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A B S T R A C T

Redox reactions with Fe-containing minerals in clay-rich sediments largely affect the speciation, mobility, and
(bio-) availability of redox-sensitive contaminants. Here, we use mediated electrochemical oxidation (MEO) and
reduction (MER), to quantify the electron accepting and donating capacities (EAC and EDC) of Boom Clay, a
potential host formation for radioactive waste disposal. The relevant redox-active minerals pyrite, siderite,
smectite and illite were first studied separately. MEO and MER of smectites and illites resulted in sharp current
peak responses, reflecting fast electron transfer kinetics. Conversely, broad current peaks were obtained from
MEO of pyrite. The current response to MEO of siderite was very small. Under the applied electrochemical
conditions in MEO, pyrite was not completely oxidized and only a marginal fraction of siderite was oxidized. All
structural Fe (Festruct) in smectites SWa-1 and SWy-1 was redox-active in MER and MEO, whereas in Fithian Illite
and IMt-1 only 12–22% of the total Festruct was available. An empirical equation was used to describe the current
curves of the tested minerals. This equation allowed to delineate the relative contributions of these minerals to
MEO of their mixtures. The EDC of Boom Clay determined by MEO was 0.2 ± 0.05 mmol e−/g and
predominantly consisted of contributions of pyrite, Festruct in clays and natural organic matter (NOM).
Applying the empirical equation allowed to separate the oxidative current response into the contribution of
pyrite with slower oxidation kinetics and the combined contribution of faster reacting Festruct and natural
organic matter (NOM). Due to the absence of NOM isolates from Boom Clay, the EDC of NOM was estimated
based on MEO measurements of dissolved organic matter in Boom Clay pore water and the organic carbon
content of Boom Clay. The EDC of Festruct in clays was then obtained by subtracting the contributions of NOM
and pyrite from the measured EDC. About 14% of the measured EDC can be attributed to Festruct which implies
that about 50% of the structural FeII in Boom Clay is redox-active. In contrast, EAC measurements indicate that
FeIIIstruct in Boom Clay is electrochemically inactive.

1. Introduction

The fate and transport of redox sensitive heavy metals, metalloids,
and radionuclides in natural and engineered systems are highly
dependent on the prevailing redox conditions. Changes in the redox
states and hence the speciation of these elements strongly affect
solubility, sorption, bioavailability and toxicity (Appelo and Postma,
2005; Borch et al., 2009; Langmuir, 1997; Van der Perk, 2006). Clay-
rich sediments are considered as natural barriers for landfills (Parker
and Rae, 1998) and as potential host rocks for radioactive waste
repositories (Higgo, 1987; IAEA, 2013, 2003; Lee and Tank, 1985).
The function of these barriers is to contain potentially hazardous

elements by retarding their migration over sufficient long periods and
thereby protecting neighboring groundwater bodies and the biosphere.
Clay-rich sediments are suitable barriers by suppressing convective
transport of solutes due to their low hydraulic conductivity and by their
capability to retard transport by interactions between solutes and the
solid phase (Higgo, 1987). The latter includes redox reactions: for
example reduction of UVI to UIV or of SeIV to Se0, can lead to an effective
immobilization of these elements by forming solids with low solubilities
(Breynaert et al., 2010; Bruggeman et al., 2005; Bruggeman and Maes,
2010; Delécaut, 2004). In order to assess the extent to which clay
constituents undergo electron transfer reactions with redox-active
contaminants, it is critical to have information on the capacities of
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the clay-rich sediment to accept and donate electrons. Here, we
investigate the applicability of mediated electrochemical analyses to
quantify the electron donating and accepting capacities of clay-rich
sediments in the context of geological disposal of radioactive waste
(RW).

For RW disposal, clay-rich sediments and rocks are investigated as
potential host formations for accommodating a RW repository. These
formations include Opalinus Clay in Switzerland, Callovo-Oxfordian
Clay in France and Boom Clay in Belgium and the Netherlands
(Grambow, 2016). The redox properties of these clay materials have
been investigated in numerous studies (De Craen et al., 2004; Gaucher
et al., 2004; Wersin et al., 2011). In this work we will investigate Boom
Clay (here collectively referring to the Boom Clay Formation in Belgium
and the Rupel Clay member in the Netherlands) as a model for
argillaceous formations. Boom Clay contains a variety of potentially
redox-active solids. Among these, pyrite is generally considered to be
the most important phase regarding the reduction and immobilization
of redox-active elements such as Se and U (Breynaert et al., 2010;
Bruggeman et al., 2005; Bruggeman and Maes, 2010; Delécaut, 2004).
However, other redox-active minerals present in the Boom Clay,
including natural organic matter (Bruggeman et al., 2007), siderite
(Badaut et al., 2012; Scheinost and Charlet, 2008) and clay minerals
(Charlet et al., 2007; Jaisi et al., 2009), may also contribute signifi-
cantly to redox capacities of the clay material and thus to electron
exchange reactions with radionuclides.

Reduction and oxidation capacities of sediments, from here on
referred to as electron donating and accepting capacities (EDC and
EAC), respectively, are often quantified by reacting them with strong
chemical oxidants or reductants and monitoring their consumption
(Bauer et al., 2007; Heron et al., 1994; Heron and Christensen, 1995;
Pedersen et al., 1991). However, these methods may not always
measure the relevant capacities for redox reactions with radionuclides
because of the aggressive treatments applied. For instance, these
conditions may cause minerals to dissolve or change their properties
and as a consequence electron accepting and donating capacities may
become available that were unavailable in the natural sample prior to
harsh treatments. By comparison, mediated electrochemical analysis
allows monitoring oxidation and reduction of a solid sample over time
under well-defined solution conditions. This is achieved by measuring
reductive and oxidative currents that result from the addition of the
samples to electrochemical cells that are polarized to stable potentials.
The approach relies on the use of dissolved electron transfer mediators
to facilitate electron transfer and redox equilibration between the
added redox-active solid and the surface of the working electrode
(Sander et al., 2015). Integration of the oxidative and reductive current
peaks that result from sample addition directly yields the number of
electrons exchanged and, when normalized the mass of the analyzed
sample, the EDC and EAC values at a specific redox potential. Mediated
electrochemical oxidation/reduction (MEO/MER) has already been
successfully used on solid suspensions of several smectites (Gorski
et al., 2013, 2012a, 2012b, 2011), dissolved organic matter (e.g.
Aeschbacher et al., 2012, 2011, 2010; Klüpfel et al., 2014) and Fe
(oxyhydr)oxides (Klein et al., 2014). Furthermore, it was recently
demonstrated that MER and MEO can be used to quantify electron
transfer to and from natural organic matter and iron(III) phases (Lau
et al., 2015) in fresh-water and lake sediments and to provide a more
holistic picture of electron fluxes in lake sediments with alternating
redox conditions (Lau et al., 2016).

The goal of this study was to use mediated electrochemical analyses
to quantify the redox capacities of a natural clay-rich sediment and to
assess whether the contributions from different dissolved and solid-
phase redox-active species could be delineated. To address the latter
question, we focused on differences in reaction kinetics during MEO of
the various reductants present in Boom Clay. The redox analysis in this
work focused on MEO and less on MER, given that Boom Clay is a
reduced sediment and primarily contains reduced constituents. Due to

the lack of published data on the electro-activity of pyrite, siderite and
the clay mineral illite in MEO, we first separately investigated the
oxidative current responses of reference standards of these minerals.
Based on the results, an empirical equation was developed and
parameterized to describe the current response for each reduced
mineral in MEO. Besides pure mineral samples, synthetic mixtures of
known amounts of pyrite and clay minerals, and siderite and clay
minerals were analyzed to validate the empirical model. This para-
meterized model is then used for the deconvolution of the overall Boom
Clay current signal into the separate mineral contributions.

