr)-oxides (2.5%) is detected whatever the
depth. Iron distribution can be explained as follows: (i) production of
HS−, CO3

2−, PO4
3− is not sufficient to impact the iron speciation as

depth profiles generally remain constant; and/or (ii) iron transforma-
tion occurs in the first millimeters of the cores and variations are not
visible at our scale of observation. This last assumption is supported by
the presence of AVS in the surface sediments (1.3 g S kg−1), meaning
that both sulfates and iron (III) reducing processes occur close to the
water-sediment interface.

Distribution of manganese in the solid phase differs from that of iron
(Fig. 3). Compared with Fe, Mn is indeed less associated with the re-
sidual fraction (76% with a RSD of 5%), as well as with the carbonate,
phosphate, and mono-sulfide minerals, and/or Particulate Organic
Matter (POM) (9%). In the reactive fraction, rhodochrosite (MnIICO3)
appears from thermodynamic equilibrium calculation to be the most
likely mineral assemblage (median Ω > 0.55, Table 2). The proportion
of amorphous MnIII,IV-hydroxides is higher (15%) than iron-hydroxides.
Nevertheless, changes of the redox properties during early diagenesis
do not appear to strongly impact the distribution of particulate

manganese.
AVS and CRS profiles are displayed in Fig. 4. The concentrations of

these reduced sulfur species are already significant close to the water-
sediment interface. Indeed, sulfidization processes are active from the
first millimeters of the cores as confirmed by the concentration profiles
of dissolved sulfates (Fig. 4). Sulfate consumption occurs mainly close
to the water-sediment interface when compared to the values measured
in the overlying water (from 100mg L−1 to< 10mg L−1 below 0.5 cm
depth). Therefore, it is likely assumed that the production of sulfides is
limited to the sulfate inputs. Sulfidization and pyritization mechanisms
are not complete (DOS~ 43% and DOP~ 10%), as already supported
by the speciation of the particulate iron. Small amount of (hydr)-oxides
is indeed present all along the cores (Fig. 3). Similar results have been
found in the surrounding rivers with DOS and DOP values, which do not
exceed 70 and 25%, respectively (Lesven, 2008; Prygiel, 2013).

3.3. Distribution of particulate arsenic

The distribution of arsenic in the cores is relatively homogenous
with depth (RSD < 25%, Fig. 3): the exchangeable fraction reaches
57% while the residual fraction is 31% and the fraction associated to
carbonates, (hydr)-oxides, phosphate and/or mono-sulfide minerals
(also called internalized reactive fraction) is 12%. These results suggest
that an important fraction of arsenic is easily available in the sediments
of the Marque River. Although the NaOH solution used to extract the
exchangeable As is also capable to dissolve orpiment (As2S3) (Floroiu
et al., 2004) contrary to iron sulfides (Rickard, 2006), orpiment is un-
likely to be present in the sediment (Ω≪ 0, Table 2). In the pH range
(from 6.5 to 8) of the Marque River pore waters, chlorite, illite, kaoli-
nite and quartz are not relevant adsorbent phases for As species since
these minerals are generally characterized by pHPZC values < 5
(Alvarez-Ayuso and Garcia-Sanchez, 2003; Besra et al., 2000; Hussain
et al., 1996; Singh et al., 1996). Adsorbent mineral phases for As species
are rather aluminum (hydr)-oxides (pHPZC= 7.5–8.5) (Álvarez-Ayuso
et al., 2007; Hongxia et al., 2005), amorphous iron and manganese
(hydr)-oxides (pHPZC= 6.3–9.1) (Appelo et al., 2002; Marmier et al.,
1999; Wilk et al., 2005; Zaman et al., 2009) and calcite
(pHPZC= 8.2–9.5) (Churchill et al., 2004; Salinas-Nolasco et al., 2004).
The residual fraction contains a significant amount of As, suggesting
interactions with CRS and/or POM. However, no significant correlation
was evidenced between CRS and residual As. However, it is not sur-
prising since most of the sulfidization processes occur in the first mm
below the water-sediment interface. The internalized reactive fraction
corresponds to As species internalized in reactive mineral phases
through co-precipitation processes (Alexandratos et al., 2007; Bose and
Sharma, 2002). Amorphous iron (hydr)-oxides can be relevant of
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mineral phases as pointed out through the extraction with the ascorbate
solution (R2=0.91).

