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ARTICLE INFO ABSTRACT

Keywords Clay formations are under considerations in various countries to host a deep geological repository for high-level
Opalinus clay nuclear waste owing to beneficial physicochemical properties. These properties can, however, be influenced by
Tllite the chemical form of structural Fe. The goal of this study was to obtain information on speciation of Fe associated
Iron with the clay fraction separated from the Opalinus clay rock, one of the clay formations at an advanced stage of
;('IF{I]?{ repository planning. The clay rock was purified and the clay fraction was separated. Analyses by X-ray powder

diffraction evidenced the presence of 1:1 (kaolinite) and 2:1 layer minerals (e.g., illite and possibly illite/smec-
tite mixed layers), no other phase in significant amounts could be detected. Infrared spectroscopy corroborated
the presence of both 1:1 and 2:1 layer minerals, and the absence of Fe®*,-OH bending in the spectrum ruled
out extensive Fe clustering and hinted at a rather homogeneous distribution within the structure. Information
on Fe speciation was obtained by X-ray absorption spectroscopy (XAS) at the K-edge. To reduce uncertainties on
structural parameters, overlapping contributions from in-plane and out-of-plane shells were filtered by recording
polarized XAS data. The position of the pre-edge feature indicated the prevalence of Fe>*, while the intensity and
splitting were typical of Fe located at octahedral site. The pre-edge of the reference kaolinite differed from that of
the Opalinus clay sample, excluding the prevalence of Fe within that 1:1 layer mineral. Data thus suggested the
prevalence of Fe* within the octahedral sheet of 2:1 layers. Polarized XANES and EXAFS exhibited significant
angular dependencies hinting at the presence of various neighboring shells with specific orientations. The first
O shell located at 2.03 A contains about six O atoms oriented in-plane. At higher distances, three in-plane Al/
Mg and Fe and about four out-of-plane Si atoms were detected at ~3.05 A and 3.23 A, respectively, suggesting
that Fe is located in a dioctahedral octahedral sheet of 2:1 layers. The presence of significant amounts of Fe in
the tetrahedral sheet was excluded. Combining results from XAS with that from chemical analysis enabled to es-
timate first the structural formula of the 2:1 layer fraction and subsequently the proportions of 1:1 and 2:1 layer
minerals within the purified clay fraction of the Opalinus rock. The estimated proportions of 1:1 and 2:1 layer
minerals were in reasonable agreement with that of the whole Opalinus rock.

Polarized XAS

1. Introduction

The final disposal of high-level nuclear waste (HLW) in deep geo-
logic formations with the aim to isolate it from the biosphere is un-
der investigation in various countries. In deep geological repositories
(DGR), HLW is planned to be surrounded by a series of barriers, each
having a capacity to prevent or lower the release of radionuclides to
the environment (e.g., Ewing et al., 2016). Countries such as Bel-
gium, France and Switzerland are at an advanced stage in their inves-
tigations on the possibility to select clay rock to host such a reposi-
tory (e.g., ANDRA 2005; NAGRA, 2002). Clay rocks mainly consist
of clay minerals, with additional phases such as other silicates (quartz,
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feldspar), carbonates (calcite, siderite) and minor amounts of pyrite
(Grambow, 2016). Furthermore, bentonite, which is mostly made of
highly reactive smectite (Christidis and Huff, 2009), may be used
as backfill material in such a repository. Choosing to dispose of HLW
in clay rock is motivated by the availability of an appropriate geologic
formation, and because clay minerals have beneficial physicochemical
properties, such as swelling, low hydraulic conductivity and high reten-
tion capacity (e.g., Grambow, 2016). These properties depend on the
crystallochemistry of these minerals, and thus providing detailed infor-
mation can help improving the understanding of the reactivity of the
specific host rock.

Clay minerals belong to the phyllosilicate group and their crys-
tal structure is made of octahedral and tetrahedral sheets (Meunier,
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2005). In 1:1 layers, one tetrahedral sheet binds one octahedral sheet
(e.g., kaolinite or serpentine). In 2:1 layers, one octahedral sheet is sand-
wiched between two tetrahedral sheets and the layer charge originat-
ing from cationic substitution within the lattice is balanced by interlayer
cations (e.g., smectite, illite or mica). Finally, in 2:1:1 layers (e.g., chlo-
rite) the interlayer of 2:1 stacks is made of an octahedral sheet. Clay
minerals exhibit a great diversity in their composition because of their
large compositional ranges of solid solution and their ability to form
polyphased crystals by interstratification (Meunier, 2005). Octahedral
sites of clay minerals are commonly filled by A1**, Mg2™", Fe?* or Fe3™.
Tetrahedral sites are smaller and commonly filled by Si** atoms and
can be substituted by AI**, more rarely by Fe3*, whereas Fe?* is less
likely to fit tetrahedral sites because of its large size and possibly be-
cause of its difference in charge with Si**. This great flexibility of struc-
tural sites filling patterns can result in various locations and amounts of
layer charge, which may affect the reactivity of clay minerals. For ex-
ample, the location and amount of cationic (e.g., Vinci et al., 2020)
and anionic substitutions (Dazas et al., 2015) in smectites affect their
hydration properties and thus the transfer and fate of contaminants in
surficial environments where these minerals are present.