2. Materials and methods

All electrochemical analyses were carried out in an anaerobic
glovebox with an argon atmosphere (< 0.1 ppm O2). Solutions used
inside the glovebox were purged with argon for about 4 h before
transferring them into the glovebox. All chemicals were purchased from
Sigma-Aldrich, except for triquat (1,1-trimethylene 2,2-bipyridyl di-
bromide) which was synthesized as described by Gorski et al. (2012a).

2.1. Materials

Boom Clay sediment (Belgium classification, which roughly corre-
sponds to Rupel Clay Member of the Rupel Formation in the Dutch
classification system) is a marine sediment deposited during the
Oligocene (Aertsens et al., 2004; Griffioen et al., 2016). Samples were
retrieved from a core collected in Zeeland, the Netherlands, at a depth
of 57.76 m (core KB104, slice 24). More information about location,
storage and treatments of the core can be found in Behrends et al.
(2016). Slicing of the core was performed in a glovebox with N2/H2

95%/5% atmosphere to avoid oxidation of redox sensitive material by
oxygen. Any further manipulations of the material and experiments
were performed inside a glovebox under argon atmosphere. Before
electrochemical analysis, the sample was suspended in ultra-high purity
water (UHQ, 18.2 MΩ cm, Purelab Ultra, Elga). The solid phase
concentration of the suspension was determined by weighing aliquots
after drying them inside the glove box. Boom Clay pore water extracted
from piezometers, SPRING116 and EG/BS, located in the HADES
underground research facility in the Boom Clay in Belgium (Bleyen
et al., 2016; De Craen et al., 2004) was sampled by SCK-CEN (Belgian
Nuclear Research Centre) and sent in crimp flasks under anaerobic
atmosphere.

Four reference clay minerals were used for electrochemical char-
acterization: a ferruginous smectite SWa-1 (Grant County, Washington,
USA), montmorillonite SWy-1 (Crook County, Wyoming, USA) and a
Cambrian shale illite IMt-1 (Silver Hill, Montana, USA) obtained from
the Clay Minerals Society (Chantilly, VA, USA), and the Fithian gray
shale illite (Illinois, USA) obtained from Ward's Natural Science
Establishment (Rochester, New York). The clay minerals were purified,
size-fractionated and Na+-saturated before analyzing them in the
electrochemical set-up. The procedures of these treatments are briefly
described hereafter. Natural clay samples can contain a variety of iron
minerals such as jarosite and poorly crystalline Fe(oxyhydr)oxides
(Anderson and Jenne, 1970; Seabaugh et al., 2006). To remove these
potentially present secondary Fe minerals, 1 M HCl was added in a solid
to liquid ratio of 1 g: 40 mL. The suspension was then left on a shaking
table for 4 h (Claff et al., 2010). The acidic suspensions were subse-
quently centrifuged (8 min at 3000g, SL40R, Thermo Scientific), the
supernatants discarded, and the remaining solids were washed three
times with 0.1 M HCl by repeated resuspension and centrifugation. The
finest size-fraction was separated after re-suspending the remaining
solid in UHQ-water and then treating it in an ultrasonic bath for 10 min
to de-flocculate the clay minerals. The suspension was then centrifuged
at 215g for 2 min to isolate particles smaller than 2 μm which remained
in the supernatant. The supernatant was decanted and saved. The size-
fractionation procedure was repeated until the supernatant was clear
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after centrifugation. Afterwards, all supernatants, containing the< 2
μm size fractions, were combined and saved, while the> 2 μm size
fraction was discarded.

The reference clay minerals were in an oxidized state when
received. To use MEO and determine the EDC of the reduced form of
these clay minerals, we chemically reduced aliquots of the< 2 μm clay
mineral suspension by a citrate/bicarbonate/dithionite (CBD) reagent
(Claff et al., 2010; Gorski et al., 2012a). The dithionite treatment
probably did not reflect reduction by naturally occurring reductants or
bacteria since irreversible structural alterations could occur upon
dithionite reduction that do not occur for example by microbial
reduction (e.g. Gorski et al., 2013; Ribeiro et al., 2009; Stucki, 2011).
Hence, dithionite reduction provides an upper estimate of the redox
sensitive structural FeIII in clay minerals. Here, the dithionite reduction
was conducted to test whether reduced Fe in clay minerals was
quantifiable by mediated electrochemical oxidation and was not used
to mimic natural reduction of clay minerals. The dithionite treatment
would also remove any potentially present crystalline iron (oxyhydr)
oxides: the CDB reagents were added to the clay suspension in a ratio of
2 g sodium dithionite and 44 mL citrated-bicarbonate buffer (pH 7.5,
0.17 M citrate, 0.11 M bicarbonate) per 1 g clay. After 24 h of reaction
time, the supernatant was removed by centrifugation and the residual
was washed three times using 1 M deoxygenated NaClO4 by repeated
resuspension and centrifugation.

To ensure that both the oxidized and chemically reduced clay
minerals were Na+-saturated, fresh anoxic 1 M NaClO4 was added to
both mineral suspensions. After addition, the suspensions were stirred
for about 3 h and then left to settle for a day. The supernatant was
decanted after which fresh anoxic 1 M NaClO4 was re-added. This
saturation process was repeated two more times. The final purified
suspensions of the various clay minerals contained between 7 and 15 g/
L of suspended solids.

The pyrite sample used for the electrochemical analyses was
obtained from Ward's Natural Science Establishment and originated
from Zacatecas, Mexico (cubes, hydrothermal). To remove any oxides
present on the pyrite surface the sample was immersed in a 1 M HCl
solution for 8 h. After rinsing the cubes in deoxygenated UHQ-water
and drying them in the glovebox, they were crushed using an agate
grinding mill. The powdered pyrite was cleaned once more in 1 M HCl
solution for 1 h. Subsequently, the acid solution was decanted and the
pyrite was rinsed with deoxygenated UHQ-water. To separate different
size fractions, the pyrite suspension was wet sieved using mesh sizes of
63 μm and 30 μm, with the largest fraction used for MEO being
30–63 μm (large). The fine fraction (< 30 μm) was separated into
two fractions. To this end, the pyrite suspension was shaken in a 5 mL
glass tube and the fraction that was still suspended after 3 min
contained the fine size fraction (mode 6 μm;< 10 μm, fine) while the
fraction that had settled on the bottom of the 5 mL glass tube within
3 min contained the medium fraction (mode 22 μm; 2–63 μm, medium).
The solid concentrations in the suspensions were 1.75 g/L for the fine,
45.6 g/L for the medium and 24 g/L for the coarse size fraction. Siderite
originating from Queenstown, Quebec, Canada (obtained from Ward's
Natural Science Establishment) was ground by agate grinding mill and
suspended in deoxygenated UHQ-water (10 g/L). Following the proce-
dure above, the finest size fraction was obtained from the supernatant
during sedimentation. The solid concentration of the suspension was
10.7 g/L and the mode of the size distribution of the suspended
particles was 17.8 μm.

Mixtures of chemically reduced smectite SWa-1, fine pyrite and
siderite were prepared by combining the corresponding suspensions. An
overview of the samples used in this study is given in Table 1.

