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In this work we present the results of a crystallographic study of synthetic calcite co-precipitated with
selenium. We investigated both at a macroscopic and nanoscopic level, whether Se(IV) can be incorporated
to bulk calcite by substitution at carbon sites. Neutron diffraction experiments, EXAFS spectroscopy and a
theoretical modeling of the crystallographic structure using VASP are reported. We have found that the
calcite unit cell volume obtained from the VASP simulations increases linearly with Se content in the

structure. This allows estimating the Se content effectively incorporated into calcite based on volume
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measurements. Diffraction results are combined with VASP modeling to estimate a concentration of Se(IV)
co-precipitated with calcite of 30-75 mmol/kg solid. EXAFS spectroscopy, in combination with our
theoretical model of the local structure surrounding the Se atom, confirms the possibility of selenite ion
substituting for carbonate anion in the calcite structure.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Transport of contaminants in the environment may be slowed down
by mechanisms such as ion exchange, sorption, or co-precipitation
processes. Among these attenuation processes, co-precipitation is a very
important retardation mechanism, as it is not limited to the 2D
dimension of mineral surfaces, like adsorption. Instead, it may involve
the three dimensions of the whole sorbent mineral, and therefore be
linked with a much larger sorption capacity for a given sorbent. The
retention of toxic ions in mineral phases through this mechanism is
relevant in minerals undergoing very dynamic dissolution and re-
precipitation processes, such as calcite. During these processes, foreign
ions can get trapped into the bulk of a mineral, retarding its transport
and subsequent availability in the environment. The ability of a mineral
to trap an ion in its bulk structure depends on different physico-
chemical aspects like the ion charge, size and structural fit within the
mineral structure (Alexandratos et al., 2007; Prieto et al., 2003; Reeder
et al., 1994, 2006; Staudt et al., 1994). In some cases, specific adsorption
of an ion on a mineral surface can give indications about the possible
mechanisms of substitution in the bulk (Alexandratos et al., 2007;
Cheng et al,, 1999; Roman-Ross et al., 2006). Calcite (CaCOs3) is a very
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common mineral in surface and sedimentary environments. It is
therefore of great importance to environmental scientists to gain direct
information on the incorporation of ions in calcite, in particular, on
the sites and mechanisms of incorporation of different elements and
species.

Selenium is known to be a ‘double-edged sword’ element, having
one of the narrowest ranges between dietary deficiency (<40 g day ™!
uptake per human body) and toxic levels (>400 pg day~!) (Levander
and Burk, 2006). It occurs in natural systems in different oxidation
states: selenide (—2), elemental selenium (0), selenite (4+) — Se(IV) —
and selenate (6+) — Se(VI). Selenium (IV) and (VI) form oxyanions,
which can adopt different protonation states in solution. Selenite is the
main species of selenium in many reducing environments, while
selenate is more abundant in aerated soils and oxic environments.

Selenium is also present in nuclear waste in the form of 7°Se, a fission
product of 2°U (ANDRA, 2005; Shongsheng et al., 1997) with a half-life
of 1.1x10° yrs. Because the solubility-limited selenium concentrations
with respect to metal selenites are relatively high (pKs: FeSeO3 =9.99;
CaSe03; =5.53-7.65; K;SeO3; =1.48; MnSeO3; =6.9-7.11) (Seby et al,
2001) immobilization mechanisms other than solubility limits are
necessary to reduce the 7°Se concentration in the nearfield of nuclear
waste repositories. These clay-rock environments chosen by various
European countries as nuclear waste repositories are characterized,
either in the “nearfield” bentonite barrier or in the “farfield” embedding
rock, by the presence of calcite and by anoxic conditions. This makes
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selenite the dominant species of 7°Se upon its release from the nuclear
waste and its following oxidative alteration (ANDRA, 2005).

Another source of environmental concern is the point source
contamination of local groundwaters by, e.g., fly ash leachates at coal-
fired electrical generating station sites. Selenium is among the
elements whose concentration is most often observed to be above
drinking water standards at these sites (Yudovich and Ketris, 2006). It
has been proposed that dolomite [CaMg(COs),] addition to a lime-rich
fly ash can reduce the concentrations of selenium, given that, in the
presence of portlandite [Ca(OH),], dolomite undergoes conversion to
an assemblage of brucite [Mg(OH),] and calcite. Therefore, the
possible co-precipitation of calcite with selenium may be a mean to
reduce its concentration in these environments (Reardon et al., 1993).