3.4. Diagenetic tracers

3.4.1. Eh and pH profiles
Recorded Eh and pH profiles are typical of a system in which early

diagenetic processes occur (Fig. 5). Pore waters are more acidic
(pH~ 7) than the overlying waters (pH~ 8). A gradual decrease in pH
is observed with depth, down to a value of 6.75–7 below 10 cm.
Acidification of pore waters is linked to a set of chemical reactions e.g.,
aerobic respiration and sulfato-reduction that dominate, in these sedi-
ments, over the release of hydroxide ions [such as precipitation of iron
mono-sulfide, reduction of manganese (hydr)-oxides by Fe(II)]
(Metzger, 2004). Whatever the sampling campaign, the redox potential
values (Eh vs SHE) range from +150 to +600mV in overlying water.
The redox conditions are stabilized below 2 cm in depth but are more
reductive with the seasons: +30mV in February, −36mV in April,
−29mV in July, and −65mV in October. These profiles clearly in-
dicate that: (i) the consumption of oxidants by bacteria during the di-
agenetic processes is important at the water-sediment interface; and (ii)
the sediment becomes rapidly anoxic with no real significant evolution
of the redox properties below 2 cm in depth.

3.4.2. Eh vs redox couples
The meaning of the redox potential values has been evaluated

through a mechanistic approach that determines all the relevant redox
couples which are susceptible to affect the Eh values measured by the Pt
electrode (Billon et al., 2005; Stefánsson et al., 2005). The activity of
each redox species given by Visual Minteq is presented in Table 3.
Calculations of equilibrium potentials (Eeq) were performed using the
Nernst-equation using the couples capable to control the redox poten-
tial in the sediments. Results are presented in Fig. 6. Slight variations in
the range of Eeq are observed between the 4 campaigns. Comparison of
Eeq with the standard potential (EpH≈7.5

0) provides qualitative in-
formation about the abundance of oxidized and reduced species for
each redox couple considered. Oxidized species predominate for Fe
(III)/Fe(II), Mn(III,IV)/Mn(II) and S0/H2S couples since
Eeq > EpH≈7.5

0, which is consistent with the existence of both Fe(III)
and Mn(III,IV) (hydr)-oxides in the sediments, and with the low con-
centrations of dissolved Fe(II), Mn(II) and S(-II) in the pore waters. In
addition, the proportion of reduced and oxidized species is approxi-
mately the same (Eeq ~ EpH≈7, 5

0) for NO3
−/NO2

−, NO3
−/NH4

+ and
SO4

2−/HS− couples. Eh values measured with the Pt electrode in the
first 2 cm of depth can be also thermodynamically linked to several
redox couples, i.e., Fe(III)/Fe(II), Mn(III, IV)/Mn(II), NO3

−/NO2
−,

NO3
−/NH4

+, S0/H2S. However, the redox couples of nitrogen, man-
ganiferous and sulfur species do not control the Eh because the electron
transfer at the Pt electrode is too slow to reduce or oxidize these species.
The associated charge transfer resistance is therefore so high that these
redox couples can be considered as electrochemically inactive (Héduit,
1989; Meyer et al., 2014; Peiffer et al., 1992; Stefánsson et al., 2005;
Vershinin and Rozanov, 1983). Consequently, in these anoxic en-
vironments, Eh measurements in sediments must be considered only as
qualitative indicators of the reduction of Fe(III) (hydr)-oxides. Finally,
integrating the Eh values in a thermodynamic model does not appear
relevant to evaluate the speciation of redox sensitive elements in sub-
surface environments: (i) redox reactions are normally not at chemical
equilibrium because electron transfer reactions are usually kinetically
slow; (ii) non-ideal behaviour of the Pt electrode is observed, particu-
larly when this last one is affected by the presence of surface coatings;
(iii) some redox reactions are not reversible as they are microbial
mediated; and (iv) most environmental systems have low concentra-
tions of redox elements and thus exchange currents on the electrode
surface are often too low to establish a reliable potential (Eh) (Meyer
et al., 2014). It seems more accurate to determine experimentally theTa
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speciation rather than using thermodynamic modelling to better un-
derstand the fate of redox sensitive species.

