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ABSTRACT

The distribution of ferric iron (Fe(III)) between the octahedral and tetrahedral sheets of
smectites is still an active problem due to the difficulty of identifying and quantifying the
tetrahedral ferric iron ([4]Fe(HI)). Mossbauer spectroscopy has often been used to address this
problem, with the spectra being fitted by a sum of doublets, but the empirical attribution of
each doublet has failed to yield a uniform interpretation of the spectra of natural reference
Fe(IT)-rich smectites, especially with regard to [/Fe(III), because little consensus exists as to
the !Fe(I1I) content of natural samples. In an effort to resolve this problem, the current study
was undertaken using a series of synthetic nontronites [Sisx [4]Fe(III)X] [6]Fe(HI)2010(OH)2NaX
with x ranging from 0.43 to 1.3. Mdossbauer spectra were obtained at 298, 77, and 4 K.
Statistically acceptable deconvolutions of the Mdssbauer spectra at 298 and 77 K were used to
develop a model of the distribution of tetrahedral substitutions, taking into account: (i) the
MIFe(I11) content; (ii) the three possible tetrahedral cationic environments around [“Fe(III),
i.e., [4Si]-3Fe(11n)), [3Si “Fe(I1)]-(3Fe(1Il)), and [2Si 2"Fe(I11)]-(3"Fe(I1l)); and (iii)
the local environment around a Fe(III), i.e., [3Si]-(2[Fe(111)) respecting Lowenstein’s Rule.
This approach allowed the range of Mdssbauer parameters for [“’Fe(III) and “!Fe(III) to be
determined and then applied to spectra of natural Fe(Ill)-rich smectites. Results revealed the

necessity of taking into account the distribution of tetrahedral cations ("R(III)) around
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[JFe(I1T) cations in order to deconvolute the Mdssbauer spectra, and also highlighted the

influence of sample crystallinity on Mdssbauer parameters.

KEYWORDS

Clay minerals, Iron, Mdssbauer spectroscopy, Nontronite, Smectites, Tetrahedral iron

INTRODUCTION

Iron (Fe) is a major element in terms of abundance in the Earth’s crust. Many minerals
contain Fe and some of them, such as Fe (oxyhydr)oxides and Fe-bearing swelling clay
minerals, play a significant role in many natural processes occurring at the Earth’s surface and
in its subsurface (Murad 2013; Stucki 2013). Virtually all swelling clay minerals, known as
smectites, contain Fe, and are ubiquitous in the Earth’s surface. Fe can exist in the structure of
the smectites in either the ferrous (Fe(Il)) or the ferric (Fe(Ill)) state. The structure of the
smectite layers consists of one central octahedral sheet that shares oxygens with two
tetrahedral sheets, one on each side. The cations in the octahedral sheet are coordinated by
four oxygens and two hydroxyl groups, while the cations in the tetrahedral sheets are
coordinated by four oxygens. The octahedral sheet consists of three different crystallographic
sites, two Cis sites and one trans site relative to the hydroxyl group positions. In the case of
dioctahedral smectites, the octahedral sites are mainly occupied by trivalent cations (R(III))
(R = aluminum (Al) or Fe(Ill)) and only two-thirds of these sites are filled, whereas the
tetrahedral sites are mainly occupied by silicon (Si) cations. Heterovalent substitutions can
occur in both the tetrahedral (where Al or Fe(Ill) can substitute for Si) and the octahedral
(where magnesium (Mg), nickel (Ni(Il)), or Fe(Il) can substitute for Al or Fe(Ill)) sheets,
which creates a net negative charge on the smectite layer. The charge imbalance is generally

compensated by the incorporation of alkaline cations in the interlayer space. Nontronite is the
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general name for the dioctahedral Fe(Ill)-rich end-member of the smectite clay minerals
group.

The negative charge induced by heterovalent substitutions partially controls the
physical-chemical properties of Fe(Ill)-rich smectites. Fe(IlI) has been observed in both
tetrahedral and octahedral sites in the nontronite structure. The [“’Fe(II) content is relatively
easy to quantify, whereas quantifying the “!Fe(IIl) content has proven to be a challenge
(Gates et al. 2002). Petit et al. (2015) and Baron et al. (2016) recently proposed several
formulas to estimate the [“’Fe(IIl) and "YFe(I1I) contents, based on infrared spectroscopy from
a series of synthetic smectites.

Maossbauer spectroscopy is used in clay science mainly for mineralogical identification
of various Fe-containing phases (oxides, sulfides, sulfates, carbonates, and phosphates) and to
study magnetic impurities (in particular Fe (oxyhydr)oxides), the oxidation state of Fe, and
the location of Fe atoms in clay mineral samples (Murad 2013; Stucki 2013). It was used also
for mineralogical identification of Fe (oxyhydr)oxides on Mars (Klingelhofer et al. 2004,
2006; Morris et al. 2004; Schroder et al. 2011). The capability of this type of spectroscopy to
identify silicate minerals remains a matter of debate due to the lack of specific features

uniquely attributable to specific silicate minerals (Dyar and Schaefer 2008; Murad 2008).

Octahedral Fe(I1I)

The capability of Mdssbauer spectroscopy to study the distribution of Fe(IIl) cations
between both the octahedral and the tetrahedral sheets also remains uncertain (Cardile 1989;
Dyar 1993; Rancourt 1993; Decarreau et al. 2008), but some progress has been made toward
identifying the components attributable to “/Fe(Ill). The spectra of smectite samples
containing only (1Fe(111) cations consist of at least two doublets (Goodman 1978; Heller-
Kallai and Rozenson 1981; Daynyak and Drits 1987; Luca 1991; Cashion et al. 2008, 2010;

Dyar et al. 2008). The origin of these two doublets was first attributed to Fe(III) cations in CiS
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and trans octahedral sites (Goodman et al. 1976; Heller-Kallai and Rozenson 1981; Cardile
and Johnston 1985), but this interpretation is doubtful because several studies concluded that
smectites containing a high [JFe(I1I) content, like nontronite, are trans vacant (tv), meaning
that '®)Fe(III) cations are located only in Cis sites in the octahedral sheet (Petit et al. 1992;
Drits et al. 2006; Wolters et al. 2009). On the other hand, Lear and Stucki (1989) found that
the magnetic ordering of Fe(Ill) in nontronites and ferruginous smectite was frustrated
antiferromagnetic, which means that as much as 13% of the MFe(IH) could be in trans sites.
Even that result, however, would not allow for the assignment of the two Mdssbauer doublets
to cis and trans because the relative areas of the two ®/Fe(IIl) doublets are much larger than
the suggested 13% value.

Some authors proposed an alternative interpretation based on the local tetrahedral
environments around CiS MFe(IH) cations (Goodman 1978; Besson et al. 1983; Daynyak and
Drits 1987; Cashion et al. 2008, 2010; Decarreau et al. 2008). One of the doublets was

attributed to ®/Fe(III) surrounded by [4Si] in the tetrahedral sheet, and the other was attributed

to a [3Si-R*"] tetrahedral configuration.