Retention of selenium oxyanions at the calcite/water interface has
been reported by different authors. Based on electron probe and
synchrotron X-ray fluorescence studies, (Staudt et al., 1994) reported
a differential incorporation of sulphate (S03~) and selenate (Se0Z~)
at the calcite (1014) surface. (Reeder et al, 1994) studied the
incorporation mechanism of SeO7~ within the same surface by
Extended X-ray Absorption Fine-structure Spectroscopy (EXAFS),
proposing two possible models for the local coordination of Se03~
ions. Their results show that even anions with a different geometry
like selenate (T4 point symmetry) may be incorporated to the calcite
structure in the crystallographic site of carbonate (COs, D3 point
symmetry).

In this work we present the results of a crystallographic study on
synthetic calcite co-precipitated with Se(IV) (selenite, Cs, point
symmetry) at different concentrations. Our aim is to obtain a
mechanistic description of the substitution process at a microscopic
scale. For this purpose, we have combined the macroscopic informa-
tion obtained from wet chemistry and neutron diffraction experi-
ments with the nanoscopic information obtained from EXAFS
spectroscopy. In addition, the use of theoretical modelling using ab-
initio simulations based on the density functional theory (DFT) has
provided valuable information at both the macroscopic and micro-
scopic level, (i) reproducing the macroscopic volume changes
associated to the selenite-carbonate substitution, and (ii) providing
a theoretical structural model for the local environment of the
selenium atom in the calcite bulk structure. This model has been
subsequently used as an input for the data treatment of the EXAFS
results.

This combined theoretical and experimental approach has been
already used in the past to gain information on the calcite bulk
properties and to investigate the incorporation of contaminant traces
into the calcite and other structures (Cuello et al., 2009; Fernandez-
Martinez et al., 2008, 2005; Roman-Ross et al., 2006). The use of
neutron diffraction to study bulk properties of minerals is privileged
over X-ray diffraction, as neutrons are capable of probing the bulk of
materials due to their large penetration depths. At a smaller scale, the
EXAFS technique allows exploring selectively the local environment
around selenium oxyanions in synthetic calcite samples.

2. Experimental and theoretical methods
2.1. Calcite-Se(IV) co-precipitation

Calcite was precipitated from supersaturated solutions of calcium
carbonate prepared by mixing directly into a reactor two equimolar
aqueous solutions (0.5 M) of CaCl, and Na,COs. All chemicals were
reagent grade. They were used without further purification and all the
solutions were prepared with Milli-Q (18.2 MQ cm) water. Na,SeO3; —
Se(IV) — was added to the Na,COs solution at the beginning of the
experiment. The initial concentration of Se(IV) in the reactor ranged
from 1x10"*M to 1.2x10~3 M. Experimental conditions during
precipitation experiments are listed in Table 1.

A reference sample of pure calcite was also prepared. The
experiments were carried out at 20 °C and the precipitates were aged
for 2 h. The final calcite powder was collected by centrifugation after
washing it 3 times with Milli-Q water (18.2 MQ cm; near-neutral pH).
Solids were dried in an oven at 50 °C and subsequently grounded for
neutron diffraction analyses. Total chemical analyses of the solids were
obtained by ICP-AES (detection limit ~2 x 10~ 7 mol/L). The resulting Se
concentration in the solid for each sample is listed in Table 1. We also
measured the Na concentration in sample S3 to discard any possible ion-
pair formation between SeOs and Na, and obtained a negligible value of
[Na] = 0.1408 mmol/kg.

2.2. Neutron diffraction

Neutron diffraction experiments were conducted at the D20
diffractometer of the Institut Laue-Langevin (ILL) in Grenoble, France.
This is a two-axis neutron diffractometer with very high flux
(~5x10”neutrons s~ ' cm~2). It has a banana-like detector bank
composed of 1536 individual micro-strip detectors, covering an angular
range of 150°. The samples were placed in vanadium cylindrical
containers and each diffractogram was collected during 60-90 min,
depending on the amount of sample. The wavelength and the zero angle
shift were calibrated with a standard Si sample, yielding a refined
wavelength of 1.306 A and a zero shift 0f 0.112°. The collected data were
corrected by detector efficiency and normalised by monitor counts.