Results from the characterization of the various minerals are
presented in the Supporting Information (SI). Total element concentra-
tions of the Boom Clay sample were obtained by total reflection X-ray
fluorescence spectroscopy (TXRF, S2 Picofox, Bruker), and by digestion
of the minerals in a heated mixture of HF, HNO3 and HClO4 (Reitz et al.,

2004) followed by ICP-OES analysis (Spectro Arcos). The minerals were
qualitatively characterized by X-ray diffraction (XRD, Co-source; D2
PHASER from Bruker with a LINXEYE™ detector). Quantitative mineral
characterization by XRD was performed on a different slice of the same
core at depth 75.36 m by Qmineral, Leuven, Belgium. A detailed
description of this method is given in Koenen and Griffioen (2016).
Organic carbon content was determined using an elemental analyzer
(Fison Instruments, model NA 1500 NCS) after carbonates had been
removed from the sample by repeated washing with 1 M HCl. The Boom
Clay sample was subjected to a sequential Fe-extraction according to
Claff et al. (2010) with some additional modifications. The extraction
step targeting crystalline Fe-Oxides was altered to a repeated addition
of 0.5 g of Na-dithionite per g Boom Clay with a reaction time of 10 min
per addition at a temperature of 70 °C. The final step, the digestion of Fe
in Al-silicates, was replaced by the HF digestion method as mentioned
above. Fe concentrations in the extraction solutions were determined
by ICP-OES. For extraction step 2 using 1 M HCl, the ferrozine
colorimetric method (Viollier et al., 2000) was used to measure the
FeII concentration. Boom Clay samples from neighboring cores KB103
and KB101, collected at similar depths but at an approximate horizontal
distance of 250 m from KB104 (Behrends et al., 2016), were analyzed
by Mössbauer spectroscopy. The spectra were collected at both room
temperature (300 K) and at liquid helium temperature (4.2 K) to obtain
more information on the oxidation state and structural coordination of
Fe. Additionally, the pyrite samples and Boom Clay sample were
analyzed with scanning electron microscopy (SEM). Particle size
distributions of pyrite, siderite and Boom Clay samples were examined
using a Mastersizer S long bed Ver. 2.18 (Malvern Instruments Ltd.).

2.2. Electrochemical analyses

2.2.1. Set-up
The electrochemical analyses were conducted with a CHI1000C

potentiostat (CH Instruments, Austin, TX, USA). Each electrochemical
cell had a three-electrode setup with a 3 M NaCl Ag/AgCl reference
electrode, a platinum wire counter electrode separated from working
electrode compartment by a porous glass frit (Bio-Logic, Claix, France),
and a glassy carbon crucible working electrode (9 mL volume, GAZ1,
HTW Hochtemperatur-Werkstoffe GmbH, Thierhaupten, Germany).
The working electrode also functioned as the vessel containing the
electrolyte into which the two other electrodes were immersed (Fig. 1).
The solution in the cell contained 0.1 M NaClO4 as a background
electrolyte and was buffered to pH 7.5 (0.1 M MOPS). The cells were
continuously stirred using a magnetic stirring bar and plate stirrer
(850 rpm).

2.2.2. Mediated electrochemical oxidation and reduction
To quantify the electron donating and accepting capacities (EDC

and EAC) of the Boom Clay sediment and of the reference standards of
illite, smectite, pyrite and siderite, suspensions of the respective
materials were pipetted into the electrochemical cell operated in
MEO and MER modes, respectively (for pyrite and siderite only MEO
was investigated since these minerals are reduced and are thus
electrochemically inactive in MER). By applying a constant potential,
the redox-active material reacted by either donating electrons to the
working electrode (MEO, applied potential of EH = +0.61 V vs
standard hydrogen electrode, SHE), or by accepting electrons from
the working electrode (MER, EH = −0.6 V vs SHE). Electron transfer
mediators were used to facilitate the electron transfer between the solid
sample particles and the working electrode in both MEO and MER.
Descriptions of suitable mediators can be found in Gorski et al. (2012b).
In this work, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS; standard reduction potential EH0 = +0.70 V) and 1,1′-tri-
methylene-2,2′-bipyridyl (triquat, EH0 =−0.54 V) were used for
MEO and MER, respectively. To measure EDC and EAC, first the
mediator was added to the polarized cell in a quantity that was about
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10 times higher than the expected electron transfer capacity of the
added sample. After redox equilibration of the mediator to the EH
applied to the working electrode, small volumes of around 20 μL of the
mineral suspensions were added to the electrochemical cells. The
electrons transferred to and from the samples were directly measured
in the form of oxidative or reductive current responses (C/s = A). EDC
and EAC were calculated by determining the peak area of the current
response (oxidative current peak for EDC, reductive current peak for
EAC) using the following equation.

∫
EDC (or EAC) =

I(t) dt

m

1
F t1

t2

(1)

where units of EDC and EAC are mol electrons (e−)/g sample, F is the
Faraday constant (96,485 s A mol−1), t1 and t2 (s) are the start and end
of the current peak, I(t) (A) is the current as a function of time and m (g)
is the mass of the amount of sample added. Each sample was analyzed
at least three times.

3. Results and discussion

3.1. Characterization of Boom Clay sample

Analysis of the XRD pattern of the Boom Clay sample (SI, Fig. S.1)
indicates that the main mineralogy consisted of quartz, K-feldspar, Na-
plagioclase, pyrite and clay minerals. The spectrum acquired did not
allow differentiating different clay minerals that were present in the
sample. However, quantitative XRD of a neighboring sample slice (SI,
Table S.1) showed that the main clay minerals present were smectite
(46 wt%), illite (16 wt%), mixed-layer illite-smectite (29 wt%), kaoli-
nite (7 wt%), mixed-layer kaolinite-smectite (3 wt%) and chloritic

minerals (1 wt%). Similar clay mineral contents were found in studies
on Boom Clay samples in Belgium (e.g. Honty and De Craen, 2012;
Zeelmaekers, 2011). Results from sequential Fe-extraction (Fig. 2b and
SI, Fig. S.2) showed that most Fe (334 ± 2 μmol Fe/g BC) was
extracted in the HF step targeting clay minerals. The second largest
Fe pool (61 ± 6 μmol Fe/g BC) was extracted by treatment with
concentrated HNO3 targeting pyrite. The 1 M HCl step, potentially
dissolving FeS, FeCO3 and amorphous Fe(oxyhydr)oxides, extracted
around 20 μmol Fe/g. The ferrozine method indicated that
16 ± 3 μmol/g BC of the HCl-extracted Fe was in the form of Fe2+

and 3.8 ± 0.6 μmol/g BC was Fe3+. A similar amount of around
20 μmol Fe/g was extracted in the citrate-bicarbonate buffered dithio-
nite (CDB). CDB targets crystalline Fe-oxides, although minor amounts
of Fe in clay minerals may also be released in this step. To analyze the
redox state of Fe in the clay minerals, Mössbauer analysis was
performed on two samples of neighboring cores (Fig. 2a). The
procedure of fitting the Mössbauer spectra is described in detail in
the Supplementary information (SI, Table S.2). The spectral contribu-
tions of the two samples were averaged with the difference between the
two as error. The largest spectral contribution came from octahedral
FeIII (59 ± 8%), which was distributed between an inner and an outer
doublet (oct1 and oct2). At 4 K, a hyperfine magnetic sextuplet was
observed, which was attributed to the presence of a very small amount
of Fe-oxides (6 ± 3%) (error represents fitting error since only one
sample was measured at 4 K). The second largest contribution came
from octahedral FeII, for which also two doublets were visible. The
spectrum at 4 K identified one of these doublets as siderite based on its
characteristic spectrum having a magnetic hyperfine field of 17 T
(Wade et al., 1999), resulting in 14 ± 2% FeII in clay minerals and
7 ± 3% from siderite. Pyrite contributed with 14 ± 3% to the
spectrum. The fitted parameters of the components are listed in Table

Table 1
Overview and description of samples used in this study for mediated electrochemical oxidation and reduction.