Tetrahedral Fe(IIT)

A general consensus is that the doublet feature in the Mdssbauer spectrum deriving
from “YFe(III) is characterized by a lower isomer shift () than those for [JFe(111) cations
(Annersten et al. 1971; Goodman et al. 1976; Goodman 1978; Coey 1980; Besson et al. 1983;
Daynyak and Drits 1987; Luca 1991; Decarreau et al. 2008). Empirical deconvolution has
often been used to interpret the Mossbauer spectra and to determine the crystal chemistry of a
smectite sample. However, this approach can involve some contradictory results (Cardile
1989). For example, for the Garfield nontronite, the “IFe(111) amount was diversely estimated

to be 9 atomic percent (at.%) of total Fe(Ill) (Goodman et al. 1976; Johnston and Cardile
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1985), 2 at.% (Luca 1991), < 1 at.% (Bonnin et al. 1985), and absent due to lack of evidence
(Rozenson and Heller-Kallai 1977).

Natural nontronite samples, which sometimes have complex co-existing mineralogy
(quartz, iron oxide...) and bulk chemistry (Mg, Al...), and often contain only a small amount
of “IFe(I1I), are not really adapted to determine the Mossbauer parameters of Fe(III) cations.
Nontronite synthesis, on the other hand, appears to be a valuable way to supply smectites with
controlled Fe(Ill) contents and site occupancies. Synthetic Fe(Ill)-nontronites also had the
ability to simplify the crystal structure, and avoided other interferences to site occupancies
due to Al or Mg for Fe(IIl) substitutions.

The objective of the present paper was, thus, to test the hypothesis that proper
assignment of Mossbauer spectral components deriving from both ®/Fe(III) and "*!Fe(III) can
be achieved by analyzing a series of synthetic nontronites over a wide range of HRe(11T)

contents and known crystal chemistries (Baron et al. 2016).

MATERIALS AND METHODS

Synthetic nontronites

Six synthetic nontronites of the series described by Baron et al. (2016) were used in
this study. These pure nontronites were selected to span a wide range of 'Fe(IIT) content (x),
ranging from x=0.5 (sample NTO) to x=1.3 (sample NT7) moles per half unit cell [Sis
CIFe(IIDy] 'Fe(ID),0,0(OH),Na, (Table 1). The "Fe(Ill) content (x) was obtained by
chemical analyses using a Scanning Electron Microscope (SEM) equipped with an Energy
Dispersive Spectrometer (EDS) and confirmed by infrared spectroscopy using the

wavenumber of the stretching Si-O vibrations (Baron et al. 2016).
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Maéssbauer spectroscopy

Mossbauer spectra were recorded using a Web Research, Inc. (Edina, Minnesota)
spectrometer equipped with a Janis model SHI-850-5 (Janis, Inc., Woburn, Massachusetts)
closed-cycle, low-temperature cryostat at the University of Illinois. The velocity drive
transducer operated in a triangular waveform mode over energy ranges of = 11 or 4 mm s™,
with a 50 mCi *’Co source dispersed as 10 wt.% in a thin Rh foil (Ritverc, Inc. St. Petersburg,
Russia). Calibration of the velocity scale was performed by measuring the magnetic hyperfine
field (Bhf) of a 7 um thick a-Fe foil at the sample temperatures, nominally at 298, 77, and 4 K
(Stucki et al. 2014).

From the empirical deconvolutions of the Mdssbauer spectra, the different proportions
of each doublet based on doublet areas (%), saturation corrections, and recoil-free fraction
effects were considered (De Grave and Van Alboom 1991; Dyar et al. 2008). Samples were
analyzed in powder form and were mixed with confectioners’ sugar, as needed, to achieve a
density of 5 mg Fe/cm? of sampled area in order to achieve thin absorber status.

The same recoil-free fractions of doublets linked to “Fe(Ill) and “Fe(Ill) was
assumed. Dyar et al. (2008) calculated similar recoil-free fraction values (0.917 and 0.916 at
80 K, and 0.823 and 0.821 at 298 K) for two doublets linked to ®Fe(III) for a nontronite
sample. Moreover, De Grave and Van Alboom (1991) calculated similar recoil-free fraction
values for doublets linked to [“’Fe(IIT) and "Fe(IlI) in ferridiopside. According to Dyar et al.
(2008), the error on the relative percentage of the different cationic environments was + 1 -
3%.

Spectral deconvolution of the Mossbauer spectra was performed using a sum of
doublets having a Lorentzian peak shape (Murad and Cashion 2004). Rancourt (2004) argued,
however, that a Voigt-based deconvolution was theoretically better than a deconvolution

using Lorentzian peak shape. Pseudo-Voigt peak shape which generally approximates the

Voigt peak-shape (Dyar et al. 2008) was also tested, but no better results were obtained. The
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two peaks that composed a doublet were constrained to have the same width and the same
area. Each doublet was characterized by an isomer shift (3), a quadrupole splitting (A), a
relative area (%), and a line width, all of which were adjustable parameters. The fitting
procedure was based on the refinement of all parameters of each doublet using the least-
squares method. The quality of the fit was checked using the ¥?> minimization procedure (y* =

1/(N-P) x > [(Iobs-Icat]*Iobs] where N is the number of data points, P the number of variable

parameters, Iops the observed intensity, and I, the calculated intensity).

Maéssbauer spectra of natural nontronites

The initial experimental Mdossbauer spectra of reference natural nontronites were
reconstructed by summation of doublets reported in the published papers to fit their respective
Mossbauer spectra. Experimental 298 K Mdssbauer spectra of the reference natural nontronite
samples were reconstructed using fitting parameters from Cardile and Johnston (1985) for
Koegas (KOE), Spokane (SPO), Bingham (BIN), and Manito (MAN); from Johnston and
Cardile (1985) for Garfield (GAR); from Luca (1991) for Hohen Hagen (NG-1); from
Friedlander et al. (2015) for Uley (NAu-1); and from Cashion et al. (2011) for Uley (NAu-2).
Experimental 77 K Mossbauer spectra of the reference natural nontronite samples were
reconstructed using fitting parameters from Goodman et al. (1976) for Koegas (KOE),
Garfield (GAR), Clausthal (CLA), the crocidolite deposit of Koegas (CRO), and the amosite

deposit of Penge (AMO).

Model of the distribution of tetrahedral substitutions

The model of the distribution of tetrahedral substitutions was built for each sample
using the Microsoft® Excel software. The model was made of three boxes representing the
two tetrahedral sheets and the tv octahedral sheet that constitute a nontronite layer (see Figure