The measured neutron diffractograms were processed with the
full-pattern analysis Rietveld method, using the program FullProf
(Rodriguez-Carvajal, 1993) for refining the crystal structure. The ref-
erence sample of pure calcite was refined assuming the trigonal R-3¢
space group with standard atomic positions. Fitted parameters were
the lattice constants (a and c), the x coordinate of oxygen atoms and
the isotropic thermal constants for each atom. The resulting structure
for pure calcite agrees perfectly with that reported in the literature
(Maslen et al., 1995) indicative that, although quickly precipitated
and finely subdivided, the solid is indeed made of calcite. The same
model was then used to refine the data of the selenium-containing
samples. As we expected small amounts of selenium being incorporated
into the calcite structure, no major changes in the structure factor of
calcite were expected, the main changes coming from the expansion of
the lattice parameters. For this reason, we refined all the samples
without explicitly introducing any Se at the C site, i.e., the occupation of
the 6a Wyckoff position was always 100% C in the model.

2.3. X-ray absorption spectroscopy

EXAFS spectra of one selected sample (S2) were collected using
the fluorescence mode at the BM30 beamline of the synchrotron
radiation facilities in Grenoble, France (ESRF) (Proux et al., 2005),
using a Si(220) double-crystal monochromator. Multiple scans were
taken over the selenium K-edge (12658 eV). The sample was held at
near 20 K using a liquid He cryostat, which improved the signal/noise
ratio. Absorption spectra for the selenium-doped calcite sample were
obtained using a germanium 30-element detector.

Table 1
Selenium concentration in the initial solutions used in the co-precipitation experi-
ments, as well as in the solids after the synthesis, measured by ICP-AES.

Sample Se in solution (mmol/L) Se in solids (mmol/kg)
SO 0 0

S1 0.1 1.8

S2 1 13.6

S3 5 25.9

S4 12 27.6
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Data analysis proceeded by subtraction of a linear pre-edge
background, a second-order polynomial post-edge background,
normalization, and conversion to k-space, followed by po fitting
using a cubic spline. The y(k) function was Fourier transformed using
k? weighting. All data processing was performed using the Athena
software (Ravel and Newville, 2005). The quantitative analyses of
EXAFS data were performed using the Artemis software (Ravel and
Newville, 2005) based on IFEFFIT. Fits were conducted in the R-space
using as input the theoretical model for the selenium local structure
obtained from the VASP calculations. The FEFF program in Artemis
calculates a theoretical EXAFS spectrum which is composed of
individual backscattering paths. Fitting was performed by minimizing
the difference between the raw data and our model for FT[ y (k)] from
R=0.8 to 3.8 A, being FT[ (k)] the Fourier transform of the EXAFS
function y(k) between k=2.8 and 13.5A~!. The minimization
proceeded by refining the parameters for each individual path.

2.4. Ab-initio computational simulations

The modeling of the crystallographic structure of Se(IV) incorporat-
ed in calcite was performed using ab-initio simulations based on the
DFT. The simulations of the ground state energy of the system used the
Perdew-Burke-Enzerhof variation of the General Gradient Approxima-
tion (GGA) to DFT, as implemented in the VASP Package (Kresse and
Hafner, 1993; Kresse and Hafner, 1994). The calculations were
performed at the Gamma point (k=0), using the provided projector
augmented wave (PAW) pseudopotentials with a plane wave cutoff of
280 eV (Kresse and Joubert, 1999). To account for different Se(IV)
concentrations, we performed simulations of different supercells of size
mxnx [ unit cells of calcite (30 atoms each) in the a, b and c directions,
respectively (m, n, I=1, 2 or 3) with one and two Se0%3~ molecules
replacing CO3~ molecules. Different initial conditions were set for each
of the calculations: the initial unit cell volume was modified in a range of
5-10 A% around the pure calcite value and the location of the replaced
€03~ molecules was also varied within the cell. This sampling helps to
avoid local minima in the energy landscape, and confirms that the
results of the simulations do not depend on the initial conditions which
can sometimes introduce an undesired bias. Periodic boundary
conditions were used to simulate the bulk crystal. Simulations were
performed at 0 K. For this reason, the optimized pure calcite unit cell
volume is smaller than the experimental value. However, in the present
work we shall only discuss relative volume changes which are not
affected by this temperature shift.