3.4.3. Carbon species
Depth profiles of alkalinity are not sensitively different over time,

and its average concentration is about 0.12mol L−1 (RSD < 35%). As
predicted, the concentrations of hydrogenocarbonates are higher in
pore waters than in the overlying waters due to the mineralization of
the organic matter. The highest concentrations of Dissolved Organic
Carbon (DOC) (40–140mg L−1) are found in the first 6 cm, especially

during winter and spring. DOC probably originates either from urban
inputs of dissolved organic matter or from the decomposition of POM of
terrigenous origin, which concentration is higher during fall (Sun and
Dai, 2005). Carbonate production in pore waters during mineralization
of POM can regulate the concentration of some cationic metals, i.e.,
Ca2+, Fe2+, Mn2+ and Mg2+. The saturation indexes of pore waters as
calculated with Visual Minteq are presented in Table 2. Supersaturated
minerals are calcite [CaCO3] (observed by XRD), dolomite [CaMg
(CO3)2], siderite [FeIICO3], and rhodochrosite [MnIICO3] with median
Ω > 0.55. It is unlikely to observe magnesite [MgCO3] in the
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particulate phase (Ω < −0.87). Previous studies have shown that As
(V) adsorbs readily on calcite (Sø et al., 2008), calcite-containing ma-
terial (Romero et al., 2004; Yolcubal and Akyol, 2008) and dolomite
(Ayoub and Mehawej, 2007; Salameh et al., 2010). Conversely, As(III)
retention is known to be very limited on calcite (Sø et al., 2008;
Yokoyama et al., 2009; Yokoyama et al., 2012) (no data exist on do-
lomite). It has also been shown that As(V) adsorbs onto siderite up to
pH 8 (Jönsson and Sherman, 2008) and iron (hydr)-oxides (Dixit and
Hering, 2003; Xu et al., 1991). These data suggest that dissolved As(III)
should be the dominant species in the sediments of the Marque River, as
carbonate minerals are relatively abundant to sorb As(V).

3.4.4. Nitrogen species
Depth profiles of NO3

− are similar whatever the sampling period
(Fig. S1). Both concentrations drastically decrease in the first mm of the
sediment core (over 90%). This observation suggests a rapid con-
sumption of nitrates at the water-sediment interface, probably con-
comitant to the oxygen disappearance. Depth profiles of NH4

+ are re-
latively similar between February and July (Fig. S1). Concentrations
gradually increase with the depth, up to 55mg L−1. In October, con-
centrations are higher in the first 8 cm of sediment with a maximum at
−6 cm (70mg L−1).

3.4.5. Sulfur species
Sulfate-reducing bacteria are active in sediments of the Marque

River. They rapidly consume 96% of sulfates just below the water/se-
diment interface (Fig. 4) (Roosa, 2013; Nealson, 1997). The sulfide

production fluctuates according to the sampling period. It is more in-
tense in July, with an average concentration of dissolved sulfide of
860 μg L−1 (Fig. 5). The increase of the bacterial activity during the
summer is typical of sulfate-reducing bacteria in river sediments
(Grabowski et al., 2001). Regarding Mn, MnS precipitation cannot
happen, as median Ω < 0 (Fig. 4). According to Morse and Luther III
(1999), manganese would rather be associated with pyrite (FeIIS2)
when DOP values are above 40%, which is not the case here (4–23%). It
is likely that the sulfides do not control the behaviour of Mn in the
sediments. Conversely, the presence of iron sulfides is clearly evidenced
whatever the depth and the sampling period. It is therefore not sur-
prising that saturation index values of FeS are close to saturation
(−0.59 < median Ω < 0.06). Previous studies have shown that sul-
fide minerals efficiently trap inorganic species (Bostick and Fendorf,
2003; Han et al., 2013) and As(V) species (Wolthers et al., 2005). This
still suggests that As(III) must be relatively more mobile than As(V) in
the sulfidic sediments of the Marque River.