The physicochemical properties of clay rock depend on the nature of
clay particles present in the mineral assemblage. For example, smectites
and illite are ubiquitous in clay rocks and in sedimentary deposits, and
their content varies with the geochemical conditions (e.g., temperature
and pressure) of the environment where they are present (e.g., Meunier
and Velde, 1989; Ferrage et al., 2011). Indeed, an increase in tem-
perature and pressure favors the transition from the expandable layers
smectite to the non expandable layers illite in a reaction called smectite
illitization (Lanson et al., 2009; Ferrage et al., 2011), and which
proceeds through an evolution of the layer charge driven by atomic sub-
stitutions (Berthonneau et al., 2017). Interestingly, such geochemical
conditions are also expected to develop after closure and water resatu-
ration of a DGR for HLW. Under such anoxic, elevated temperature and
water-saturated conditions, steel canisters containing HLW will corrode,
resulting in the formation of Fe?™ and in the production of hydrogen.
Upon contact with Fe?* clay minerals are expected to be destabilized,
followed by the formation of Fe-rich 1:1 layered silicates (e.g., Schlegel
et al., 2014; Mosser Ruck et al., 2020). Interestingly, earlier stud-
ies suggested that clay destabilization actually starts with the release of
protons bound to Fe3* from the clay octahedral sheet and that no re-
action is observed when structural Fe** is absent (Lantenois et al.,
2005). Besides, the production of hydrogen upon steel corrosion will
lead to an increase in pressure and to the evolution of reducing condi-
tions, which may also favor the reduction of structural ferric ion to fer-
rous ion. Furthermore, the presence or existence of microorganisms in
repository-type sites, residing in the host rock and associated ground-
water, has been reported in several studies (Mullican et al., 2009),
and microbial activity can also lead to the reduction of structural iron in
clay minerals (Kim et al., 2004; Stucki and Kostka, 2006; Li et al.,
2019). Consequently, the composition of clay minerals of a DGR, and
thus its physicochemical properties, may evolve with time and to some
extent depend on the content and speciation of structural iron.

A modification of the oxidation state of structural iron in clay min-
erals can have various impacts over the course of the geochemical evo-
lution of the repository system. For example, the reduction of struc-
tural iron has been shown to modify the physicochemical properties of
the clay rock and the bentonite backfill (Stucki and Kostka, 2006;
Stucki, 2011; Liu et al., 2012), which in turn will affect the per-
formance of the barrier. Similarly, a reduction in Fe oxidation state
will modify the retention properties towards radionuclides (Xia et al.,
2005; Bishop et al., 2011; Joe-Wong et al., 2017) mobilized upon
HLW matrix alteration. Because the extent of structural Fe3* reduction
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depends on the layer charge, the charge location and on the Fe content
(Gorski et al., 2013), detailed studies on specific clay minerals are
needed to improve the safety case of a repository.

Numerous studies performed in the laboratory reported the reduc-
tion of structural Fe in clay minerals by use of chemicals (e.g., Stucki
et al., 1984; Komadel et al., 2006; Ilgen et al., 2019) or by ap-
plication of electrochemical methods (e.g., Gorski et al., 2012). De-
tailed analysis of reduced clay minerals revealed that the reduction of
structural Fe3* is accompanied by a dehydroxylation of the octahedral
sheet and induces the migration of Fe from cis to trans octahedral sites,
resulting in the formation of defects separated from small trioctahedral
domains (Manceau et al., 2000a; Neumann et al., 2011). In Fe-rich
smectites (nontronites) the formed defects are enclosed within these tri-
octahedral domains (Neumann, 2011), and the re-oxidation of reduced
Fe is only partially reversible.

In most investigations reporting structural characterizations of the
chemical form of structural Fe within clay minerals (e.g., Manceau
et al., 2000a, 2000b; Vantelon et al., 2003; Finck et al., 2015,
2019), information was obtained by applying complementary spectro-
scopic techniques such as infrared and X-ray absorption spectroscopy.
Infrared spectroscopy probes the whole structure, especially the octahe-
dral sheet because all OH-sharing cation pairs contribute to the spec-
trum and because it has no chemical selectivity (Gates, 2008). In con-
trast, X-ray absorption spectroscopy (XAS) is element specific and pro-
vides information on the average number of neighboring atoms for Fe
located at all possible positions. Unfortunately, the nearest octahedral
and tetrahedral cationic shells of octahedral Fe in clay minerals are lo-
cated at ~3.04-3.10 A and at ~3.25-3.30 A, respectively, resulting in
overlap of EXAFS contributions, thereby reducing the precision of quan-
titative analysis of EXAFS spectra. However, this limitation can be over-
come by performing polarized EXAFS measurements on clay minerals
prepared as highly textured samples. The contribution of cations from
the tetrahedral sheet can be minimized by orienting the clay layer plane
parallel to the electric field of the incoming X-ray beam (angle a = 0°),
whereas the contribution of cations from the octahedral sheet is mini-
mized in the perpendicular orientation (o« = 90°). In a polarized XAS ex-
periment, the actual coordination number of neighboring atomic shells
is obtained at a = 35°, and powder and polarized XAS are identical. A
deviation from this value may result in overestimation or underestima-
tion of the number of neighboring atoms. Note that powder and polar-
ized XAS are also identical when the angle between the vector connect-
ing the absorber to the backscatterer and the layer normal equals 54.7°
regardless of a. The successful application of polarized XAS in separating
contributions of next-nearest octahedral and tetrahedral cationic shells
is amply documented in the literature (Manceau, 1990; Manceau et
al., 1998, 2000a, 2000b; Schlegel et al., 1999; Finck et al., 2015,
2017, 2019). Finally, information on either statistical or preferential
distribution in clay minerals can be provided by comparing the number
of detected cationic neighbors with values expected from structural for-
mula or from weight content (e.g, Finck et al., 2019).