3. Results and discussion
3.1. Selenium speciation and precipitation experiments

The fate of selenium in natural environments is controlled by its
speciation. The more oxidized selenium species are generally most
soluble. Selenate is the most soluble species, followed by selenite, which
sorbs strongly onto iron oxide surfaces (Duc et al., 2003), clay minerals
(BarYosef and Meek, 1987; Charlet et al., 2007; Frost and Griffin, 1977;
Peak et al., 2006), soil organic matter (Gustafsson and Johnsson, 1994;
Tametal,, 1995) and calcite (Reeder et al.,, 1994). Redox transformations
produce changes in the selenium speciation and, therefore, in the
molecular geometry of selenium oxyanions (Fernandez-Martinez and
Charlet, 2009). In solution, the selenite (Se03~) molecule assumes a
pyramidal-trigonal shape (Cs, symmetry), whereas selenate (Se03~)
presents a tetrahedral shape (Tq symmetry), as sketched in Fig. 1(a)
and (b). The species under study is a molecular ion, with a three-
dimensional structure, and therefore its incorporation to mineral
surfaces or bulk needs to take into account not only charge balance
but also the atomic-scale structure of the molecules.

Among the four synthetic samples of Se-doped calcite, all of them
except S4 resulted in the crystallization of calcite. This was confirmed

Fig. 1. Molecular geometry of selenite (Se03~) (a) and selenate (Se03~) (b) oxyanions
in solution. (c) Simulated incorporation of a selenite unit SeO3~ in the calcite unit cell.
In the initial stage of the simulation the Se atom (black) was placed at a carbon site (in a
planar configuration) and evolved into a pyramidal configuration.

by scanning electron microscopy and X-ray diffraction (data not
shown). No other phases were detected in these samples. In Fig. 2 we
show a selection of scanning electron micrographs for samples S1, S2,
S3 and S4, synthesized in the presence of Se(IV). We observe well
defined calcite crystallites with a smooth surface and similar size
distribution. Nevertheless, at higher Se(IV) concentrations the
precipitation of calcite is suppressed and other polymorphs of
CaCOs crystallize, as is the case of vaterite shown in Fig. 2(d).

3.2. Diffraction results

Except for sample S4, the neutron diffraction refinements were
successfully conducted using the calcite structure and present an
excellent quality, with average reliability factors R, = 2.5 and R,,, = 3.
In Fig. 3 we present the refined neutron diffractograms for samples S2
and S4. Symbols correspond to the neutron diffraction data and the
solid line represents the refinement. The line at the bottom indicates
the difference between the calculated and observed patterns. The
shape of the background for sample S2 is an indication that the
powder was not completely dry but does not interfere with the
refinement of the crystalline phase. The refinement for sample SO,
corresponding to pure calcite, is in perfect agreement with data for
calcite reported in the literature (Maslen et al., 1995). On the other
hand, the structure of sample S4 proved to be not calcite but mostly
vaterite, as shown in the bottom panel of Fig. 3. In Table 2 we present a
summary of the lattice constants refined for each calcite sample.

3.3. Modeling results

For the theoretical calculations, several initial models were
prepared, in which CO3™ units were substituted by selenite units
SeO3~ forced at a planar configuration, keeping the same overall
geometry of pure calcite. In all cases, after the VASP optimizations,
these artificially planar SeO3~ units evolved to a state of minimal
energy in which the Se atom pops out of the CO3 planes of calcite,
forming a pyramid with its three neighbouring oxygen atoms at the
base. This shape is characteristic of the Se(IV) species in solution, and
had also already been reported both from theoretical and experi-
mental studies for the substitution of As(IIl) in calcite (Roman-Ross
et al., 2006). It is interesting to note that the base of the pyramid,
composed of three oxygens, remains in the same plane as the original
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Fig. 2. Scanning electron micrographs of calcite samples S1(a), S2(b) and S3(c); and sample S4(d) corresponding to the vaterite polymorph of CaCOs.
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Fig. 3. Rietveld refinements of the neutron diffraction data for samples S2(a), showing
the calcite structure, and S4(b) showing the vaterite structure. Symbols represent
experimental data; the solid line corresponds to the refinement. The line at the bottom
of each graph indicates the difference between observed and calculated patterns.

CO3%™ unit, as assumed by (Cheng et al., 1997) in their X-ray Standing
Wave study of selenite absorption on calcite surface. The resulting
structure from our simulations is shown in Fig. 1(c).