1 for an example). The tv octahedral sheet was composed of 494 octahedral sites completely
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filled by Fe(Ill) cations, each site being represented in the Excel software by a cell. Each
tetrahedral sheet was composed of 558 tetrahedral sites occupied either by Si(IV) or Fe(III)
cations. The dimensions of the boxes along the a and b axes corresponded to about 135 unit
cells. The construction of the tetrahedral sheets started from the center box and moved
outward toward the peripheral boxes. The two tetrahedral sheets were built independently.
The objective of the model was to generate a random distribution of Fe(IIT) cations within
each tetrahedral sheet with the exclusion of the neighboring of two [4]Fe(HI) cations (i.e.,
Lowenstein’s rule, see below for the justification of this rule). The filling of each tetrahedral
sheet was done using the RAND function of Excel software. For each tetrahedron, the RAND
function generated a random value, r, on the 0 - 1 scale, the r values for all tetrahedra being
uniformly distributed between 0 and 1. Then, a logic test compared the r value to the P value,
expressed on a 0 - 1 scale. The P value was based on the [4]Fe(IH) of the structural formula of
the sample, but was adjusted to allow for Lowenstein’s rule (i.e., the exclusion of the two
neighboring MEe(1D) - “Fe(Ill) cations) to obtain a simulated tetrahedral sheet having a
[4]Fe(III)/ [4]Si(IV) ratio close to that of the one of the structural formula of the sample (x
0.03). If the r value was higher than the P value, a “Fe(Ill) cation was placed in the
tetrahedron, if not, a [4]Si(IV) was placed. For tetrahedron #1 (Figure 2), the logic test and the
neighboring “Fe(IIT) - “Fe(111) exclusion could be generalized as follows:
If tetrahedron #2, and/or #3, and/or #4 is filled by a Fe(III) cation, then tetrahedron #1 will be
filled by a Si(IV) cation. If not, tetrahedron #1 will be filled by a Fe(III) cation if the r value is
greater than the P value or by a Si(IV) cation if the r value is smaller than the P value.

The nontronite layer was built by stacking the three modeled sheets according to the
smectite structure (see for an example Figure 6). The tetrahedral environments of each
[S1Fe(111) cation (Figure 1, Table 1) was calculated using the Excel software.

One simulation corresponded to the modeling of the two tetrahedral sheets and the tv

octahedral sheet. Two hundred simulations were performed for each sample to assess the
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statistical results on the ratio of each local cationic tetrahedral environment around a [“/Fe(IIT)
cation in the nontronite layer (Table 1). The [4]Fe(HI) amounts between the two tetrahedral
sheets of one simulation differed, at maximum, by a value of 0.12 per half unit cell, for the
two-hundred simulations.

The effect of the octahedral occupancy (i.e., trans or CiS vacant octahedral sheet) on
the calculation of the ratio of each local cationic tetrahedral environment around a '*Fe(III)

was also evaluated. Similar results were obtained for each sample between trans and cis

vacant octahedral sheet simulations.

RESULTS

Mossbauer spectra of the synthetic nontronite samples at both 298 and 77 K, prior to
any deconvolution, exhibited a broad asymmetric doublet (Figures 3 and 4). This doublet
shifted slightly toward lower & values and became more symmetric with increasing “'Fe(III)
content of the synthetic nontronite samples. No feature characteristic of Fe(II), nor any sextets
indicative of (oxyhydr)oxides like goethite or hematite, was observed in the Mdssbauer
spectra of any of the synthetic nontronites at either 298 or 77 K. The Msssbauer spectra
recorded at 4 K (Figure 5), however, contained sextets indicating some form of magnetic
ordering at that low temperature. This magnetic component was already observed in natural
nontronites at very low temperatures or under an applied magnetic field (Cardile et al. 1986;
Townsend et al. 1987; Lear and Stucki 1990; Murad et al. 1990). The very high ratio of sextet
areas compared to the asymmetric doublet cannot be attributed to some Fe(IIl)
(oxyhydr)oxide phase here. Indeed, the magnetic component represented around 70% of the
iron in the sample (Table 2). If this were due to Fe(Ill) (oxyhydr)oxide phases, they would
then be the dominant phases in synthetic nontronites, which was never observed by other
methods (Baron et al. 2016). The deconvolution of the 4 K Mdssbauer spectra evidenced a

range of hyperfine splitting from 34 T to a maximum value of 48 T, but with a high
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proportion of a sextet having a hyperfine splitting around 40 T. This low value of hyperfine
splitting did not correspond to any known (oxyhydr)oxide minerals (Table 2). Note that a high
proportion of the magnetic component of the spectra was due to a broad and poorly defined
sextet, suggesting a diffuse magnetic component or incomplete magnetic ordering.
Consequently, the absorption spectrum of each sample was attributed to nontronite only.
Despite the very high Fe(IIl) content of the samples, and especially of the NT6 and NT7
samples (x=1.09 and 1.3, respectively), the only obvious difference in macroscopic features of

the unfitted spectra (Figures 3 and 4) was a slight change in the relative intensities of the

higher velocity vs. the lower velocity split parts of the absorption envelope.

Empirical approach to the deconvolution of the Mossbauer spectra

Decarreau et al. (2008) fitted the 298 and 77 K Mossbauer spectra of a synthetic
nontronite ([Si3‘25[4]Fe(IH)0‘75] [6]Fe(III)201O(OH)zNao‘75) with three doublets. One of these
doublets was attributed to YFe(I1I) and the two others to [G]Fe(III) surrounded by [4 MISi(1v)1-
(3 Fe(111)) and [3 MSi(1V) ¥IFe(11D)]-(3 ®!Fe(III)). The crystal chemistry of that nontronite
was very similar to the NT3 sample ([Sizas'"Fe(I)o.77] “Fe(I1),0,0(0OH),Nag+7) and the
same three doublets were used successfully to deconvolute the NT3 Mossbauer spectrum
(Figure 6), giving parameters (Table 3) similar to those found by Decarreau et al. (2008). The
relative area of the doublet linked to the “Fe(IIl) was fixed with respect to the HEe(11T)
content (0.77) of the NT3 sample (Table 1), and the relative area of each octahedral doublet
was consistent with the crystal chemistry of the NT3 sample.

The parameters found for the three doublets of the NT3 spectra were used for the
deconvolution of spectra of the NT6 sample ([Sizo1™Fe(IID); ¢0] ©'Fe(IID),0,0(OH),Nay o),
which had a greater "YFe(IIT) content than the NT3 sample. For the NT6 sample, the relative
area of the doublet linked to the [4]Fe(IH) was held constant (Table 1); the parameters for the

width of all doublets and the relative areas of the two doublets linked to the [“'Fe(IIT) were

10
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then allowed to float (Table 3). No correct fit was obtained with parameters of only the three
NT3 doublets. As evidenced in Figure 6, the deconvolution of the NT6 spectra was clearly not

possible using only the same Mossbauer parameters as those previously used for the NT3

sample.

Another approach for the deconvolution of the Méssbauer spectra

Structural constraints. On the basis of previous data (Baron et al. 2016), the
synthetic nontronites had an octahedral occupancy of two per half unit cell, the two [*Fe(III)
cations filling the two cis cristallographic sites (Figures 1 and 7). This is consistent with the
preponderance of evidence that Fe in smectites predominantly ocupies the Cis octahedral sites
when [“Fe(II) content > 0.15 atoms per half unit cell (Drits et al. 2006; Wolters et al. 2009).

The octahedral Fe(Ill) environment of every [STFe(IIT) cation was then the same
regardless of the synthetic nontronite sample in the series, i.e., three ®/Fe(III) neighbors. The
chemical change in the synthetic series was in the “Fe(IIl) content only, which induced
changes in the composition of the neighboring tetrahedral environments of each [“'Fe(IIT)
cation. In the nontronite structure, each octahedral cation is linked to four neighboring
tetrahedral cations (two neighbors being up and two being down, Figure 7a). Each tetrahedral
cation is linked to three neighboring tetrahedral cations and to two neighboring octahedral
cations (Figure 7b).