The above-mentioned studies typically focused on well-defined, i.e.,
monomineral materials and hardly any work on clay minerals of rocks
currently under consideration in various countries for hosting a deep
repository (e.g., Boom Clay, Callovo-Oxfordian, Opalinus) has been re-
ported. For example, the Opalinus clay rock is an assemblage mostly
made of clay minerals with significant amounts of admixed carbonates
and other silicates (quartz, feldspar), and low amounts of pyrite (NA-
GRA, 2002b; Bath and Pearson, 2003). The goal of this study was
to provide information on the crystal chemistry of structural Fe in the
clay mineral fraction isolated from the Opalinus clay rock. Clay mineral
phases present in the sample were identified and characterized by vari-
ous techniques in the laboratory. The sample was prepared as self-sup-
porting film to obtain information on Fe speciation by polarized X-ray
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absorption spectroscopy (XAS) at the K-edge. Results from quantitative
EXAFS analysis combined with the chemical analysis of the sample were
used to estimate the structural formula of the mineral phase hosting Fe,
and to estimate the proportions of the mineral phases present in the iso-
lated clay fraction.

2. Materials and methods

The Opalinus clay rock used in this study was sampled in 2007
(batch BLT-14 (Nussbaum et al., 2008)) at Mont Terri (Switzerland)
by BGR (Bundesanstalt fiir Geowissenschaften und Rohstoffe, Hannover,
Germany). Opalinus clay was deposited about 180 million years ago in
a rather shallow marine environment of the Jurassic sea and is presently
found throughout northern Switzerland (Bath and Gautschi, 2003).
The Mont Terri Rock Laboratory is situated in a 3900 m long motor-
way tunnel in the Jura mountains of northern Switzerland, in this area
the Opalinus Clay formation has a vertical thickness of about 160 m.
The borehole was drilled in sandy facies, which typically contain var-
ious clay minerals, such as illite, illite/smectite, chlorite and kaolinite,
amounting to 45-70% of the whole rock (Bath and Pearson, 2003).
The rock also contains significant amounts of quartz (16-32%) and car-
bonate phases, mostly calcite (7-17%), along with dolomite/ankerite
and siderite. Finally, lower amounts of feldspar, pyrite and organic car-
bon are present as well in the rock. After drilling, the rock was kept un-
der anoxic conditions until use in this study. All subsequent steps (pu-
rification, fractionation and analyses) were performed under ambient
conditions. The powdered sample was suspended in water, converted
to Na form by repeatedly washing with 1 mol/L NaCl, treated shortly
with HCI at pH 3-4 in 1 M NaCl and brought back to neutral conditions
by washing with 1 M NaCl. No additional chemical treatment was ap-
plied to avoid altering the structure at the platelet edges or the chemi-
cal state of Fe by using e.g. dithionite which is typically used to remove
admixed Fe (hydr)oxides (e.g., Moore and Reynolds Jr., 1997) and
which can as well reduce structural Fe (e.g., Stucki et al., 2002 and
references therein). In order to remove fine-grained accessory mineral
phases successive sedimentation and centrifugation steps were applied
to separate the fraction <0.1 pm which was the target product (Finck
et al., 2019).

The mineralogical composition was determined by X-ray powder dif-
fraction (XRPD) using a D8 Advance (Bruker) diffractometer (Cu Ka ra-
diation, LynxEye XE-T detector). Complementary information was ob-
tained by Fourier transform infrared (FTIR) spectroscopy (IFS55 Bruker
Optics, ATR accessory, DTGS detector) under ambient conditions. For
polarized XAS measurements, the Opalinus clay sample was prepared
as self-supporting film by slow vacuum filtration of the suspension on
a mixed cellulose esters filter of 0.025 pm pore size (Merck Millipore).
This protocol readily provided a highly textured sample with a and b
axes randomly oriented in the film plane (Manceau et al., 1998).
The high orientation was checked by recording scanning electron micro-
graphs using an environmental scanning electron microscope (Quanta
650 FEG, FEI), and information on chemical composition was provided
by energy-dispersive X-ray spectroscopy (EDX).