Sample Description

SWa-1 Ferruginous smectite, Grant County, Washington, USA. Natural sample: original oxidized redox state, dithionite reduced sample: SWa-1 reduced by dithionite
treatment.

SWy-1 Montmorillonite, Crook County, Wyoming, USA. Natural sample and dithionite-reduced sample.
Fithian illite Fithian gray shale illite, Illinois, USA. Natural sample and dithionite-reduced sample.
IMt-1 Cambrian shale illite, Silver Hill, Montana, USA. Natural sample and dithionite-reduced sample.
Pyrite Cubic, hydrothermal pyrite, Zacatecas, Mexico. Separated size fractions: Fine:<~10 μm, Medium: ~10–30 μm, Coarse: ~30–60 μm.
Siderite Siderite, Queenstown, Quebec, Canada.
Clay-pyrite Mixture of 70 wt% dithionite-reduced SWa-1 and 30 wt% fine pyrite.
Pyrite-clay Mixture of 70 wt% fine pyrite and 30 wt% dithionite-reduced SWa-1.
Clay-siderite Mixture of 70 wt% dithionite-reduced SWa-1 and 30 wt% siderite.
Siderite-clay Mixture of 70 wt% siderite and 30 wt% dithionite-reduced SWa-1.
Siderite-pyrite Mixture of 70 wt% siderite and 30 wt% fine pyrite
Pyrite-siderite Mixture of 70 wt% fine pyrite and 30 wt% siderite
Boom Clay (BC) Boom Clay sample from a core in Zeeland, The Netherlands at 57.7 m depth

Fig. 1. Left: set-up of electrochemical cell used for mediated electrochemical analysis. Right: the reaction scheme of mediated electrochemical oxidation (MEO) of a Boom Clay sample,
here with an applied potential of EH = +0.61 V vs standard hydrogen electrode.
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S.2. The Fe pools obtained by sequential Fe-extraction and from
Mössbauer spectra give similar results (Fig. 2b). Next to Fe phases
another possibly redox-active constituent is organic matter. The Boom
Clay sample had an organic matter content of 0.43 wt% C. Since the in-
situ sediment resides under reducing conditions and because the
reductive capacity is most relevant for radionuclide retention, we
focused on determining the electron donating capacity (EDC) obtained
by mediated electrochemical oxidation (MEO). Organic matter and
structural Fe in smectites have already been extensively investigated
with both MEO and MER (e.g. Aeschbacher et al., 2011, 2010; Gorski
et al., 2012a, 2012b). MEO and MER of illite have not been investigated
yet. Although structural FeIII is often predominant in illites, structural
FeII can be present (Johnston and Cardile, 1987; Murad and Wagner,
1994). To a varying extent, structural FeIII in illite can be microbially
reduced (e.g. (Jaisi et al., 2007; Seabaugh et al., 2006) and structural
FeII in chemically reduced illites has been shown to be redox-active
towards CrVI (Taylor et al., 2000). Besides illite, the response of pyrite
and siderite in MEO has also not been previously determined. To
include these minerals in the interpretation of the combined oxidative
current of all the constituents in the Boom Clay, we first investigated
the electro-activity of the separate minerals in MEO. For this, standard
minerals of illite, pyrite and siderite were used as a model for their
counter parts in Boom Clay.

3.2. Mediated electrochemical oxidation and reduction of clay minerals,
pyrite and siderite

3.2.1. Clay minerals
Several standard smectite clay minerals have been analyzed by MEO

and MER in the Gorski et al.'s study (Gorski et al., 2012a). They
observed sharp reductive and oxidative current responses of these clay
materials in MEO and MER, respectively. All of the structural Fe in the
reference smectites, SWa-1 and SWy-2, was found to be electro-active in
MEO and MER. To validate the electrochemical cell set-up used in this
work and to have a well-defined reference against which we could
compare the mediated electrochemical analysis results of the other
minerals analyzed here, we re-analyzed SWa-1 and SWy-2. In this study
we used the original SWy-1 instead of SWy-2. SWy-2 is the second batch
of Wyoming smectite reference material from the Clay Minerals Society.
This second batch was collected and prepared after the first batch, SWy-
1, was depleted. It was sampled from the same formation on the same
location at the same site. SWy-1 and SWy-2 are generally considered to
have similar properties. Current responses for the clay minerals in MEO
are shown in Fig. 3a and b, and for MER in Fig. S.5 of the Supporting

information. MER of the natural (oxidized) smectites and MEO of the
dithionite-reduced smectites resulted in sharp current peaks. For
natural SWa-1, integration of the reductive current peaks according
to Eq. (1) yielded an EAC value of 2.1 ± 0.1 mmol e−/g, which was in
very good agreement with the total amount of structural Fe in this clay
(i.e., 2.0 ± 0.3 mmol Festruct/g). Similarly, all structural Fe in natural
SWy-1 was present as FeIII and fully reducible in MER (i.e., EA-
C = 0.43 ± 0.04 mmol e−/g as compared to 0.46 ± 0.02 Festruct/
g). Both dithionite-reduced smectites yielded small reductive current
peaks in MER suggesting that the dithionite-reduction of structural FeIII

was incomplete. However, the sum of EDC and EAC values of the
dithionite-reduced (2.2 ± 0.07 mmol e−/g) did not significantly differ
from the EAC of the natural, oxidized SWa-1. The same holds true for
the dithionite-reduced SWy-1 (EAC + EDC: 0.38 ± 0.03 mmol e−/g).
These findings confirm the results reported by Gorski et al. (2012a) that
in both natural and dithionite-reduced SWa-1 and SWy-1 all structural
Fe was electro-active in MER and MEO (Fig. 4). Furthermore, the good
agreement validates the accuracy of the MEO and MER setup used in
this work.

For the two illites, Fithian illite and IMt-1, the oxidative and
reductive current peaks in MEO and MER were also very sharp (shown
for MEO of chemically-reduced clays in Fig. 3b). Integration of the
reductive current peaks obtained for the natural illites in MER resulted
in an EAC value of 0.16 ± 0.01 mmol e−/g for the Fithian Illite,
corresponding to 21.9 ± 2.1% of the total structural Fe (Festruct) and
0.09 ± 0.01 mmol e−/g for IMt-1, corresponding to 11.4 ± 1.7% of
total Festruct (Fig. 4). Only a comparatively small fraction of the Festruct
in illites appeared to be reducible in MER. The dithionite-reduction
treatment, like for the smectites, reduced most but not all electro-active
Festruct present in the natural illites, as evidenced from small reductive
current responses in MER and larger oxidative current responses in
MEO of the reduced illites. The sum of EDC and EAC of dithionite-
reduced Fithian illite was 0.19 ± 0.01 mmol e−/g, which is slightly
higher than the EAC of the natural, oxidized sample. It is possible that
the dithionite treatment activated a small amount of the Festruct that
was unavailable to electron transfer with the mediator in the native
Fithian illite. The sum of EDC and EAC of dithionite-reduced IMt-1 was
0.11 ± 0.01 mmol e−/g which corresponds well to the EAC of the
natural, oxidized IMt-1. This finding implies that the chemical reduc-
tion step did not significantly alter the pool of electrochemically active
Fe and that all electrochemically active Fe in the oxidized illite samples
was present as FeIII.