3.4.6. Iron and manganese
Concentration profiles of Fe and Mn are very different according to

the sampling period (Fig. 5). For Fe, three reductive and/or dissolution
zones have been evidenced. The first one is located between 0 and
−4 cm, where intense mineralization of organic matter should occur,
accompanied by the reduction of Fe(III). Iron concentration is the
highest in February (20mg L−1), and falls drastically from April (close
to 2mg L−1) to finally increase again in October (6.7 mg L−1). The
second production of dissolved Fe(II) is located between −4 and

Table 3
Standard potentials (EpH=0

0) and standard potentials corrected to pH 7.5 (EpH=7.5
0) of some electrochemical couples presumed to be potentially active in the sedimentary environment.

References: Billon et al. (2005) (a) and Meyer et al. (2014) (b).

Redox equations EpH=0
0 (mV) EpH=7.5

0 (mV) References

FeOOH (s)+ 3H++e−↔ Fe2++2 H2O +1080 −248 a
Fe(OH)3 (s)+ 3H++e−↔ Fe2++3 H2O +1015 −312 a
α-FeOOH (goethite)+ 3H++1 e−↔ Fe2++2 H2O +804 −524 a
α-Fe2O3 (hematite)+ 6H++2 e−↔ 2 Fe2++3 H2O +790 −538 a
Fe3O4 (magnetite) + 8H++2 e−↔ 3 Fe2++4 H2O +1097 −673 a
MnOOH (manganite)+ 3H++e−↔Mn2++2 H2O +1050 −278 a
Mn3O4 (hausmanite)+ 8H++2 e−↔ 3 Mn2++4 H2O +1823 +53 a
MnO2 (manganate)+ 4H++2 e−↔Mn2++2 H2O +1292 +407 a
MnO2 (pyrolusite)+ 4H++2 e−↔Mn2++2 H2O +1229 +344 a
NO3

−+H2O+2 e−↔NO2
−+2 OH− +17 +400 b

NO3
−+10H++8 e−↔NH4

++3 H2O +274 +327 b
SO4

2−+5 H2O+8 e−↔HS−+9 OH− −683 −251 b
S0 (s)+ 2H++2 e−↔H2S +144 −299 b
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−14 cm in depth, where Fe concentration reaches a maximum of
13mg L−1 in February and April. The last zone of production of dis-
solved iron is localized below 14 cm in depth, where maximal con-
centrations are recorded in April and October (9 mg L−1). Un-
fortunately, dissolution remains unexplained in the two deepest zones,
with neither higher DOC concentrations nor lower pH values.

Regarding Mn, a gradual increase of concentrations over the first
8–10 cm in depth is noticed (except in February where a strong re-
ductive dissolution is observed at −2 cm). From a thermodynamic
point of view, the profiles of Mn and Fe are unusual. The production of
Mn(II) is indeed usually recorded before the appearance of dissolved Fe
(II) (Jørgensen, 2006; Schulz and Zabel, 2006). However, in the sam-
pling site, several early diagenetic processes, including oxygen con-
sumption, denitrification, and sulfide production, simultaneously occur
just below the water-sediment interface. These processes are likely due
to the presence of an important stock of biodegradable organic matter.
The solubility of iron and manganese in the pore water also depends
partly on the carbonate (Jensen et al., 2002), sulfide (Morse and Luther
III, 1999) and dissolved organic matter concentrations (Charriau et al.,
2011). In the case of the Marque River sediments, there is no doubt that
reduced sulfur species impact the solubility of dissolved iron(II) due to
the presence of amorphous sulfides (FeIIS; ~1.3 g kg−1 of AVS), pyrite
(FeIIS2; ~0.7 g kg−1 of CRS). From a thermodynamic point of view, it is
possible that carbonates species also influence the solubility of dis-
solved iron(II) and manganese(II) by the formation of carbonate mi-
nerals (median Ω~0.78 and ~0.55 for FeIICO3 and MnIICO3, respec-
tively).

As demonstrated in the section related to carbon and sulfur species,
the concentrations of dissolved iron and manganese are likely con-
trolled by the precipitation of several mineral phases of amorphous
sulfides (FeIIS; ~1.3 g kg−1 of AVS), pyrite (FeIIS2; ~0.7 g kg−1 of CRS),
siderite (FeIICO3; median Ω~0.78) and/or rhodochrosite (MnIICO3;
median ~0.55).

Overall, diagenetic tracers show clearly an obvious reduction of the
main oxidants in the first centimeters of the sediment. From these re-
sults, the behaviour of dissolved As in terms of concentration and
speciation is going to be examined in the last section.