To study the theoretical volume changes associated with the incor-
poration of Se(IV), we modeled different supercells and Se concentra-
tions according to Table 3. One calcite unit cell corresponds to 6 units of
CaCOs, each with a molecular mass Mcacos (100.09x 10~ 3 kg/mol). The
concentration of Se in the solid is calculated as:

[Se] = y*mSe/Msupercell [kg Se/kg solid]

= y*1 x 10° / Mgypercen/mmol Se/kg solid]

where y denotes the total number of C atoms (mc=12.011x10"3 kg/
mol) replaced by Se (ms.=78.96x 1073 kg/mol) in the supercell and
Msypercen is computed as the total atomic mass of the given mxnxI
supercell,

— EE Byt * *
Msupercell = m*'n*l'6 MCaCO3 —y'mc + y'Mge.

The values used in our simulations for y, n, m and [ are listed in
Table 3.

In Fig. 4 we present the effect of the Se(IV) replacement on the
volume of the optimized unit cells, as a function of Se concentration. For
each concentration, the series of symbols represent runs conducted with
different initial conditions and/or different supercells. The results in

Table 2
Results from the Rietveld refinement of neutron diffraction data. Lattice parameters, volume
of the unit cell and relative volume expansion with respect to pure calcite are indicated.

Sample a[A] c [A] V [A3] AV/Vy [10—4]
S0 4.990(1) 17.069(2) 368.1(2) 0

st 49926(3) 17.069(1) 368.46(6) 8(4)

s2 4.9922(3) 17.070(1) 368.42(6) 7(4)

s3 4.9927(3) 17.073(1) 368.56(6) 11(4)
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Table 3
List of all the simulated supercells of size mxnx I unit cells of calcite in the a, b and ¢
directions, respectively, and their corresponding selenium concentration values.

Supercell Number of Selenium concentration
replaced atoms [mmol/kg solids]

m 1 y [Se]

1 1 1 0 0

2 2 1 0 0

2 2 2 1] 0

3 2 1 0 0

1 1 1 1 1498.2

2 1 1 2 1498.2

2 1 1 1 788.6

3 2 1 2 535.2

2 2 1 1 405

3 2 1 1 272.5

2 2 2 1 205.3

Fig. 4 show an expansion of the unit cell volume proportional to the Se
concentration, following a linear Vegard's law behavior (solid line). To
investigate size effects in the simulations, we also performed the
optimization of pure calcite using different supercells. The results are
shown in the inset of Fig. 4 We observe a very slight increase in the
optimized volume as the number of atoms in the simulation box
increases, which may be taken as an indicative of the uncertainty bars of
the simulated volumes due to size effects (smaller than the symbol sizes
in Fig. 4), in addition to the uncertainty coming from the scatter at each
concentration due to different initial conditions. In this graph, we also
show the experimental volume for pure calcite (Maslen et al., 1995) at
room temperature for comparison (solid symbol). However, as the
simulations were performed at OK, it is better to represent the
expansion in terms of relative changes. The relative volume expansion
of the calcite unit cell as a function of Se addition is shown in Fig. 5. Each
point represents the average value of the set of samples optimized at
each concentration in Fig. 4. The reference volume V, was taken as the
average volume for our simulated pure calcite cell. The line in Fig. 5
represents a linear fit to the data constrained to the value AV/Vy=0 for
[Se]= 0, where [Se] represents the selenium concentration in mmol/kg
of solid. The fit yields

AV /V, =1.80(3) x 107> x [Se] (1)

The potential of this fit is to allow an estimate of the amount of Se
actually incorporated to the bulk of calcite, based on an experimentally
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Fig. 4. Volume expansion of the simulated calcite unit cell as a function of selenium
concentration. The experimental volume of pure calcite at room temperature is indicated
by a black solid circle. The solid line represents a linear fit to all the simulated data. The
inset shows how the size of the simulation cell affects the unit cell volume in pure calcite.
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Fig. 5. Theoretical relative volume expansion as a function of selenium concentration.
Vo corresponds to the average pure calcite simulated volume. The line represents a
linear fit to the data. In the inset, the low-selenium region is zoomed. The hatched area
in the ordinate axis corresponds to the range of experimental AV =V, values coming
from neutron diffraction experiments. The hatched area in the abscissa axis
corresponds to the extrapolated range of selenium concentrations incorporated into
the structure in the co-precipitation experiments.