The electro-activity of Fe in illites determined by mediated electro-
chemical analysis can be compared to a study on microbial reduction of

Fig. 2. a. 57Fe Mössbauer spectra of a Boom Clay sample from core 103, neighboring the sample used for mediated electrochemical oxidation (MEO), collected at 4.3 K. b. Comparison of
Fe distribution (wt% of total Fe) measured by sequential Fe extraction and obtained from Mössbauer analysis.
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illites in the presence of an electron shuttle, anthraquinone-2,6-
disulfonate (AQDS) (Seabaugh et al., 2006). They report that 20 to
25% of Fithian illite-associated FeIII can be reduced microbially, which
is in good agreement with our finding that only a comparatively small
fraction of total Fe was electro-active in mediated electrochemistry.
This suggests that structural FeIII in illite accessible to mediated
electrochemical analyses is also redox-active in microbial reduction
experiments. This may indicate that the electro-active fraction of
structural Fe determined by MER and MEO could be used to constrain
the fraction of Fe in illites that is redox-active in natural biogeochem-
ical processes. For smectites, the extent of microbial reduction of
structural Fe in SWa-1 has been shown to be 46% to> 90% depending
on the bacterial community (Kostka et al., 1999). For nontronite NAu-2,
Luan et al. (2014) showed that the extent of Festruct reduction is
dependent on reduction potential, which was also shown for SWa-1
by Gorski et al. (Gorski et al., 2012b). This needs to be taken into
account when using the fraction of electro-active Festruct, measured by
mediated electrochemistry, for predictions of redox-activity in natural
biogeochemical processes. The electro-active fraction of structural Fe in
IMt-1 was lower than in the Fithian illite. Previous work has suggested
that fractions of electro-active Fe may decrease with increasing
structural Fe contents, possibly due to the inability of the clay minerals
to make structural re-arrangements required for charge balancing
(Gorski et al., 2012a; Seabaugh et al., 2006). However, this explanation
does not apply to the two illites analyzed here because of their similar
Fe contents (Fithian: 4.4%, IMt-1: 4.6%). Alternatively, the difference
in electro-active Fe between the illites may originate from differences in
layer charge (Fithian illite: ~0.56 eq/half unit cell (Seabaugh et al.,
2006), IMt-1: ~0.72 eq/half unit cell (Malla et al., 1993)), mineral

surface area, and from differences in arrangement of Fe in the
octahedral sheet (Gaudette, 1964; Liu et al., 2012; Neumann et al.,
2011b; Seabaugh et al., 2006). Differences in these mineral properties
probably also explain the contrast between electro-activity of structural
Fe in smectite and illite. The larger layer charge of illites results in
lower interlayer expandabilities compared to smectites and conse-
quently lower accessibility of structural Fe-sites to electron shuttles
(Liu et al., 2012; Seabaugh et al., 2006). Finally, differences in the
coordination and arrangement of structural Fe in smectites and illites
may further affect the availability of structural Fe for reduction and
oxidation (Gorski et al., 2013; Neumann et al., 2011a, 2011b).

3.2.2. Pyrite and siderite
Electron transfer in mediated electrochemical oxidation of pyrite

was significantly slower compared to the clay minerals (Fig. 3a). The
maximum oxidative currents were reached between approximately 340
and 1140 s after pyrite addition, while maximum oxidative currents
were reached in less than 40 s after clay mineral additions. Fig. 3c
displays the oxidative current responses to additions of 0.2 mg pyrite of
the three different size fractions. Pyrite oxidation kinetics became
slower with increasing nominal particle size: the time periods, after
pyrite addition, required to attain maximum oxidative current values
and to re-approach background current values following the current
peak, increased with increasing pyrite grain size. In general, the
oxidative currents did not re-attain background current values of 1 μA
over the time frame of the measurements but instead remained elevated
between 2 and 5 μA. Consistent with the decelerating oxidation kinetics
with increasing particle size, the EDC values decreased with increasing
particle size: from 14 ± 2 mmol e−/g for the finest size fraction, to

Fig. 3. Baseline corrected oxidative current responses in mediated electrochemical oxidation (MEO) to additions of 0.2 mg of different minerals: a. dithionite-reduced clay mineral SWa-1,
siderite and fine pyrite, b. siderite, c. fine, medium and large coarse pyrite, d. dithionite-reduced SWa-1, SWy-1, Fithian illite and IMt-1. Shades around data points represent the range of
duplicate measurements (fine pyrite), or the standard deviation of triplicate measurements (clay minerals), or six replications (all other). Red lines through data points are curves fitted
with the empirical Eq. (4). For clarity not all data points are presented by a symbol, e.g. for coarse pyrite every fortieth and for clay minerals every fifth data point is displayed. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

A.L. Hoving et al. Chemical Geology 457 (2017) 149–161

154



2.7 ± 0.18 mmol e−/g and 2.3 ± 0.7 mmol e−/g for the medium
and coarse fraction of pyrite, respectively (Fig. 4). The pyrite tested
here was cubic, whereas pyrite in natural clays such as Boom Clay is
predominantly present in framboidal form. We therefore also measured
MEO of synthesized framboidal pyrite (SI, Fig. S.8d) which did not
show any major differences compared to that of the fine (cubic) pyrite
(SI, Fig. S.9). The trend of decreasing EDC with increasing particle size
indicates that the extent of pyrite oxidation is size dependent and, when
assuming the reaction stoichiometry is the same for all size fractions of
pyrite, suggests that oxidation is incomplete. In order to evaluate the
yield of pyrite oxidation based on EDC, the stoichiometry of the
oxidation reaction needs to be known.

It is unclear which primary oxidation products form during
mediated electrochemical oxidation of pyrite under anoxic conditions.
With elemental oxygen or dissolved Fe3+ as oxidants for pyrite in
aqueous solution, intermediate formation of sulfoxy anions has been
reported and eventually sulfate is considered the main sulfur product of
pyrite oxidation (Goldhaber, 1983; Moses et al., 1987; Moses and
Herman, 1991). However, for anaerobic electrochemical oxidation of
pyrite at applied potentials ≤0.6 V vs SHE, XPS and Raman spectro-
scopy measurements have shown that S0 can be a product (Holmes and
Crundwell, 2000; Kelsall et al., 1999; Mycroft et al., 1990; Turcotte
et al., 1993; Hamilton and Woods, 1981). At potentials below 0.6 V,
S2O3

2− and S0 are expected to form, while further oxidation to SO4
2−

is expected to be of minor importance (Kelsall et al., 1999). Elemental
sulfur, as a product of pyrite oxidation, is thought to form by the
decomposition of the intermediate oxidation product S2O3

2− that is
unstable under acidic conditions (Kelsall et al., 1999; Moses et al.,
1987). Under alkaline conditions, S2O3

2− is more stable and does not
decompose quickly to S0 (Kelsall et al., 1999; Xu and Schoonen, 1995).
The products expected for electrochemical oxidation of pyrite under
alkaline to circumneutral pH and at a reduction potential around
EH = 0.6 V vs SHE include Fe(OH)3, S2O3

2− and S0 and possibly traces
of SO4

2− as well as intermediate polysulfides.