When samples (synthetic or natural) contain (i) Fe(Ill) and AI(III) and (ii) tetrahedral
substitutions, AI(III) substitutes preferentially for Si(IV) in the tetrahedral sheet (Decarreau
and Petit 2014). To assess the tetrahedral Al(III)-for-Si(IV) substitutions, Nuclear Magnetic
Resonance spectroscopy (NMR) of 2°Si was used on 2:1 phyllosilicates (Sanz and Serratosa
1984; Herrero et al. 1985, 1987, 1989; Sanz and Robert 1992; Sanz et al. 2006). These studies
demonstrated that the distribution of AI(III) atoms in the tetrahedral sheet obeys Lowenstein’s

rule (meaning that “AI(IIN)-O- MAI(III) linkages are avoided), and the distribution of
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tetrahedral charge produced by AIl(III)-for-Si(IV) substitutions is uniform (Homogeneous
Dispersion of Charges (HDC) model; (Barron et al. 1985; Herrero et al. 1985, 1989; Circone
etal. 1991).

In the case of Fe(Ill)-rich samples with low or no AI(III), as here for the synthetic
nontronite samples, tetrahedral Fe(IlI)-for-Si(IV) substitutions occurred. The distribution of
Fe(III) cations in the tetrahedral sheet cannot be measured using ’Si-NMR spectroscopy due

to the paramagnetic properties of Fe, so an alternative, modeling approach was used to assess

the distribution of Fe(IIl) in the tetrahedral sheet as the /Fe(III) content increased.

Model of the distribution of Fe(IlI) tetrahedral substitutions. The model adopted
for the present study was patterned after that used by Besson et al. (1983) and Daynyak and
Drits (1987). They calculated the Mdssbauer parameters for natural nontronites using the
Electric Field Gradient (EFG) based on the point charge model and found two doublets due to
[S1Fe(111) linked to [4Si] or [3Si-R(III)] tetrahedral environments. That model explained well
the different doublets and corresponding cationic environments of [6]Fe(IH) previously
observed in the Mdssbauer spectra of 2:1 phyllosilicates (Goodman 1978; Besson et al. 1983;
Cashion et al. 2008, 2010; Decarreau et al. 2008).

The model was based on two assumptions: (i) YFe(IIl) cations, as with AI(III)
cations, obey Lowenstein’s rule, and (ii) a uniform distribution of Fe(IIl)-for-Si(IV)
substitutions. These assumptions were also previously made for natural and synthetic
nontronite samples (Goodman 1978; Besson et al. 1983; Daynyak and Drits 1987; Decarreau
et al. 2008).

From this model, three possible local cationic environments were determined for
[61Fe(111) cations (Table 1 and Figure 7a):

(1) [4Si]-(3"Fe(I1))

) [MFe(In) 3Si]-*IFe(I11))
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(3)  [2MFe(1ID) 2Si]-(3! Fe(I1l))
Only one local cationic environment was determined for 4IFe(I1T) cations (Table 1 and Figure
7b):

4)  [3Si]-(2"Fe(11))
The presence or absence of a Na cation in the local cationic environment around a “Fe(IIT)
cation was not taken into account. The proportion of each local cationic environment was then

calculated for each nontronite sample (Table 1).

Deconvolution of the Maossbauer spectra of synthetic nontronites. For the
deconvolution of the 298 and 77 K Mdssbauer spectra, four doublets were used. They were
attributed to the four local cationic environments around the Fe(Ill) cations determined using
the distribution model (Table 1). The doublet attributed to the [4]Fe(IH) cations must have a o
value lower than that of the doublets attributed to the ®/Fe(III) cations because the 'Fe(I11)-O
bonds in tetrahedral coordination are more covalent than the [“Fe(III)-O bonds in octahedral
coordination. The & values of doublets attributed to the three cationic environments around a
[6]Fe(IH) must be close together. The change in the local tetrahedral environment (i.e., [4Si],
[[4]Fe(IH) 3Si], [2[4]Fe(IH) 2Si]), however, could slightly modify the geometry of the
nontronite layer and consequently the geometry of the octahedral coordination of Fe(IlI)
cations (Heller-Kallai and Rozenson 1981). The A values of doublets attributed to ‘“Fe(III)
cations must increase with the proportion of [4]Fe(HI) neighboring cations as observed from
EFG calculations (Besson et al. 1983; Daynyak and Drits 1987).

To fit the Mossbauer spectra at both 298 and 77 K (Figures 3 and 4, respectively), the
relative area of each doublet (Table 4 and 5) was fixed using the crystal chemistry of each
sample (i.e., the proportion of IFe(111) and !Fe(111)) and the results of the distribution model
of "Fe(Ill) cations of each synthetic nontronite, i.e., the proportion of each tetrahedral

cationic environments of cis ®)Fe(IIl) (Table 1). The A values, at 298 and 77 K, were
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constrained to be the same for each sample because the A value is not temperature dependent
(Coey 1980; Dyar et al. 2008). The Mossbauer parameters were then refined separately for
each spectrum to enhance the goodness of fit (Table 4 and 5).

The & values of doublets (1), (2), and (3) at 298 and 77 K (Tables 4 and 5,
respectively) were characteristic of Fe(IIl) cations in octahedral coordination (Coey 1980,
1984; Heller-Kallai and Rozenson 1981; Dyar 1987). The A values for each doublet at both
298 and 77 K (Table 4 and 5) were in agreement with the EFG calculations (Besson et al.
1983; Daynyak and Drits 1987). These authors calculated the A value to be in the range 0.28 -
0.35 mm s for a [!Fe(IlI) cation surrounded by [4Si]-(3Fe(111)) and 0.6 - 0.8 mm s for a
[6]Fe(HI) cation surrounded by [[4]R(HI) 3Si]—(3[6]R(III)). The A value corresponding to the
local cationic environment [2"/Fe(I1) 2Si]-(3!'Fe(111)) surrounding a */Fe(III) cation was not
calculated by Daynyak and Drits (1987), but the large increase in the value of A observed
when a Fe(Ill)-for-Si substitution occurs suggested that an additional tetrahedral substitution
around a [*Fe(III) cation should yield a A value > 0.8 mm s”. The value for A obtained from
the curve fitting here was consistent with that prediction, being between 1.09 and 1.27 mm s
for the [2I*Fe(I1T) 2Si]-(3!’Fe(11I)) configuration around a '*Fe(IIT) cation (Table 4 and 5).

The low 6 values of doublet (4) (Table 4 and 5) were characteristic of Fe(IlI) cations in
tetrahedral coordination in natural and synthetic nontronites (Goodman et al. 1976; Goodman
1978; Coey 1980, 1984; Besson et al. 1983; Daynyak and Drits 1987; Luca 1991). The A

values of doublet (4) were also similar to those reported for nontronite samples (Goodman et

al. 1976; Goodman 1978; Coey 1984; Decarreau et al. 2008).

Application to natural nontronites from the literature.
The method for deconvolution of Mdssbauer spectra developed for synthetic

nontronites was then applied to reference natural nontronites. The reconstructed experimental
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Mossbauer spectra were then refitted using four doublets as described here for the synthetic
nontronites, using Mdssbauer parameters according to their recording temperature.