3.5. Behaviour of arsenic and speciation in pore waters

The total concentrations as well as the speciation of arsenic in pore
waters significantly changes with time (Fig. 7). In February, the highest
total As concentration (10 μg L−1) is recorded at the water-sediment
interface. Then, it gradually decreases with depth, down to 2 μg L−1. As
(III) is the dominant species whatever the depth, with a maximum value
at the water-sediment interface (90%). These results indicate that the
reduction of As(V) happens before the reduction of manganese and iron
(hydr)-oxides (maximal concentrations for total dissolved Mn and Fe at
−2 and−3 cm, respectively). It also suggests that the redox reactive As
(V) should be mostly adsorbed onto particles rather than internalized in
any mineral structure. As(V) can be directly reduced on minerals by
sulfides, leading to a release of dissolved As(III). As(V) is hardly de-
tected above 8 cm in depth with concentrations close to the detection
limit (0.05 μg L−1). The overall proportion of As(V) represents< 10%
of the total As concentration, confirming that the sedimentary column
is really anoxic. The second zone of the iron dissolution (observed be-
tween 6 and 14 cm in depth) does not result in the remobilization of As
(V) and/or As (III) in interstitial waters, suggesting that most of As(V)
has been already reduced in the surface sediments, and that the beha-
viour of iron and arsenic is not so interconnected in these sediments.
Below 6 cm in depth, pore waters are characterized by a significant
presence of thio‑arsenic species (30–70%, as measured by HPIC-ICP-
MS), which allows for a stabilization of As(III) in solution. Although
sulfides and As(III) are together present in the surface sediments, the
production of thio‑arsenic species should be kinetically slow (Rochette
et al., 2000; Zhang et al., 2014).

In April, two maxima were observed at −1.5 and −11 cm (6 and
10 μg L−1, respectively). The evolution of As speciation as a function of
depth is less conventional than in February. Intense variations in the
proportion of As(III) and As(V) are indeed observed in the first 10 cm of
the core. As(V) becomes the main dissolved As species below 10 cm in
depth, with a proportion reaching 90%. The thio‑arsenic species were
found to represent only a minor fraction of the dissolved As species with
an average proportion of 10% throughout the core. As the least negative
redox potential values are observed in April (Fig. 5), it is proposed that
less efficient reduction of As(V) to As(III) at that time may be due to
resuspension events and/or bioturbation processes. The stability of As
(V) was also accompanied by low concentrations of sulfides, especially
within the 6 first cm. It is also possible that advective flow of ground-
water carried oxidizing agents into the sediments during sampling,
resulting in a decrease of the dissolved sulfide concentration and a re-
lease of As(V) co-precipitates.

The depth profiles of As(III) and total As are well correlated in July
(R2 ~ 0,8) with an increase in the first 6 cm (at a depth of 6 cm,
[As]total = 8 μg L−1), before a global drop with some fluctuations is
recorded. Like in February, As(V) concentrations are low and, in this
particular case, even not detected ([As] < 0.1 μg L−1). As speciation is
divided into As(III) (80%) and thioarsenic species (20%) all along the
core. This characteristic is bound to the highest production of dissolved
sulfides with a peak production of 1.6 μmol L−1 at −3 cm in depth.

The lowest concentrations of total As were measured in October,
with a maximum concentration of only 3.4 μg L−1. This is probably
related to a decrease of sulfate-reducing bacteria compared to July. No
quantitative speciation can be obtained below 3.5 cm of depth as the
values are lower than the detection limit (0.25 μg L−1). As(III) remains
the main dissolved As species in pore waters. The concentration is
maximal at −0.5 cm, just above the zone where the reductive dis-
solution of iron (hydr)-oxide occurs. Then it gradually decreases with
depth.