determined volume expansion in relation to the pure calcite volume Vj,.
To this end, we have calculated the experimental AV/V, values coming
from our neutron diffraction experiments. They are presented in the last
column of Table 2. Although of low precision, the values corresponding
to Se(IV) samples can be used as a reference to be introduced in Eq. (1)
to get an estimate of the concentration of Se actually incorporated. The
range of experimental AV/V, values has been hatched in the ordinate
axis of the inset in Fig. 5. Following the arrows, we arrive at a range of
possible Se concentrations between 30 and 75 mmol/kg of solid,
hatched in the abscissa axis, a range which is in the same order of
magnitude as the experimental Se concentrations in the solids
measured by ICP-AES.

It must be emphasized that based on wet chemical experiments,
the range of possible Se trapping in calcite is always on the low-
concentrated region of these graphs (Figs. 4 and 5). For more
concentrated values, pure Calcium Selenate or Calcium Selenite
solid phases are thermodynamically expected to precipitate (pKs of
CaSe03.H,0 has been estimated at 6.84 to 7.27, (Baur and Johnson,
2003)). Therefore, it is expected that the actual local environment of
the Se atom in calcite is better represented by the largest simulation
cells. However, as the computational cost increases with larger
simulation sizes, it is important to obtain estimates for the low
concentration range from smaller and faster simulation conditions.
We can see from our simulations that the average Se-O distance is
indeed almost size-independent.

With these results, we arrive at a local structural model around a
Se(IV) atom in calcite which can in turn be used as a theoretical input
for the analysis of EXAFS experiments. The model is presented in
Fig. 6, from two different perspectives. Panel (a) corresponds to a
projection along the y direction, where we can see the stacking
sequence of COs units and Ca planes. In panel (b) we show a
projection along the z direction to visualize the rotation between
units. One should remember, in the following, that the simulations
have been performed using the PBE-GGA functional, which is known
to slightly overestimate inter-atomic bond lengths (Menconi and
Tozer, 2002). For this reason a slight shift with respect to
experimental distances obtained from EXAFS data is to be expected.

3.2. XAS spectroscopic results

X-ray absorption spectroscopy at the Se K-edge (12,658 eV) has
been used to characterize the local structure and coordination of
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X

Fig. 6. Local structure around a Se(IV) atom in calcite, resulting from the VASP
simulations. Panel (a) corresponds to a projection along the y direction and panel (b) to
the projection along the z direction. The relevant distances to the nearest shells around
the Se atoms are indicated by arrows.

selenium co-precipitated with calcite starting from room temperature
aqueous solutions containing Se(IV). The X-ray Absorption Near Edge
Structure (XANES) spectra provide information on the actual
oxidation state of Se in the solid. In addition EXAFS reveals the short
range order around the selenium atom. In this work we have used
both techniques. The obtained spectra for our calcite sample is
consistent in shape and position with the XANES of an aqueous Se03~
solution (Peak et al., 2006), confirming that in these samples Se is
present as Se(IV).

After extracting the EXAFS signal from the spectrum, fits were
conducted in the R-space using as input the theoretical model for the
local structure around Se obtained from our VASP calculations, as
discussed in Section 3.1. Four scattering paths were considered in the
fits, corresponding to single scattering paths between the central Se
atom and a first and second shell of O atoms, and a third and fourth
shell of Ca atoms. The local structure around Se in our model consists
of two O shells of 3 atoms each, at distances d; and d,; and two Ca
shells of 3 atoms each, located at d3 and dy, as sketched in Fig. 6. These
distances, as well as the coordination numbers and other parameters,
are allowed to vary during the fits to minimize the difference between
the EXAFS data and the EXAFS equation based on our model.

In Fig. 7 we present the results of the EXAFS fits. The upper panel
corresponds to the k?-weighted y(k) function and the bottom panel
represents the Fourier transform magnitude of y(k). Sample S2
presents features consistent with more than just one shell of atoms
surrounding Se. In this kind of studies, the absence/presence of
calcium backscatterers and a well defined structure beyond the first
shell provide insight into the degree of disorder associated with
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n

Fig. 7. EXAFS results for selenite incorporated in sample S2. Symbols denote raw data
and solid lines correspond to the fits to our model based on VASP simulations. The top
panel (a) corresponds to the k*-weighted y(k) function and the bottom panel (b)
represents the Fourier transform magnitude of k?y(k).

disruption of the local calcite structure, and can be taken as indicative
of the inability/ability of the contaminant unit to assume a stable
structural environment in the host calcite. The Fourier transform
magnitude of y(k) in Fig. 7 shows a well defined local structure
around Se, which is fully compatible with our VASP model, in which Se
is effectively incorporated into the calcite structure.