This approach was first applied to the Koegas (KOE) nontronite spectrum (Figure &)
which had a crystal chemistry similar to the one of synthetic nontronites: high Fe(IlI) content
and low Al and Mg contents (Table 6). The proportion of each local cationic environment
around a “/Fe(III) cation was calculated using the model for the distribution of tetrahedral
substitutions as described above for synthetic nontronites, with a total extent of tetrahedral
substitutions ((YFe(11I) and YAl) of 0.7 per half unit cell. No distinction was made between
MIFe(111) and ™AL for the calculation of the proportion of each local tetrahedral environment
around a !*)Fe(III) cation. Also assumed was that vvery low '®’Al and [’Mg contents did not
lead to detectable Mossbauer features. The deconvolution was then performed with the
additional constraint that the relative area of each of the four doublets was the same for
spectra recorded at 298 and 77 K (Tables 7 and 8).

The Mossbauer spectra of the Garfield nontronite (GAR) (Figure 8) with a larger RN
content (Manceau et al. 2000; Gates et al. 2002) were deconvoluted to test the assumption that
the effects of /Al and Fe(Ill) subsitutions on Mdssbauer parameters are identical. The
resulting parameters for Garfield nontronite (having a large /Al content) were similar to
those of the Koegas nontronite (having a large “IFe(III) content) (Tables 7 and 8), indicating
that tetrahedral substitutions by Fe(IIl) and Al have similar effects on the [6Ip e(IIT) Mossbauer
parameters.

Six other 298 K Modssbauer spectra and three other 77 K Maossbauer spectra of
reference natural nontronites (Table 6) were selected and deconvoluted using the same
procedure as for the Koegas and the Garfield nontronites (Figure 9 and 10; Tables 7 and 8).
Good fits of all Mossbauer spectra of reference natural nontronites were obtained using only

four doublets The amounts of Mg being always very low (Tables 7 and 8) in these natural

nontronites, the */Fe(I1I) surrounded by (2[Fe(III) [Mg) was too low to be detectable.
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Note that for the natural sample NAu-2, Cashion et al. (2011) showed that 92% of the
Mossbauer spectrum only could be attributed to known strutural iron features in nontronite
layers. The remaining 8% corresponded to a doublet having a large A (1.28 mm s™), easily
distinguishable with extra features compared to other samples (Figure 9). Using the procedure
described above for the deconvolution of Mdssbauer spectra, the inconsistency in the
Mossbauer parameters found is in accordance with the occurrence of external iron (interlayer
Fe(Ill) or impurity or Fe-pillaring) as concluded by Cashion et al. (2011). Then, the
deconvolution of the 298 K Mdssbauer spectra of the NAu-2 sample was done using an extra

doublet with the fixed parameters of Cashion et al. (2011) (i.e., d = 0.41 mm s',A=1.28 mm

s'l, width = 0.26 mm s'], and area = 8%)).

DISCUSSION

The Mossbauer parameters from the four doublets used to fit the spectra obtained at
both 298 and 77 K for all synthetic nontronite samples were distributed among eight clusters
of & vs. A (Figure 11; values in Tables 4 and 5), confirming the self consistency of the fitting
model. The & values of the doublets attributed to the three local tetrahedral cationic
environments around a “/Fe(IIl) were similar regardless of the sample, and were in the 0.32 —
0.35 mm s range at 298 K and in the 0.44 — 0.47 mm s range at 77 K. This small variability
in the & value suggested that the different tetrahedral environments surrounding the “Fe(III)
cation had only a small effect on the covalence of bonds between the */Fe(III) cation and the
neighboring oxygen ions. The width of these three doublets was in the 0.36 — 0.49 mm s
range for all samples, whether at 298 or 77 K. The A values at 298 K and 77 K were in the
0.32 — 0.46 mm s, 0.63 — 0.84 mm s, and 1.09 — 1.27 mm s™ ranges for the [4Si]-
BFe(tIn)), [MFedll) 3Si*1-(3°Fe(lD)), and [2MFe(Il) 2Si*-(3!Fe(Ill)) cationic

environments of ['Fe(III), respectively (Tables 4 and 5). This increase in A was linked to the
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increase in EFG produced by tetrahedral Fe(Ill)-for-Si substitutions occurring around a
mFe(III) cation.

A high variability was observed, however, in A values for the same local tetrahedral
cationic environment across samples NTO to NT7 (Table 4 and 5). These samples differed not
only in their tetrahedral Fe(III) content, but also in their crystallinity. The A values of the
different local tetrahedral cationic environments around a ®/Fe(IIl) correlated well with the
full width at half maximum (FWHM) values of the (06-33) reflection of XRD patterns of the
same sample (the FWHM was measured using XRD data from Baron et al. 2016) (Figure 12).
The FWHM of the d(06-33) is linked to the crystal coherent scattering domain size (CSDS) of
samples in the (ab) plane (Moore and Reynolds 1997), i.e., their in-plane “crystallinity,” a
decrease in the FWHM corresponds to an increase in sample crystallinity. These correlations
(Figure 12) are evidence of the influence of crystallinity on the A values.

Nontronite particles could be considered as containing two types of crystallographic
sites, namely, those located inside the coherent crystal domains and those on the border of
coherent crystal domains. The border sites are well known to be more distorted than those of
the central domain sites, and the smaller the crystal coherent domain size (i.e., low
crystallinity), the larger the ratio of border to heart sites. Distortion of crystallographic sites is
well known to increase the A values (Dyar et al. 2006). When the crystallinity of samples was
low, the correspondingly larger ratio of distorted border sites could induce an increase in A
values. Similarly, Friedlander et al. (2015) obtained Mdssbauer spectra of natural nontronite
before and after experimental impacts (meteor simulated impacts) between 10 and 40 GPa,
showing that impacts produced structural deformations (i.e., disordered crystallographic sites)
that resulted in an increase in A values. The degree of crystallinity of nontronite samples

could affect the A values of doublets. The Mdssbauer spectra of synthetic nontronites were

much broader than those of natural nontronites (compare Figures 3 and 4 with Figures 8, 9,
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and 10), consistent with the preceding discussion that A values increase with a decrease in
sample crystallinity, given that synthetic nontronites are less crystalline than natural ones.

The A and width values of the doublet assigned to MEe(IIl) were similar for all
synthetic samples and were in the range of 0.59 — 0.64 mm s and 0.39 — 0.45 mm s,
respectively (Tables 4 and 5). The & values were in the range of 0.16 — 0.2 mm s'and 0.26 —
0.3 mm s for 298 and 77 K, respectively. The low variability in A for the 'Fe(III) doublets
compared to the [SJFe(I1T) doublets for synthetic nontronites (Figure 11) is consistent with the
much lower capability of the tetrahedral sites to distort compared with the octahedral sites
(Manceau et al. 1998), the tetrahedron being able to rotate and tilt to match the tetrahedral
sheets with the octahedral sheet of a layer.

These deconvolutions of the Mdssbauer spectra of the synthetic nontronite series, with
parameters consistent with literature values, strongly argued that the distribution of MIRe(11T)
cations was uniform and follows the Lowenstein’s law. This approach to deconvolution,
taking into account the crystal chemistry of samples and introducing structural constraints to
guide the process, yielded robust parameters for each of the local environments around a
Fe(III) cation in the nontronite structure.