From thermodynamic equilibrium calculations, precipitation of ar-
senic pentoxide (AsV2O5), arsenolite (AsIII2 O3), claudelite (AsIII2 O3) and
orpiment (AsIII2 S3) cannot be possible because Ω < 0 (Table 2). These
results rather suggest that the solubility of dissolved As(III) and As(V) in
pore waters should be regulated by the sorption on some mineral phase,
As being mainly associated to the exchangeable fraction. Several mi-
neral hosts can be responsible for As sorption onto the sediments of the
Marque River, like amorphous iron and manganese (hydr)-oxides, cal-
cite and siderite (FeIICO3). For pH < 8, the sorption of As(V) onto
these mineral phases is more favorable than that of As(III) (Dixit and
Hering, 2003; Sø et al., 2008; Yokoyama et al., 2009; Yokoyama et al.,
2012). The reduction of As(V) into As(III) on the sediment particles can
be a key parameter for the release of As(III) in pore waters, assuming
that As(V) is the dominant exchangeable As species. To validate this
assumption, kinetic experiments would have been be carried out by
using DGT samplers with 3MP binding gel for As(III) (Bennett et al.,
2011), and ferrihydrite (Österlund et al., 2010), Metsorb (Bennett et al.,
2010), ZrO2 (Sun et al., 2014) or ZnFe2O4 (Gorny et al., 2015c) binding
gels for total As (Harper et al., 1998). As release in February is well
correlated to DOC (R2≈ 0.8), as opposed to the other periods
(R2 < 0.2). It is possible that the process of As release is impacted by
the source of dissolved organic matter (DOM) as shown by Gillispie
et al. (2016) during incubation experiments. To validate this assump-
tion, it could have been useful to characterize DOM composition by
molecular spectroscopy (i.e., fluvic, humic and/or protein-like sub-
stances) during each campaign. Furthermore, the increase in sulfide
concentrations in pore waters seems to stabilize the increasing con-
centrations of thio‑arsenic species. This phenomenon is clearly visible
in February and July, where As speciation is composed of> 20% of
thio‑arsenic species.

Finally, only inorganic forms of arsenic [As(III), As(V), and
thio‑arsenical species] were detected in pore waters. As(III) is the
dominant species, with thio‑arsenic species at the bottom of the cores.

J. Gorny et al. Journal of Geochemical Exploration 188 (2018) 111–122

119



No particular correlation can be established between total dissolved
concentrations of As, Fe, and Mn, thus suggesting there is no direct
redox interaction between these three elements. According to these
results, As cycle may be rather linked to the sulfur cycle, and more
particularly to the production of dissolved sulfides by the sulfate-re-
ducing bacteria. No trace of methylated species was detected in pore
waters (detection limit lower than 0.5 μg L−1), suggesting that bacterial
methylation processes are negligible in the Marque River sediments.

4. Conclusion

This study has focused on the fate of As in anoxic sediments of the
Marque River. The first key point shows that the values of redox po-
tential cannot be used as input data for thermodynamic modelling.
Indeed, some major redox sensitive species are electrochemically in-
active onto the surface of the Pt electrode. This observation supports
that experimental redox speciation studies are required to well char-
acterize the behaviour of As species in pore waters. Nevertheless, it is
possible to use the redox potential values (coupled with pH measure-
ment) as a qualitative proxy for the reduction of iron (hydr)-oxides in
surface sediments.

In addition, temporal monitoring has permitted to follow the
changes in As speciation in the sediments. Arsenic is present only under
inorganic forms in pore waters, i.e., As(III), As(V) and thio‑arsenic
species. Changes in As speciation in the dissolved phase depend mainly
on S(-II) production by sulfate-reducing bacteria, which makes the
amount of dissolved S(-II) an important parameter to control the fate of
As in anoxic sediments. As(III) is the dominant species, with thio‑ar-
senic species at the bottom of the cores. However, a special attention
must be paid in the future to the identification of these species. The
solid phase contains a substantial fraction of exchangeable As, whose
presence is supported by the fact that pore waters are undersaturated
with respect to arsenic pentoxide (AsV2O5), arsenolite (AsIII2 O3), claude-
lite (AsIII2 O3) and orpiment (AsIII2 S3). Several host minerals are re-
sponsible of As sorption in the sediments of the Marque River, such as

amorphous iron and manganese (hydr)-oxides, calcite (CaCO3) and
siderite (FeIICO3). Further environmental studies should focus on (i) the
identification of sorption mechanisms between As species and sec-
ondary minerals formed in river sediments, with the aim to confirm that
the retention of As(III) is low; and (ii) on the determination of the
thio‑arsenic species in the anoxic pore waters.
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