The oxidation of pyrite to S0 and Fe(OH)3 as major oxidation
products would result in donation of 3 mol e− per mole pyrite and
therefore a theoretical EDC value of 25 mmol e−/g. Oxidation to
S2O3

2− and Fe(OH)3 would result in a 7 mol e− transfer per mole
pyrite which corresponds to a theoretical EDC value of 58.3 mmol e−/
g. Both theoretical EDC values are much larger than the measured EDC
values for pyrite, which were between 14 and 2.3 mmol e−/g depend-
ing on the size fraction tested. Incomplete oxidation of pyrite over the
course of MEO and the strong dependency of oxidation rates and
extents on particle size can be attributed to surface processes such as
the loss of reactive surface sites and the formation of oxidation products
on the pyrite particle surface. Under acidic conditions, lower oxidation
rates were observed in biological experiments when sulfur accumula-
tion at the pyrite surface was detected (Sasaki et al., 1998). Surface
passivation, most likely by accumulated sulfur, was also observed by
Long and Dixon (2004). At pH 7.5, applied in our experiments, S2O3

2−

is more stable and S0 less likely to form. Here, slow oxidation could also
arise from the fact that at potentials below 0.6 V several steps in the
oxidation process are very slow and oxidation is likely to occur
exclusively at defects, steps and kinks at the pyrite surface (Kelsall
et al., 1999a). The loss of these reactive surface sites will slow down the
oxidation process of the pyrite even more which may result in very low
currents. Furthermore, formation of a surface layer of ferric iron
(oxyhydr)oxides (Caldeira et al., 2003; Todd and Sherman, 2003) at
alkaline pH could also possibly slow down the oxidation of pyrite.
Poisoning of the electrode may have caused loss of reactivity. However,
the potential amounts of formed S0 would have been very small in
comparison to the working electrode surface. It is also more likely that
S0 formed on the mineral surface rather than the electrode surface due
to the fact that the electron transfer in MEO was mediated.

The addition of siderite to MEO cells resulted in only a very small
oxidative current peak (Fig. 3a and d). Integration of the oxidative
current peaks showed that less than 2.1 ± 0.8% of the FeII in siderite
was oxidized over the course of MEO. Under the MEO conditions used

Fig. 4. Ratios of the measured electron donating capacities (EDC, red bars) and electron accepting capacities (EAC, black bars) over the theoretical, calculated EDC and EAC values of four
standard reference clays (natural or dithionite-reduced), of different size fractions of pyrite and of siderite. The expected EDC and EAC values for clay minerals were calculated based on
the structural Fe content of the clay minerals and a stoichiometry of 1 mol transferred e− per oxidation or reduction of 1 mol structural Fe. For siderite also a stoichiometry of 1 mol
released e− per 1 mol oxidized FeII was used. For pyrite two oxidation reactions were considered: 1 mol of pyrite releases 3 mol e− (dashed line)(oxidation to S0 and FeIII) or 7 mol e−

(solid line)(oxidation to S2O3
2−). Error bars represent propagated error of measured structural Fe (duplicates) and standard deviations of repeated electrochemical measurements with

n = 3 for clay minerals and fine and medium sized pyrite, n = 5 for coarse pyrite and n = 9 for siderite. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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here, structurally bound FeII in carbonates was therefore not electro-
active. Photochemical (Kim et al., 2013) and chemical (Duckworth and
Martin, 2004; Rakshit et al., 2008) oxidation of siderite is coupled to
the formation of iron oxides, implying that the reaction proceeds via a
dissolution-precipitation mechanism. Hence, the measured currents
could be explained by oxidation of surface-bound FeII and/or aqueous
FeII released into solution during slow siderite dissolution. Siderite has
a structure similar to calcite. Assuming a surface density of 1 Fe atom/
20 Å2 (Stipp, 1999; Turner et al., 2014; Walter and Morse, 1984), a
surface roughness of 1 and a particle size of 17.8 μm, a concentration of
1.8 μmol surface Fe/g siderite is obtained. This represents about 0.01%
of bulk Fe content of siderite. The latter implies that oxidation of
surface-bound FeII alone cannot explain the measured EDC. It is
therefore conceivable that aqueous FeII released by siderite dissolution
could account for the observed currents. Dissolved FeII readily under-
goes electrochemical oxidation with or without mediators. At condi-
tions comparable to those in the MEO measurements, Duckworth and
Martin (2004) found a dissolution rate of 10–8.5 mol m−2 s−1 which
corresponds at steady state conditions to a current of about 7.6 nA for
the 2 mg siderite used in the MEO experiment. This is lower than the
measured background current and can therefore not explain the small
observed current peak. Grinding and size separation of the siderite
sample, could have formed labile Fe on the siderite surface which can
possibly explain the small current peak.

3.3. Fitting of current peaks

The pronounced difference in oxidation kinetics of clay minerals
and pyrite in MEO offers the opportunity to separate their contributions
to the overall oxidative current responses obtained in MEO when
analyzing samples that contain a mixture of these minerals. For this
purpose, we developed an empirical equation describing the current
responses in MEO for the analyzed pyrite, siderite and clay minerals. A
first-order rate law can be used to describe the decrease in the oxidative
currents after the maximum peak current.

I(t) = I ∙e0
−k∙t (2)

where I(t) (A) is the current at a given time t(s), I0 (A) is a virtual initial
current at time zero. The decay constant, k (s−1), is a measure of the
steepness of the current decrease.

The measured oxidative currents depend on the rates at which
electrons are transferred to the working electrode. This rate may be
limited by different steps in the mediated oxidation process (Fig. 1).
The decay constant k describes the overall rate determining step in
MEO. Information on the electron transfer rates from the mineral
sample to the mediator (and the corresponding k-value) can only be
obtained if this transfer step is slower than the rate at which the
mediator is re-oxidized at the working electrode (i.e. the combined rate

for mass transfer of the reduced mediator to the working electrode and
for the re-oxidation of the reduced mediator at the working electrode).
The kinetics of electrochemical mediator oxidation were obtained by
fitting Eq. (2) to the oxidative current peak generated by addition of
ABTS-mediator to the electrochemical cell prior to the addition of the
mineral samples. The k-value for oxidation of ABTS-mediator of
0.0047 s−1 was much larger than the k-values obtained by fitting the
current responses of the mineral samples (k2 in Fig. 5). The current
responses to mineral additions measured in MEO therefore reflected the
rates at which electrons were transferred from the added minerals to
the ABTS°+ and not the rates of ABTS re-oxidation.

While Eq. (2) describes the decline of the oxidative current peak, it
cannot describe the onset of the initial part of the oxidative current
peak during which the current (slowly) increased up to a maximum
peak value. Ideally, an immediate increase to maximum current values
is expected followed by a decrease in current as the material is
consumed by oxidation. An initial increase in current however, suggests
that oxidation accelerates over time. The process(es) underlying this
initial increase remain(s) unclear, although it appeared that these initial
current increases were mineral specific. That is, the initial increases
were fast for clay minerals and siderite but slow for pyrite. We also
observed that aging of suspensions of fine pyrite resulted in slower
initial current increases (SI, Fig. S.10b). This aging effect may have
originated from observed particle aggregation which decreases the
mediator-accessible surface of the mineral at the beginning of the
measurements. Through time, possibly by rigorous stirring, the parti-
cles disperse and consequently more sites become available. While the
causation behind the initial increase in the oxidative currents remains
unclear, we found that the initial current increase can be described by
an asymptotic function:

I(t) = k ∙t
k ∙t + 1

1

1 (3)

To describe the total oxidative current peaks Eqs. (2) and (3) were
combined:

I(t) = A∙ k ∙t
k ∙t + 1

∙e + B1

1

−k ∙t2
(4)

where B (A) accounts for the background current and A (A) is a scaling
factor to adjust the peak height to the measured maximum current.
With this generic function it was possible to accurately fit the oxidative
current peaks of all analyzed reference materials (Fig. 3a–d). The fitting
procedure was performed by least squares regression with an iteration
procedure based on Levenberg-Marquardt algorithm. The fitted values
for k1 and k2 were significantly smaller for pyrite than for all clay
minerals (Fig. 5). The values for k1 were in the range of
1.2–6.1 · 10−3 s−1 for pyrite, 20–140 · 10−3 s−1 for siderite and
27–240 · 10−3 s−1 for clay minerals. k1-values varied considerably

Fig. 5. Box plots of parameters k1 (a) and k2 (b) from Eq. (4) for various clay minerals, pyrite of different grain sizes and siderite. The parameter values were obtained by fitting Eq. (4) to
the oxidative current peaks measured in mediated electrochemical oxidation in response to mineral additions.
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between different clay minerals and between pyrites of different
particle size. In contrast, values for k2 were all similar for the various
clay minerals with an average of 3.2 ± 0.7 · 10−3 s−1. For pyrite, the
average k2 value was 0.59 ± 0.23 · 10−3 s−1 and for siderite
2.6 ± 0.5 · 10−3 s−1.