The A values obtained for natural nontronite spectra were less than those determined
for synthetic nontronites (Tables 7 and 8), suggesting a population of crystallographic sites
with a smaller mean square displacement of the local crystal symmetry in natural nontronites
than in synthetic nontronites (Dyar et al. 2006; Friedlander et al. 2015). Indeed, the crystal
size coherency of the natural nontronites is greater than that of synthetic nontronites. This
trend clearly exemplified how the sample crystallinity can modify the A values for natural and
synthetic nontronites.

The & values determined for both /Fe(II) and [*’Fe(I1I) doublets of natural nontronites

were slightly greater (around 0.04 mm s™) than those determined for the synthetic nontronites

(Table 7). This difference, however, possibly could have arisen from different calibrations of

18

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-6039
the spectrometers used for the natural samples compared to the synthetic samples and may not
be a true distinguishing feature.

The atomic percentages (at.%) of MIFe(111) relative to total Fe(III) estimated using the
present deconvolutions of the Maossbauer spectra of natural nontronite samples were
compared with results from the original deconvolutions (Goodman et al. 1976; Cardile and
Johnston 1985; Johnston and Cardile 1985; Luca 1991; Friedlander et al. 2015), from X-ray
absorption spectroscopy (Manceau et al. 2000; Gates et al. 2002), and from calculations of
Al(IIT)/Fe(I1I) distribution using a partition coefficient Kd4(6) of 0.006 (Decarreau and Petit
2014) (Table 9). The Fe(I1I) contents estimated in the present work were in good agreement
with the “)Fe(IIT) contents calculated using the partition coefficient Kdaygs except for the
NG-1 nontronite sample. However, the NG-1 sample seems to be heterogeneous, as suggested
by structural formulae being given by different authors (Schneiderhohn 1965; Koster et al.
1999; Manceau et al. 2000). The "“Fe(Ill) content obtained using the partition coefficient
Kdpsype) varied from 1 to 6% depending on the structural formula used. The amount of
IFe(I1T) for the NG-1 nontronite sample estimated in the present study agreed with the results
found using X-ray absorption spectroscopy (Manceau et al. 2000; Gates et al. 2002). For the
other nontronite samples, the estimated mFe(HI) contents were in agreement with the results
of Gates et al. (2002) in spite of the general overestimation of the “Fe(III) content using X-
ray absorption spectroscopy.

The detection of low or very low “Fe(III) content (< 5% of the total Fe(IIl) amount)
was difficult using the present deconvolution process (e.g., samples GAR, MAN, NAu-1,
NAu-2, and BIN). For the asymmetric spectra of GAR and NAu-2, for example, a measurable

amount of 'Fe(IIT) was detected. For the three other nontronites, estimation of the true value

of MFe(I1T) from Mdssbauer spectra was not possible.
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IMPLICATIONS

Maossbauer spectroscopy has often been used to determine the Fe(III)/Fe(Il) ratio and
the distribution of Fe(IIl) between the octahedral and the tetrahedral sheets of minerals with
unknown crystal chemistry. The iron status of clay minerals was obtained by fitting the
Maossbauer spectra by a sum of doublets.

The originality in the present paper was to do the reverse, i.e., to use a series of
synthetic nontronites with a wide range of “!Fe(III) contents and a known crystal chemistry
previously determined (Baron et al., 2016) to study Mossbauer spectra of nontronites. The
synthetic nontronites have the advantage of containing only Si, Fe(Ill), Na, O, and H in their
structure, thus simplifying the constraints needed to carry out the deconvolution and
especially the interpretation of the Mdssbauer spectra. A second originality of the present
paper has been to model the structure of the synthetic samples from their known crystal
chemistry. This structural model defined the allowed proportions of all cationic environments
for each sample of the series.

The deconvolution of Mossbauer spectra of synthetic samples was done by fixing the
area of doublets for each cationic environment from the results of the structural model. This
fundamental step allowed a more proper interpretation of the Mossbauer spectra and a
complete and coherent representation of the distribution of Fe(IIl) between the octahedral and
tetrahedral crystallographic sites of the nontronite structure. Although the use of a simple
model from a sum of Lorentzian line shape has been considered to be less theoritically correct
than a Voigt-based model (Rancourt 1994), the self-consistent results obtained with the
synthetic nontronites provided evidence of the important role of the local environment around
a [Fe(I11) cation, as well as the role of crystallinity (i.e., the long distance lattice defects), in
determining the Mossbauer parameter values, particularly the value for A. As previously
mentioned by Rancourt (1994), the empirical deconvolution of Mdssbauer spectra did not

tend to a unique solution. In the present paper, however, the use of six synthetic nontronite
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samples in which Mdssbauer parameters at both 77 K and 298 K tended toward similar and
coherent 8 and A values engendered confidence in the methodology. This paper provided, in
that sense, robust values of Mossbauer parameters of MEe(I1) and “Fe(IID) in clay mineral
structures.

Some guiding principles for using Mdssbauer spectroscopy can be extracted from this
study. First, the deconvolution of Mdssbauer spectra of clay minerals should take into
account, as much as possible, the whole Fe(III) environment and should rely on the use of a
crystal chemistry model. In particular, the tetrahedral environment of the [*’Fe(IIT) atoms must
be taken into account. Second, Mdssbauer spectroscopy should not be used alone to deduce
the crystal chemistry of Fe-rich clay minerals. The results of the present study on Mg- and Al-
poor natural samples tends to show that "Mg does not produce a significant modification of
the Mossbauer parameters and that AI(III) and Fe(Ill) have the same effect on Mossbauer
spectra of clay minerals as previously shown by Drits et al. (1992). Nevertheless, for
smectites having a high Mg content, further doublets would be needed to take into account
all the JFe(IIl) environments, both in the octahedral and tetrahedral sheets. Other
spectroscopies, and infrared spectroscopy in particular, remain more versatile and appropriate
techniques to obtain crystal-chemical information on octahedral occupancies of clay minerals
(e.g., Petit et al. 2006).

Although the method developed in the present paper was not physics based
(approximate line shapes, f recoil was not known, etc.) it allows for mineralogists to interpret
Mossbauer spectra of nontronites (and potentially others Fe(II)-rich clay minerals) and to
obtain a quantitative [4]Fe(III)/[6]Fe(IH) ratio. For nontronite samples with a low or very low

MIFe(I1I) content (< 5% of the total Fe(Il)), however, the quantification of MFe(111) was only

qualitative.
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Table 1: Crystal chemistry of the synthetic nontronites.