Fe K-edge X-ray absorption spectroscopy (XAS) data were recorded
at the BM30B beamline (Proux et al., 2005) at the European Synchro-
tron Radiation Facility (ESRF, Grenoble, France) with a storage ring en-
ergy of 6 GeV. The incoming X-ray beam was monochromatized using
a pair of Si(220) crystals and the energy was calibrated by assigning
the first inflection point of the K-edge XANES recorded from a Fe foil
to 7112 eV. For polarized XAS measurements, the self-supporting film
was mounted on a goniometer and spectra were recorded in transmis-
sion mode considering several angles between the electric field of the
X-ray beam and the film plane (a« = 10, 35, 55 and 80°). The experi-
mental uncertainty on « is estimated to +1°. Powder X-ray absorption
spectra were also recorded for several reference compounds: raw kaoli-
nite (KGalb), the purified <0.1 pm fraction of a dioctahedral smectite
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(montmorillonite SWy-2), the purified <0.1 pm fraction of a trioctahe-
dral smectite (hectorite SHCa-1) and FePO,4 (rodolicoite, reference com-
pound for tetrahedral ferric ion [“/Fe3+),

XAS data were analyzed following standard procedures using Athena
and Artemis interfaces to the Ifeffit software (Ravel and Newville,
2005). EXAFS spectra were extracted from the raw data and Fourier
transforms (FTs) were obtained from the k3 x ¥ (k) functions. Data were
fit in R-space using phase and amplitude functions calculated with feff6
(Ankudinov et al., 1998), and the amplitude reduction factor set to
0.75, a value well suited to properly fit the data of goethite (a-FeOOH)
(data not shown). Theoretical paths were generated using the published
structure of 2:1 layer montmorillonite (Tsipursky and Drits, 1984),
with the absorber (Fe) located at octahedral position. Because differ-
ences in backscattering amplitude between Mg, Al and Si are very lim-
ited, data were modeled considering only Al as octahedral neighbor and
Si as tetrahedral neighbor. The presence of Fe at octahedral and at tetra-
hedral position was tested. Polarized XAS data were fit simultaneously
at all angles using a single value of shift in ionization energy (AE,), and
for a given atomic shell a common bond length and mean squared dis-
placement (Debye-Waller term) (Schlegel and Manceau, 2013; Finck
et al., 2015, 2017, 2019). Furthermore, the Fe/Al atomic ratio was
kept equal at all angles. At all angles the Fourier transform range was
4.1-11.0 A~" and the fit range was 1.2-3.4 A. Fits to the pre-edge fea-
tures were obtained using the OriginPro 2017 software as described ear-
lier (Finck et al., 2015).

3. Results and discussion

3.1. X-ray powder diffraction, infrared spectroscopy and electron
microscopy

The X-ray powder diffraction pattern identified the presence of kaoli-
nite and illite in the purified clay mineral fraction of the rock (Fig.
1, top). The broad reflection at 8-9° 20 may also suggest the possible
presence of mixed layer minerals (illite/smectite) (Meunier and Velde,
2004). The absence of sample swelling upon exposure to ethylene glycol
(data not shown) excludes the presence of pure smectites, and no signifi-
cant amount of other crystalline phase could be detected. Earlier studies
on the original rock (i.e. not purified and not fractionated) indicated the
presence of additional phases such as silicates and carbonates (NAGRA,
2002b; Bath and Pearson, 2003). In this study such admixed phases
were removed by purification and fractionation of the clay rock.

The infrared spectrum (Fig. 1, middle) contains bands at 3700,
3670, 3648 and 3621 cm™ corresponding to hydroxyl stretching and
the band at 910 cm™ to hydroxyl deformation of kaolinite (Madejova
and Komadel, 2001). The band at 457 em™ is attributed Si-O-Si defor-
mation and bands at 752 and 687 cm™ to Si-O perpendicular (Made-
jova and Komadel, 2001). The presence of illite in the sample is evi-
denced by bands sometimes overlapping with that characterizing kaoli-
nite, such as -OH stretching at 3623 em~, and Al,-OH and AlMg-OH
bending at 910 and 830 em™, respectively (Inoue and Watanabe,
1989). The band at 517 em~' can be attributed to Al-O-Si deforma-
tion and bands at 752 and 687 cm™ to in-plane vibration of Al-O-Si in
the tetrahedral sheet and to Si-O-Si stretching, respectively (Madejova
and Komadel, 2001). Note that the presence of the band at 752 em™'
hints at substantial Al for Si substitution in the tetrahedral sheet. The
weak band near 800 cm~ can be attributed to Fe3TMg-OH bending
(e.g. Gates, 2008). The intense band at 986 em™ is typical of Si-O
stretching of clay minerals, with the shoulder at 1097 em™ attributed
to Si-O stretching in the longitudinal mode (Madejova and Komadel,
2001). The absence of Mgs3-OH (near 650 crn’l) and Fe®*,-OH (near
820 cm‘l) bending bands in the FTIR spectrum (Gates, 2008; Finck et
al., 2019) rule out extensive Mg and Fe clustering. Furthermore, the
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Fig. 1. X-ray powder diffractogram (up), Fourier transform infrared spectrum (middle) and scanning electron micrographs of the investigated purified and fractioned Opalinus clay sample
(bottom). On the diffractogram, I stands for illite (2M polytype), K for kaolinite and numbers in parentheses indicate hkl planes.