3.4. Mixtures of standard minerals

Before analyzing natural Boom Clay samples, we first validated that
current peaks of (synthetic) mixtures of reference minerals behaved
additively in terms of the current contributions of the individual
minerals in the mixture. To this end, the measured current peak
responses to addition of the mixtures were fitted using a linear
combination of empirical Eq. (4) of the different reference materials
in the mixture:

I (t) = A ∙
k ∙t

k ∙t + 1
∙e + A ∙

k ∙t
k ∙t + 1

∙e + B

Mix clay−pyr clay
1clay

1clay

−k ∙t
pyrite

1pyrite

1pyrite

−k ∙t

2clay

2pyrite (5)

In the fitting procedure (iterative least squares method) k1- and k2-
values were constrained by the minimum and maximum values of all
the previously measured individual reference minerals, i.e. k1clay and
k2clay were constrained between the minimum and maximum values of
all different clay minerals, and k1pyr and k2pyr by the minimum and
maximum values of all pyrite particle sizes (Fig. 5). The k-values were
not a-priori set to the exact values obtained from measurements of the
individual materials used in the mixture in order to test the robustness
of the fitting procedure. That is, to assess the suitability of the method
to be applied to a sample like Boom Clay, of which the exact pyrite size
and clay mineralogy are unknown. Only variables Aclay, Apyrite and B,
representing the relative quantities of the minerals in the mixture and

Fig. 6. Baseline corrected oxidative current responses in mediated electrochemical oxidation (MEO) of mineral mixtures clay-pyrite (70 wt%–30 wt%) and pyrite-clay (30 wt%–70 wt%)
(filled black squares). The black line represents the fitted curve using Eq. (5) with constrained k-values, and the beige and blue lines are the deconvoluted curves for clay and pyrite in the
mixture, respectively. The open symbols are measured current responses to MEO of individually measured SWa-1 (open circles) and fine pyrite (open triangles). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Optimized parameters k1 and k2, obtained by fitting current peaks of the individually measured smectite clay mineral SWa-1 and fine pyrite using Eq. (4), and of mineral mixtures and
Boom Clay using Eq. (5). The lower and upper limits, used for fitting the k-values in Eq. (5), are also shown.

Clay component Pyrite component

k1 (10−3 s−1) k2 (10−3 s−1) k1 (10−3 s−1) k2 (10−3 s−1)

Individual minerals
SWa-1 125 ± 42 3.97 ± 0.30 – –
Fine pyrite – – 6.08 ± 0.35 0.35 ± 0.17

Lower and upper boundaries of k-values in Eq. (5)
27–240 1.97–4.19 1.2–6.1 0.24–0.77

Mixtures and natural sediment
Clay-Pyr 152 ± 53 4.19 ± 0 4.17 ± 2.73 0.38 ± 0.19
Pyr-Clay 240 ± 0 4.15 ± 0.06 1.90 ± 0.04 0.43 ± 0.03
Boom Clay 99 ± 44 3.84 ± 0.32 4.5 ± 2.8 0.56 ± 0.04

Reported uncertainties indicate standard deviations of triplicate measurements (fine pyrite) or four replicate measurements (SWa-1).

A.L. Hoving et al. Chemical Geology 457 (2017) 149–161

157



the background current, respectively, were fitted without constraints.
With the optimized parameters, the overall measured current peaks
were deconvoluted and the contributions of the two individual types of
minerals in the mixtures were derived.

Fig. 6 shows experimentally measured and fitted current responses
for the mixtures of pyrite and clay. Results for mixtures containing
siderite can be found in the Supporting Information (SI, Fig. S.11). Eq.
(5) reproduced the current peaks well, although the onset of the current
peak for the pyrite-clay-mixture was slightly steeper than the fit could
reproduce within the given k1 boundaries (Fig. 6). Optimized k-values
obtained by fitting the current peaks of the mixtures were, in general,
very similar to those obtained from fitting the current curves of
individually measured SWa-1 and fine pyrite that were used for the
mixture (Table 2). An exception was the value of k1clay for the pyrite-
clay-mixture which was larger than the k1-value of individually
measured SWa-1 because the onset of the current peak of the mixture
was faster than that of the individually measured SWa-1. The EDC
values obtained by integrating the deconvoluted current responses were
very similar to the EDC values determined for the individual minerals:
the EDC values for clay and pyrite were 1.3 ± 0.1 mmol e−/gclay in mix

and 5.7 ± 0.2 mmol e−/gpyr in mix) in the mixture and 1.3 mmol e−/
gclay and 5.2 ± 0.9 mmol e−/gpyrite when SWa-1 and pyrite were
individually analyzed, respectively. This demonstrates that the current
response for mixtures of reference materials was additive with respect
to currents obtained from individual mineral components. Note that the
fine pyrite used to prepare the mixtures had a slightly different grain
size distribution (with more larger particles) compared to the fine
pyrite analyzed in Section 3.2.2. This difference in grain size explains
the lower EDC value for fine pyrite used in the mixture.

MEO of mixtures containing siderite and pyrite (pyrite-siderite
70–30% and siderite-pyrite 70–30%) resulted in current peaks similar
to those obtained by MEO of individually added pyrite (SI, Fig. S.11). In
the mixtures of siderite with pyrite but also in siderite with smectite,
the current responses from MEO of siderite appeared to be too small to
be separated from the larger current peaks produced by MEO of the
other minerals.

3.5. Application of deconvolution method to MEO of a Boom Clay sample

The oxidative current response in MEO to addition of 2 mg of the
Boom Clay (BC) sample showed a narrow peak with a shoulder at
around 1500 s (Fig. 7). The EDC value was 0.2 ± 0.05 mmol e−/g dry
BC. Several redox-active constituents present in BC could contribute to

this oxidative current peak including clay minerals, pyrite and siderite,
as well as natural organic matter. MEO of natural organic matter (NOM)
(i.e. humic and fulvic substances in particular) was shown to exhibit
fast electron transfer kinetics with sharp current peak responses (e.g.
Aeschbacher et al., 2012). Consequently, the current contribution of
natural organic matter to the oxidative currents of BC samples might be
difficult to distinguish from that of clay minerals. While NOM extracted
from BC was not available for analysis, we had access to dissolved
organic matter (DOM) from BC pore water obtained from two piezo-
meters. The MEO of the DOM is shown in Fig. S.12 (SI). Fitting of the
oxidative current peak of the pore water using Eq. (4) indeed yielded k1
(0.17 s−1) and k2 (0.0014 s−1) values close to or in the range of those
of the clay minerals. Integration of the current peaks gave an EDC value
of 0.48 ± 0.07 mmol e−/L for water from the EG/BS piezometer and
0.57 ± 0.07 mmol e−/L for water from the SPRING piezometer. The
Fe2+ content in these samples was 0.0036 mmol/L for SPRING pore
water and 0.016 mmol/L for EG/BS pore water, implying that the
current response was predominately caused by DOM oxidation. When
correcting for the contribution of Fe2+ to the EDC and normalizing to
the dissolved organic carbon concentrations in the BC pore water
samples, EDC values of DOM of about 2.4 mmol e−/gC were obtained
which is in the range of values measured by Walpen et al. (2016). When
extrapolating the results for DOM to the total content of organic carbon
in Boom Clay (0.43 wt%C) an EDC value of NOM in BC of approxi-
mately 0.01 mmol e−/g BC is obtained, which is 5% of the total EDC of
Boom Clay. In conclusion, deconvoluting the contributions of clay
minerals and NOM to the oxidative current response solely based on
electron transfer kinetics seems to be impossible. However, when
combining the known NOM content with an educated estimation of
the EDC of NOM it is possible to separate the contributions of NOM and
clay minerals from the fast oxidative current response in MEO