Proportion of the local cationic environments around a Fe(III) (%)

[SIFe(111) MFe(11ID)
Sample . FWHM [4Si]- [MFe(IID) 3Si]-  [2"™Fe(IIN) 2Si]- [3Si]-

d(06-33) (°20) (3"Fe(1n)  (3"Fe(IID)) (3"'Fe(1ID)) (2"Fe(11D))
NTO 0.51 1.576 45.0+2.2 30.0+2.1 49+1.0 20.1+1.0
NTI 0.57 1.589 39.6+2.1 31.6+2.0 6.4+1.1 224+1.0
NT3 0.78 1.466 268+ 1.8 34.1+1.9 102+1.2 28.2+0.8
NT5 0.99 1.039 17.2+1.3 33.0£ 1.6 165+ 1.3 33.3+0.7
NT6 1.09 1.155 13.5+1.2 31.8+1.6 192+1.2 354+0.6
NT7 1.3 1.050 77+1.0 27.54+15 254+14 39.4+0.6

Note(s): x: "¥Fe(l11) contents on the basis of [S4,¢TFe(111),] T Fe(I11),014(OH),Nay structural formula; FWHM: full
width at half maximum of the XRD (06-33) reflection (Data from Baron et al., 2016); Proportions (in at.% of total
Fe(l11)) of each local cationic environments neighboring a Fe(l11) cation within the nontronite sample obtained
using the model of distribution of tetrahedral substitutions (See text). The uncertainty in the proportion of the local
cationic environments was determined using two hundred simulations.
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Table 2: Ranges of magnetic hyperfine fields in Mdssbauer spectra of synthetic nontronites and

natural Fe (oxyhydr)oxide samples.

Hyperfine Magnetic Part of diffuse
splitting range (T) area (%) magnetism area (%)
NTO 35-47 75 43
NT1 34 -46 61 36
NT3 37-48 65 35
NTS 35-46 79 44
NT6 34-45 75 31
NT7 35-45 73 39
Hematite 54.2°
Goethite 50.6*
Ferrihydrite 47-50°

* corresponds to data from (Schwertmann and Cornell 1991)
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Table 3: Mossbauer parameters of the NT3 and NT6 synthetic nontronite spectra using three

doublets.
NT3 NT6

298 K 77K 298 K 77K
& (mms™) 0.16 0.18 0.16 0.19

Doublet (1) -1
Tetrahedral A (mms™) 0.60 0.63 0.62 0.65
Width (mm s™) 0.42 0.40 0.44 0.42
Area (%) 27.9° 28.3° 35.0° 35.0°
8 (mms™) 0.35 0.41 0.36 0.43

Doublet (2) -1
Octahodral A (mms™) 0.70 0.71 0.72 0.73
Width (mm s™) 0.49 0.48 0.51 0.50
Area (%) 56.3 56.0 65.0 65.0
& (mms™) 0.33 0.41 0.35 0.43

Doublet (3) -1
Octahodial A (mms™) 0.38 0.38 0.40 0.40
Width (mm s™) 0.34 0.32 0.32 0.30
Area (%) 15.8 15.7 0.00 0.00
3 1.10 2.74 2.64 4.95

Note(s): Doublets 1, 2, and 3 correspond to doublets in the Figure 6. *: constrained parameter (+ 5% of the

theoretical area value of tetrahedral doublets determined from the structural formula).
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Table 4: Mdssbauer parameters of the 298 K Mdssbauer spectra of the synthetic nontronites using
four doublets.

NT7 NT6 NTS NT3 NT1 NTO

5 (mms™) 035 032 034 034 034 034

Doublet (1) -1
o A(mms’") 034 041 036 035 042 046
[4Si*]-(3VFe™) Width (mm s™) 0.36 0.44 0.41 0.42 0.44 0.48
Area (%) 73%  134%  17.0° 269 397 448°

-1
Doublet (2) 5 (mm s 1) 035 032 034 034 034 034
Octahedral A(mms™) 064 070 067 067 074 084

IV 3+ <4+
[ }(:;VIF:S?% I Width(mms") 036 038 039 036 041 045
€

Area (%) 286° 317 328°  340°  314°  302°

-1
Doublet (3) 5 (mms™) 032 032 034 035 035 035
Octahedral A(mms") 113 116 109 117 121 127

IV 3+ 4+

[2 E%ansf I Width(mms") 041 046 049 037 039 039
(37Fe™) Area (%) 247°  193%  166°  109° 64  49°
5 (mms™) 020 020 018 018 016 0.6

Doublet (4) 4
Tomro A(mms™) 059 064 060 060 060  0.60
(38i*]-2VFe*)  Width (mms') 042 045 046 040 039 040
Area (%) 393" 356°  334°  283° 225 202°
¢ 125 075 063 105 070 076

* constrained parameter (+ 5% of the theoretical area value of doublets determined from the structural model).
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Table 5: Mossbauer parameters of the 77 K Mdossbauer spectra of the synthetic nontronites using

four doublets.

NT7 NT6 NT5 NT3 NT1  NTO
5 (mm s™) 047 047 047 046 045 045

g‘;‘f:ﬁ:figl) A (mm s 032 041 037 037 041 045
[4Si]-(3VFe’y  Widthmms’) 036 045 039 037 042 049
Area (%) 77°  134°  17.1°  268°  39.7° 448"

Doublet (2) 5 (mm s™) 047 047 047 046 045 045
Octahedral A (mms™) 0.63 0.69 0.66 0.70 0.76 0.84
["Fe* 38i"F  width mms") 035 040 040 038 039 046
(37Fe™) Area (%) 276°  32.0°  332°  340°  314°  30.1°
Doublet (3) 5 (mm s™) 044 044 045 045 045 045
Octahedral A (mms™) 1.15 1.16 1.09 1.18 1.23 1.27
2YFe 28] \yidgth mms?) 040 042 047 040 035 039
(37Fe™) Area (%) 252°  193° 166  11.0°  64°  50°

5 (mms™) 030 028 026 026 026 026

?:t‘;';’}lgd(rg A (mm s 062 064 061 060 062 064
[3Si*]-2"'Fe*)  Width (mms™) 0.41 0.43 0.45 0.42 0.42 0.45
Area (%) 39.5%  352°  33.1°  283°  225°  202°

350 223 124 122 147 159

. constrained parameter (+ 5% of the theoretical area value of doublets determined from the structural model).
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Table 6: Sources and compositions of the reference natural nontronites.

Source

Composition per Oo(OH),

Reference

Koegas, Cape Province,

South Africa

Garfield, Washington,
U.S.A.

Manito, Washington,
US.A.

Bingham Canyon, Utah,

US.A

Spokane County,
Washington, U.S.A.

Hohen Hagen,
Germany

Uley Mine, South
Australia, Australia

Uley Mine, South
Australia, Australia

Clausthal-Zellerfeld,
Germany

Penge, Cape Province,
South Africa

Koegas, Cape Province,
South Africa

KOE

GAR

MAN

BIN

SPO

NG-1

NAu-1

NAu-2

CLA

AMO

CRO

Si3 3 Al o4 Fe(I1I)2 60 Mgo 03

Si3 42 Al 53 Fe(I1I)2.03 Mg .02

Si3 5 Alg 64 Fe(I11)1 8, Mgo 05

Si3 49 Alg.gs Fe(IIL); 46 Mgo.14

Siz 7 Alg o3 Fe(I1I),10 Mg o3

Si3 g5 Alg 4s Fe(I1L) 1 36 Mgo.03

Si3 49 Al g6 Fe(I1L); 34 Mgo.02

Si3 78 Algas Fe(I1L) .00 Mgo.03

Siz 4 Alg.o7 Fe(I11)2.53 Mgo 03

Si3 42 Alg o2 Fe(I1I).5s Mg 05

Si3 33 Alg .3 Fe(Il)2.30 Mgg 12

Goodman et al. (1976)

Goodman et al. (1976)

Cardile and Johnston
(1985)

Cardile and Johnston
(1985)

Cardile and Johnston
(1985)

Manceau (2000)

Keeling et al. (2000)

Gates et al. (2002)

Goodman et al. (1976)

Goodman et al. (1976)

Goodman et al. (1976)
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Table 7: Mossbauer parameters of the 298 K Mossbauer spectra of reference natural nontronite

samples using the distribution model for tetrahedral substitutions (See text).