absence of Fe3*Al-OH bending (near 870 cm‘l) rules out the pres-
ence of significant amounts of Al-Fe pairs, whereas the presence of the
Fe3"Mg-OH bending near 800 em™ suggests the presence of octahedral
Mg-Fe pairs. Infrared spectroscopy thus corroborates the presence of 1:1
and 2:1 layer minerals in the sample, with a low but significant Al for Si
substitution in the tetrahedral sheet and with a preferential formation of
Mg-Fe3* pairs in the octahedral sheet. No other mineral phase could be
detected in the sample.

Electron micrographs (Fig. 1, bottom) show that the self-support-
ing sample has a thickness of ~40 pm with clay platelets well oriented
within the film plane, and thus that it is well suited for performing
angular-dependent XAS experiments (Manceau and Schlegel, 2001).
SEM-EDX provides information on chemical composition of the sam-
ple: 51.2 wt% O, 0.7 wt% Na, 1.6 wt% Mg, 14.0 wt% Al, 24.1 wt% Si,
4.3 wt% K and 4.1 wt% Fe. Results reveal a moderate Fe content and
significant Al and Si contents. The substantial Al and low Mg contents
are in line with dioctahedral frameworks (kaolinite and illite). Further-
more, the low Na and substantial K content also agree with the pres-
ence of illite and thus the absence of swelling upon exposure to ethyl-
ene glycol. No iron-containing phase other than clay minerals could be
detected in the sample and FTIR spectroscopy rules out compelling Fe

clustering, implying that iron can be used as local probe to gain infor-
mation at the atomic scale by application of XAS.

3.2. X-ray absorption spectroscopy

Pre-edge spectroscopy. Pre-edge spectra of first-row transition met-
als arise predominantly from 1s — 3d transitions (Waychunas et al.,
1983; Westre et al., 1997). When Fe is in a centrosymmetric envi-
ronment (e.g., Op symmetry), these transitions are electric dipole for-
bidden. No pre-edge should thus be observed for octahedrally coordi-
nated Fe such as in clay minerals but low intensity pre-edge features
are still experimentally observed (e.g., Manceau et al., 2000a, 2000b;
Finck et al., 2015, 2019) because of local symmetry. Indeed, the pres-
ence of vacancies in dioctahedral frameworks alters the geometry of the
octahedra, and thereby the local symmetry around octahedral cations,
whereas distortions are more limited in trioctahedral sheets (Meunier,
2005). Consequently, a portion of formerly forbidden transitions be-
comes allowed through introduction of a trigonal symmetry at octahe-
dral site, resulting in an increase in pre-edge intensity. In a non-cen-
trosymmetric environment the metal 4p mixing into the 3d orbitals pro-
vides some electric dipole allowed 1s — 4p character to the transition
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resulting in the observation of features of substantial intensity for e.g.,
fourfold coordinated Fe (e.g., Ty symmetry (Manceau et al., 2000Db;
Finck et al., 2019)).

The pre-edge of montmorillonite and hectorite is split into two com-
ponents (tye- and eg-like components) and is of lower intensity than that
of FePOy, but in all three compounds the pre-edge has similar energy
position of the centroid (Fig. 2, Table 1). These samples contain only
ferric ion, with sixfold coordination in the smectites and fourfold coor-
dination in FePO4 (Finck et al., 2015; Cipriani et al., 1997). The
pre-edge of the kaolinite differs from that of the smectites and three
components were used to fit experimental data. Two of these compo-
nents are located at energy positions typical of octahedral ferric ion,
whereas the third component is at lower energy, hinting at the possible
simultaneous presence of ferric and ferrous ion in the kaolinite.

The pre-edge of Opalinus at a = 35° (at this angle powder and po-
larized XAS data are identical) differs from that of FePO4 and from that
of kaolinite. In contrast, it is comparable to that of the montmorillonite,
with similar energy position, intensity, energy separation of the compo-
nents and ratio of low energy component integral to high energy com-
ponent integral (Ryj 12, Fig. 2, Table 1). Though the Opalinus clay sam-
ple is a mixture of 1:1 and 2:1 layers, pre-edge spectra indicate the
prevalence of ferric ion at octahedral sites within dioctahedral 2:1 lay-
ers. Polarized pre-edge features exhibit significant angular dependence
(Fig. 3, Table 1), hinting at an anisotropic environment. Interestingly,
Ry1,/12 does not change monotonically with «, but increases from 10° to
35° and then decreases. This finding is consistent with reported studies
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Fig. 2. Experimental XANES (left), and experimental and modeled (red dots) pre-edge
features with individual components (right) of the purified and fractioned Opalinus clay
sample (« = 35°) and other reference compounds (« = 35° for montmorillonite and hec-
torite). Fit results are presented in Table 1. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Results of fits to the pre-edge features, data are shown in Figs. 2 and 3. Uncertainties on
energies are estimated to +0.1 eV and on integrals to +10%. Ry 12 is the ratio of the low
energy component integral to the high energy component integral.