The MEO current peak response to BC was fitted allowing for either
one (Eq. (4)), two (Eq. (5)) and three components (Fig. 7). In the latter
case, Eq. (5) was expanded by a third term for the contribution of
siderite and the k-values were constrained to those obtained for siderite
in the fitting procedure. As can be seen in Fig. 7 and from residual
curves in Fig. S.13, using only one component was insufficient to
reproduce the measured current curve. Using the model containing two
components yielded a much better fit of the experimental data. Adding
siderite as a third component did not improve the fit and resulted in an
optimized value for Asid of zero. This is in agreement with the
measurements of siderite in mixtures with other reference materials:
even with relatively high siderite contents, the contribution of siderite
to the current response was much smaller than those from clay minerals
and pyrite (SI, Fig. S.7). Consequently, from all potentially redox active
constituents in BC, clay minerals and pyrite dominated the measured
oxidative currents while the contribution of siderite can be neglected in
a first approximation.

Integration of the deconvoluted curves obtained from the 2-compo-
nent fit using Eq. (5) yielded an EDC value of 131 ± 36 μmol e−/g BC
for the pyrite fraction. The pyrite content of this sample was
61 ± 6 μmol/g BC. Recalculating the EDC value per gram pyrite
yielded 17.9 ± 5.2 mmol e−/gpyrite. This value is similar to the EDC
values of 14 ± 2 mmol e−/gpyrite determined for the fine-grained
reference pyrite. SEM images of the sample (SI, Fig. S.4) showed that
pyrite was present in varying particle sizes, but that fine particles
dominated. For the fast reacting clay-NOM part of the current peak, an
EDC of 42 ± 14 μmol e−/g BC was obtained. Correcting for the
estimated EDC value of NOM gave an EDC value of 32 ± 14 μmol
e−/g BC that likely originated from structural FeII in clays. Based on
Mössbauer analyses of a set of surrounding Boom Clay samples, about
14 ± 2% of total Fe was present in the form of structural FeIIin clay
minerals. Applying this percentage to the BC sample used for MEO gives
an FeII content of about 60 ± 9 μmol FeIIclay/g BC. This value is about
twice as high as the redox active FeII content derived from MEO,
suggesting that about half of the structurally bound FeII is redox active.

Fig. 7. Oxidative current response to the addition of 2 mg Boom Clay sample to
electrochemical cells with and without ABTS as electron transfer mediator. The cell
potential of the working electrode was set at EH = 0.61 V vs SHE. Gray shade represents
the standard deviation of three replicates.
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The remaining structural Fe in clay, 274 μmol Fe/g BC, was in the form
of FeIII. Performing MER on the Boom Clay sample resulted in a narrow
reductive current peak with an EAC value of 52 μmol e−/g BC (SI, Fig.
S.14). This EAC value can for a large part be assigned to a small amount
of Fe-oxides (30 μmol Fe/g BC) present in the sample. We therefore
conclude that the vast majority of structural FeIII in this naturally
reduced clay sample appears to be electrochemically inactive.

The current responses of Boom Clay, obtained in MEO, showed that
pyrite was the largest electro-active pool but NOM and structural FeII in
clay minerals were also (partly) electro-active under the experimental
conditions. The measured electro-activity of Boom Clay is, however, not
necessarily equivalent to its redox activity under natural conditions.
The EDC measured by MEO may under- or overestimate the capacity of
Boom Clay to reduce compounds entering the clay formation. This is
due to the fact that the electrochemically measured EDC only accounted
for the oxidation of Boom Clay components which reacted sufficiently
fast to result in an oxidative current significantly higher than the
background current in the MEO cell. Conversely, much slower redox
reactions may occur in the Boom Clay over the course of days, years to
millions of years, which would be too slow to be detectable in MEO. In
this case, the electrochemically obtained EDC underestimated the
capacity of Boom Clay to reduce e.g. oxygen or SeO3

2− because the
EDC value did not account for siderite oxidation and only partially
accounted for pyrite oxidation. For clay minerals and NOM the extent of
electron transfer can depend on reduction potential (EH) (e.g.
Aeschbacher et al., 2012; Gorski et al., 2012a; Luan et al., 2014). The
EH value of +0.6 V and −0.6 V vs SHE used in MEO and MER are
upper and lower limits of naturally occurring reduction potentials. The
EDC and EAC obtained at these potentials therefore were maximum
capacities and could thereby overestimate the capacities of clay
minerals and NOM to accept or donate electrons in reactions with
intermediate redox potentials. To obtain EDC and EAC values for a
specific redox reaction, MEO and MER should be performed at the EH
value belonging to that reaction. In the case of microbial reduction,
accessibility of surface sites can also limit structural FeIII reduction,
especially in illites (Seabaugh et al., 2006). MER could therefore have
overestimated the extent of natural redox capacities accessible for
anaerobic microbial respiration.

4. Conclusions

This study demonstrates that mediated electrochemical analysis
allows quantification of the electron transfer capacity of a reduced
natural clay sediment. The EDC values provide a measure of the
reducing capacity of a sediment. This is an integral value and, as
shown, may have contributions from different mineral constituents.
MEO is able to probe redox-active structural Fe in different types of clay
minerals and can quantify the electro-activity of DOM. Oxidation of
pyrite and siderite in MEO, under the applied conditions, is incomplete.
Total EDC values of the sediment could be used to assess electron
donation to contaminants in natural and engineered systems, including
radionuclides in RW-repositories. However, since some minerals, like
pyrite, do not undergo complete oxidation and have different oxidation
products in MEO compared to other oxidative conditions or microbial
oxidation, the EDC obtained by MEO could underestimate the reducing
capacity. In such cases the individual contributions of the redox-active
minerals in the sediments need to be examined. MEO can provide
information on the rates of electron transfer and, for minerals that have
very different oxidation kinetics, can be used to assess their individual
contributions. This worked well for separating contributions of pyrite
from clay mineral Festruct-NOM in a natural clay sediment. This
information of individual contributions may also be critical for detailed
geochemical modeling of pollutants in subsurface environments con-
taining different mineral reductants that transfer electrons to contami-
nants at different rates.

Supporting information available

Characterization of the Boom Clay sample and reference materials
(grain size, digestion, sequential Fe extraction, XRD, Mössbauer spectra,
SEM images). MER of reference clay minerals and the Boom Clay
sample. Results of additional MEO analyses of the siderite mixtures
with both pyrite and SWa-1 and MEO current curves of fresh versus
aged fine pyrite suspensions, framboidal pyrite versus cubic fine pyrite,
and of Boom Clay pore water from piezometers.
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