The parameters optimized in the fits are summarized in Table 4.
From the results in Table 4, we can see that the possibility of fitting
three more shells around Se, in good agreement with our structural
calculated model, constitutes clear evidence that calcite has effec-
tively incorporated Se as Se(IV). Moreover, we have considered other
possible environments for the Se atom in our sample, which could
result in a similar EXAFS signal. The precipitation of calcium selenite
CaSe05.2H,0 was discarded for several reasons: the solutions used
were undersaturated with respect to this phase, our neutron
diffraction data show no evidence of precipitation of a second phase
other than calcite, and eventually, the inter-atomic distances in
CaSe0s3-2H,0 differ from the ones obtained in our fits (Valkonen,
1986; Valkonen et al., 1985).

Table 4
Structural parameters obtained by fitting our VASP model to the EXAFS data for sample
S2. The shells indicated in the first column correspond to those sketched in Fig. 6.

Sample S2 CN R[A] o [A?] Eo [eV] Ryasp [A]
Se-0 (d;) 2.8(5) 1.67(1) 0.002(1) 5(3) 1.727
Se-0 (dy) 1(1) 2.87(8) 0.002(1) 9(7) 2.876
Se—Ca (ds) 1.3(8) 325(3) 0.002(1) 12(7) 3202
Se—Ca (da) 1.7(9) 3.53(4) 0.002(1) 12(7) 3565
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4. Conclusions

In the present study calcite is shown to be able to host up to
27.6 mmol Se/kg of solid within its structure, by a nearly isomorphic
substitution of carbonate ions by selenite ions. This was demonstrated
using neutron diffraction experiments, in which we tested whether
the volume expansion of the calcite unit cell could be indicative of the
contaminant incorporation. Furthermore, we have modeled several
crystallographic arrangements to evaluate the substitution of Se for
different supercells (concentrations), using the DFT-based simulation
package VASP. Finally, we have used the obtained theoretical model
for the local structure around Se in the bulk of calcite to successfully
analyze an EXAFS spectrum, confirming the incorporation of Se(IV)
into calcite. The calcite unit cell volume obtained from the VASP
simulations increases linearly with Se content in the structure, a
further indication of the formation of a solid solution. This clear trend
allows estimating the Se(IV) content effectively incorporated based
on unit cell volume measurements. We used the neutron diffraction
technique to explore the macroscopic volume expansion associated to
the incorporation of Se(IV), since neutrons penetrate deeply into
calcite and probe the bulk mineral more efficiently than X-rays. Our
results from diffraction measurements excluded the possibility to
have selenium present in a secondary precipitated phase. Diffraction
results were combined with our DFT modeling to predict a Se(IV)
incorporation in the 30 to 75 mmol/kg concentration range. Although
these values fall in a range slightly higher than the values measured by
ICP-OES, they are in the same order of magnitude as the experimental
data. The low values of the volume expansion measured experimen-
tally make difficult to obtain reliable values of the actual Se
concentration from the calculations. However, the close values
obtained by the two methods and the linear Vegard's law observed
in the calculations allow interpreting this small volume expansion as
the result of selenite incorporation in the bulk of calcite. The most
powerful tool to show that co-precipitation process actually occurred
was found to be the EXAFS spectroscopy, in combination with our
theoretical model of the local structure surrounding the Se atom. We
demonstrate the occurrence of four atomic shells surrounding Se, an
indication of highly ordered impurity incorporation into calcite.

This study shows that selenite ions may substitute for carbonate
anions in the calcite structure. Therefore, in case of contamination of
an anoxic aqueous phase by selenium (e.g. 7°Se), calcite represents an
extremely large sink for selenium because of its dynamic solubility
equilibrium, even if only present in trace amounts as is the case in
shales or clay rocks, given its ability to trap selenite ions within its
structure during the dissolution/precipitation cycles going on even in
conditions close to equilibrium.
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