Pre-
edge Pre-
peak edge Energy Integral
o energy peak separation  ratio
Sample [1 [eV] integral [eV] (Ri1/12)
Purified and fractioned 10 7113.82 0.061 1.57 0.80
Opalinus clay sample 7115.39 0.076
35 7113.89 0.060 1.50 1.25
711539  0.048
55  7113.84  0.071 1.60 1.09
7115.44  0.065
80  7113.73  0.066 1.57 0.81
7115.30 0.081
Montmorillonite 35 7113.73 0.046 1.48 1.21
7115.21 0.038
Hectorite 35 7113.80 0.035 1.40 0.95
711520  0.037
Kaolinite / 7112.88  0.056 / /
7114.34  0.099
7115.83  0.071
FePOy4 / 7114.66 0.244 / /

(Dyar et al., 2001; Finck et al., 2015) and may suggest that the transi-
tion is predominantly quadrupole (Hahn et al., 1982).

X-ray absorption near-edge structure (XANES). The powder XANES of
the Opalinus clay sample bears similarities with that of both smectites,
such as energy position and height of the edge crest, suggesting a chem-
ical environment similar to that in these compounds rather than to that
of the kaolinite (Fig. 3). This finding is in agreement with the inspection
of the pre-edge. Dissimilarities with reported XANES of ferric saponite
(Finck et al., 2019) further exclude the presence of tetrahedral iron.
Polarized XANES (Fig. 3) exhibit significant angular dependencies and
contain well-defined isosbestic points, indicating that Fe is located in an
anisotropic environment with the presence of neighboring atomic shells
of distinct orientations. This finding attests to the high degree of parti-
cles orientation within the film and rules out the presence of admixed
Fe-containing phase, which would not exhibit any angular dependence.
The decrease in XANES main absorption edge intensity for increasing a
values hints at an in-plane orientation of neighboring atomic shells.

Extended X-ray absorption fine structure (EXAFS). Polarized EXAFS
spectra exhibit significant angular dependencies (at e.g., 5.0, 5.5, 6.1
and 8.0 A", with variations in amplitude and position of oscillation
maxima (Fig. 4). Accordingly, Fourier transforms (FTs) also exhibit
significant angular dependencies: the amplitude of the peak at
R + AR ~ 1.6 A decreases with increasing a values, whereas the more
complex angular dependence of the contribution centered at ~2.8 A
suggests the presence of more than one shell (Manceau et al., 2000b;
Finck et al., 2015, 2019). The observation of isosbsetic points further
corroborates the high texture of the sample.

The FT peak at R + AR ~ 1.6 A corresponds to an O shell and best
fit results yield an Fe-O interatomic distance of d(Fe-O) = 2.03(1) A and
a coordination number at a = 35° of N%; = 6.0(4) (Table 2, Fig. 4).
Fit results match reported values of ferric ion at clay octahedral sites
and rule out the presence of tetrahedral Fe (Manceau et al., 2000b;
Vantelon et al., 2003; Finck et al., 2015, 2019). The amplitude
of this FT peak decreases with increasing o, and the number of de-
tected O atoms decreases from 6.2(4) at « = 10° to 5.1 at o = 80°.
The orientation of this shell can be estimated using the relationship be-
tween the variation of Ny as a function of o and the angle (p) be-
tween the absorber-backscatterer pair and the normal to the film plane
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Fig. 3. Experimental XANES (left), and experimental and modeled (red dots) pre-edge fea-
tures with individual components (right) of the purified and fractioned Opalinus clay sam-
ple at various angles «. Fit results are presented in Table 1. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)

(Schlegel et al., 1999). The calculated fp of 57.4(1.5)° is compara-
ble to reported value for montmorillonite (Finck et al., 2015) and
in agreement with the octahedral flattening observed in most hydrous
phyllosilicates (Giiven, 1988). Besides, the observation of pre-edge fea-
tures is a direct consequence of this deviation from the theoretical value
of 54.7° for fully symmetric octahedra.

Higher distance contributions were modeled (Fig. 4, Table 2) con-
sidering Al, Fe and Si backscatterers located at d(Fe-Al) = 3.03(1) A,
d(Fe-Fe) = 3.06 A and at d(Fe-Si) = 3.23 f\, respectively. These inter-
atomic distances are typical of atomic shells surrounding octahedral Fe
within clay minerals (e.g., Manceau et al., 1998, 2000a, 2000b;
Vantelon et al., 2003; Finck et al., 2015, 2019). Fit results indicate
a moderate contribution from neighboring Fe, with on average less than
Y of neighboring octahedral sites occupied by Fe. Given the moderate
Fe content of the sample (~4 wt% Fe), data rule out a preferential (e.g.,
clustering) distribution. The absence of preferential distribution would
agree with reported findings (Finck et al., 2015, 2019) and with the
absence of Fe®',-OH bending band in the infrared spectrum. The num-
ber of detected Al (Nj) and Fe (Ng.) decrease with increasing o values
while Ng; increases, suggesting predominantly in-plane orientation of Al
and Fe (i.e., located in the octahedral sheet) and out-of-plane orienta-
tion of Si (i.e., located in the tetrahedral sheet).

In dioctahedral 1:1 and 2:1 layers, octahedral cations have three
in-plane cationic neighbors but only two tetrahedral neighbors in the
former structure and four in the latter. The number of neighboring
cations
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can thus inform on the nature of the phase hosting Fe in the Opalinus
clay sample. The number of neighboring octahedral cations at a = 35° is
typical of a dioctahedral framework with N3°5; + N%p, = 3. The num-
ber of tetrahedral neighbors N%°; = 3.4(4) is slightly lower than the
theoretical value of 4 in 2:1 layers, but equals reported values for mont-
morillonite (Finck et al., 2015). Assuming all Fe is located in 2:1
layers only, several explanations could possibly explain the deviation
from the ideal value. First, the contribution from neighboring tetrahe-
dral cations was modeled considering the presence of Si only whereas
infrared spectroscopy data hint at substantial Si substitution by Al Al
and Si differ only by Z + 1 meaning that differences in backscattering
amplitude between these cations are limited, but very likely not com-
pletely negligible given the amount of tetrahedral Al. Second, the differ-
ence in atomic radii (Shannon, 1976) between these fourfold coordi-
nated cations (r(IJAI3*) = 0.39 A; r(141Si4*) = 0.26 A) is substantial,
which may cause an increase in the dimension of the tetrahedral sheet
and thus the size mismatch with the octahedral sheet. The size misfit is
compensated by a rotation of octahedra around the layer normal, and
the induced structural strain yields a broad distribution in Fe—(Si,Al)
bond lengths (Manceau et al., 2000b) resulting in an underestimation
of the number of tetrahedral cationic neighbors compared to the crys-
tallographic value of 4. Consequently, experimental data suggest that
only very low amounts of Fe might be located within the octahedral
sheet of the 1:1 layer fraction of the Opalinus clay sample. This finding
agrees with the reported low Fe content within kaolinite compared to
e.g., smectites (e.g., Mermut and Cano, 2001).

3.3. Further information on the clay sample

The investigated purified and fractioned Opalinus clay sample is an
assemblage made of 1:1 (i.e. kaolinite) and 2:1 layers (i.e. illite and pos-
sibly illite/smectite mixed layers), no other crystalline phase could be
detected. Spectroscopic data further hint at the prevalence of octahedral
ferric ion in a dioctahedral framework, predominantly in 2:1 layers. Be-
cause no extensive iron clustering could be detected, Fe can be used as
probe for exploring the structure of the Opalinus clay sample. Unfortu-
nately, Al and Mg (as octahedral cations) like Al and Si (as tetrahedral
cations) cannot be discriminated by XAS, but further structural informa-
tion on the clay sample can be derived using the chemical composition.

In clay minerals, Mg commonly fills octahedral sites. Assuming that
the Mg content of 1:1 layers is low (e.g., Mermut and Cano, 2001),
the number of Mg surrounding Fe in the 2:1 layers can be calcu-
lated. The sample contains 4.1 wt% Fe resulting in an average num-
ber of neighboring Fe atoms of 0.7 (Table 2). Considering 1.6 wt% Mg,
the number of neighboring Mg becomes: (1.6 / 24.32) x 0.7 / (4.1 /
55.845) = 0.6. Consequently, the number of neighboring Al in the oc-
tahedral sheet is 3-0.7-0.6 = 1.7. Even though octahedral cations in
dioctahedral 2:1 layers have three in-plane neighbors, structural for-
mulae are written with only two octahedral cations yielding in this
study a structural formula of the octahedral sheet of [Al; Mg 4Fe3*( 5].
Furthermore, the sample contains low amounts of Na (0.7 wt%) and
K (4.3 wt%), which can only be present as interlayer cations of 2:1
layers balancing the excess layer charge. Using similar methodology
as above for Mg, the calculated stoichiometric coefficients of these
cations are 0.2 and 0.7, respectively. The excess layer charge is thus
0.9, implying a net tetrahedral charge of 0.9-0.4 = 0.5 arising from
Si** substitution by AI** (the net octahedral charge originating from
Mg+ substituting for trivalent cations is 0.4). The average chemi-
cal formula of the 2:1 layers of the sample can thus be written as
Na0'2K0.7(A11'1Mg0.4Fe3+0.5)(Si3.5A10'5)010(OH)2. The layer charge and
K content are typical of illite (Meunier and Velde, 2004), the pres-
ence of interlayer Na may possibly be attributed to multiple wash-
ing with NaCl. The Fe content is moderate and makes 6.9 wt%. Con-
sequently, the proportion of 2:1 lay-
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Fig. 4. Experimental polarized EXAFS spectra (up) and corresponding Fourier transforms (bottom left), and experimental (black line) and fits (red dots) to the Fourier transforms (bottom
right) of the purified and fractioned Opalinus clay sample. Fit results are presented in Table 2. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

Table 2

Results of fits to the polarized EXAFS data, uncertainties are indicated in parentheses oth-
erwise parameters were fixed (data at all angles were fit simultaneously). Data are shown
in Fig. 4.

Atomic shell (0] Al Fe Si
d[A] 2.03(1) 3.03(1) 3.06 3.23
N10 6.2(4) 2.8 0.9 1.6
N3 6.0(4) 2.3 0.7 3.4
N5 5.6(2) 1.6 0.5 6.4(7)
N80 5.1 1.0(5) 0.3 8.9(10)
62[A2] 0.007 0.005 0.008 0.008

d is the interatomic distance, N is the coordination number at given angle indicated in su-
perscript and ¢ 2 the mean squared displacement (“Debye-Waller” term). The shift in ioniz-
ing energy is AE; = 1.7(3) eV and the fit quality, representing the absolute misfit between
theory and data, is Rf = 0.013.

ers in the investigated Opalinus clay sample amounts 4.1 /
0.069 = 59.42 wt%.

The structure of 2:1 layers was calculated assuming that it contains
all Na, K, Fe and Mg of the purified and fractioned Opalinus clay sam-
ple, along with a fraction of Al and Si. The remaining fraction is thus
made of compound(s) containing only Al and Si. Furthermore, these two
elements represent 10.65 wt% and 24.27 wt%, respectively, of 2:1 lay-
ers and thus 6.33 wt% and 14.42 wt%, respectively, of the whole Opal-
inus clay sample. The remaining 40.58 wt% of minerals other than 2:1
layers in the whole clay sample thus contain 7.67 wt% Al and 9.68 wt%
Si. Interestingly, XRPD evidenced the presence of significant amounts of
the 1:1 layer kaolinite, which is made of only tetrahedral Si and octa-
hedral Al. Since kaolinite (Al,Si;O5(OH)4) contains 20.90 wt% Al, the
proportion of this phase in the Opalinus clay sample amounts 7.67 /
0.2090 = 36.70 wt%.

Calculations indicate that 2:1 and 1:1 layers represent
59.42 + 36.70 = 96.12 wt%, meaning that another compound makes
3.88 wt%. Actually, Si in these two structures represents
14.42 + 7.99 = 22.41 wt%, which is lower than the 24.1 wt% detected
by SEM-EDX. The remaining 1.59 wt% Si can be attributed to

admixed quartz which could not be unambiguously identified by XRPD
because of its low amounts and because the most intense reflection
of quartz at ~26.64° overlaps with the (006) plane of illite. Since Si
represents 46.75 wt% of quartz, the proportion of this phase is 1.59
/ 0.4675 = 3.40 wt%. Consequently, calculations show that the in-
vestigated Opalinus clay sample is made of 59.42 wt% of 2:1 layers,
36.70 wt% of 1:1 layer and 3.40 wt% quartz. The sum equals
59.42 + 36.70 + 3.40 = 99.52 wt% and deviations from the theoreti-
cal 100% are marginal. This finding supports the validity of the assump-
tions and calculations. Note that the ratio of 2:1 layers content to 1:1
layer content is reasonably close to reported values for the whole clay
rock (Bath and Pearson, 2003).

4. Conclusion

The Opalinus clay rock was purified and the clay fraction separated.
This clay fraction contains significant amounts of aluminum, substantial
amounts of potassium and iron, and low amounts of magnesium. Sample
analysis by XRPD and FTIR spectroscopy identified the presence of 1:1
and 2:1 layers clay minerals (e.g., kaolinite and illite (and possibly illite/
smectite mixed layers)), with possible minutes amounts of quartz. Fur-
thermore, infrared spectroscopy excludes Mg or Fe clustering and rather
suggests the preferential formation of octahedral Mg-Fe pairs.

Polarized X-ray absorption spectroscopy at the Fe K-edge provided
information on iron speciation. Pre-edge and EXAFS spectra evidenced
the presence of sixfold coordinated ferric Fe only, the presence of fer-
rous ion or fourfold coordinated Fe in significant amounts is excluded.
The number and orientation of neighboring cationic shells suggest a pre-
dominant Fe location within a dioctahedral octahedral sheet of 2:1 lay-
ers, and only marginal amounts within 1:1 layer. Combining results from
XAS with that of chemical analysis allowed to calculate the chemical for-
mula of the 2:1 layers, and further the proportions of 2:1 and 1:1 layers
in the clay sample could be estimated.

Under (geo)chemical conditions expected to develop in deep geo-
logical repositories (e.g., microbial activity, evolution of hydrogen upon
steel corrosion), octahedral Fe within clay minerals can possibly be re-
duced from trivalent to divalent oxidation state. Such modification in
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oxidation state modifies the clay layer charge and causes an alteration of
the reactivity of these minerals, thereby altering physicochemical prop-
erties of the clay rock. Such information can greatly help improving the
accuracy and reliability of the safety case for such sites.
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