GAR KOE MAN SPO NG-1 NAu-1 BIN NAu-2
s(mmsh) 037 039 036 038 038 037 036 037
%‘;‘tlgzggl) Amms!) 022 025 022 032 033 025 022 022
[4Si1.3VFe™) Width (mms?) 033 026 034 040 040 039 035 035
Area (%)  49.5° 327° 564° 629° 62.1° 567° 552° 70.4°
Doublet (2) s(mms") 037 039 036 038 038 037 036 036
Octahedral A(mms') 058 054 058 061 063 058 058 0.60
[“Fe 381 width mms") 031 026 029 030 030 033 029 034
(37Fe™) Area (%)  39.6° 34.0° 37.5° 23.0° 22.1° 37.2° 383" 17.9°
Doublet (3) §(mms") 036 037 036 038 036 037 036 036
Octahedral A(mms') 085 087 087 092 093 092 087 093
[2"Fe" 28I width mms?) 027 035 027 030 033 040 027 027
(37Fe™) Area(%)  81° 91 62° 20° 20° 61° 65° 13°
§(mmsh 018 021 - 019 017 - - 017
?g:;:kllztd(r‘g A(mms') 047 049 - 054 055 - - 053
[3Si*]-2V'Fe*)  Width (mm s 026 028 - 036  0.30 - - 0.26
Area (%) 27 243 00 121 138 00 00 24
2 028 032 055 023 062 036 036 0.19

Note(s): For sample NAu-2, an extra doublet with the Mdssbauer parameters given by Cashion et al. (2011),
possibly due to non-structural iron, was used for the deconvolution (see text). *: constrained parameter (+ 5% of the
theoretical area value of doublets determined from the structural model).
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Table 8: Mossbauer parameters of the 77 K Mdossbauer spectra of reference natural nontronite
samples using the distribution model for tetrahedral substitutions (See text).

GAR KOE CLA CRO AMO

5 (mms™) 0.49 050 051 050 048

%‘;‘tlgzggl) A(mms™) 0.23 024 026 027 029
[4Si*]-(3VFe*)  Width (mm s 0.29 0.27 0.30 0.29 0.29
Area (%) 49.5°  327°  39.1°  357°  39.9°

Doublet 2) 8 (mms™) 0.48 050 051 050 049
Octahedral A (mms™) 0.58 0.54 058 057 059
[P 381 width mmsh) 028 027 029 029 028
(37Fe™) Area (%) 39.6°  340°  33.1°  323°  318°
Doublet (3) 8 (mms™) 0.48 048 049 048 048
Octahedral A (mms™) 0.85 087 087 087 087
[2YFe" 28I widthmms) 027 037 037 035 037
(37Fe™) Area (%) 8.1° 9.1°  7.0° 73°  65°

5 (mms™) 0.31 031 032 031 030

?g;:tllztd(r‘g A (mms™) 0.47 051 055 053 053
[3Si*]-2V'Fe*)  Width (mm s 0.25 0.28 0.34 0.35 0.33
Area (%) 2.7 243 208 247 218

xz 0.22 029 027 021 0.7

% constrained parameter (+ 5% of the theoretical area value of doublets determined from the structural model).
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Table 9: “IFe(I1I) content (in at.% of total Fe(II)) of the reference natural nontronite samples.

GAR KOE MAN SPO NG-1 NAu-1 NAuw-2 BIN CLA CRO AMO

This study 2.7 24.3 0.0 12.1 13.8 0.0 2.6 0.0 208 247 2138
Goodman et al.
(1976) 9.0 27.0 - - - - - - 150 19.0 28.0
Johnston and
Cardile (1985)
Cardile and
Johnston (1985) - 21.0 9.0 7.0 - - - 4.0 - - -
Luca (1991) 2.0 23.0 - 5.6 16.0 - - 5.0 - - -
Friedlander et
al. (2015)
Cashion et al.
(2011)
Gates et al.
(2002)
Manceau et al.
(2000)
From the Kd
approach of
Decarreau and
Petit (2014)

9.0 - - - - - - - - - -

2.7 - 33 153  16.1 1.9 7.6 6.5 - - -

0.0 - - 17.0 - - - - - - -

5.0 27.0 2.0 10.0 1.0 2.0 1.4 1.0 220 21.0 250

Note(s): For the Kd approach, the Kd value was 0.006.

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



10
11

12

13

14
15

16

17

18
19

20
21

22

23

24
25
26
27
28
29

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-6039

List of Figure captions :

Figure 1: Example of the modeling (NT3 sample x = 0.77) of the distribution of “!Fe(III)
substitutions in the two tetrahedral sheets of the layer (a and c) and tetrahedral neighbors to the
[6JFe(I11) cations in a trans vacant octahedral sheet (b) for a one-layer simulation. For details, see

text.

Figure 2: Schematic of the tetrahedral sheet for the building of the distribution of M!Fe(III)

substitutions.

Figure 3: Mossbauer spectra at 298 K of the synthetic nontronite samples. The spectral
deconvolutions were made using four doublets corresponding to one tetrahedral and three

octahedral environments (see text for details).

Figure 4: Mossbauer spectra at 77 K of the synthetic nontronite samples. The spectral
deconvolutions were made using four doublets corresponding to one tetrahedral and three

octahedral environments (see text for details).

Figure 5: Mossbauer spectra at 4 K of the synthetic nontronite samples.

Figure 6: Deconvolution of the Mdssbauer spectra of the NT3 and the NT6 nontronite samples
using three doublets corresponding to one tetrahedral and two octahedral environments. The

arrows note the misfit between the experimental data and the fitted line from the three doublets.
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Figure 7: Local cationic environment of an octahedral cation in a nontronite structure (a), each
octahedral cation (in dark grey) is linked to three neighboring octahedrons and four neighboring
tetrahedrons (two being up and two being down). Local cationic environment of a tetrahedral
cation in a nontronite structure (b), each tetrahedral cation (in dark grey) is linked to two

neighboring octahedrons and three neighboring tetrahedrons.

Figure 8: Deconvolution of the reconstructed experimental Mdssbauer spectra of the Koegas
(KOE) and Garfield (GAR) natural nontronites using the approach developed from synthetic
nontronite. The experimental 77 K Mdssbauer spectra of the KOE and the GAR are from
Goodman et al. (1976). The experimental 298 K Mossbauer spectra of the KOE and the GAR are

from Cardile and Johnston (1985) and Johnston and Cardile (1985), respectively.

Figure 9: Deconvolution of the reconstructed experimental 298 K Mdssbauer spectra of the
reference natural nontronite samples from Cardile and Johnston (1985): Spokane (SPO),
Bingham (BIN), Manito (MAN); from Luca (1991): Hohen Hagen (NG-1), from Friedlander et
al. (2015): Uley (NAu-1); and from Cashion et al. (2011): Uley (NAu-2). The deconvolutions

were made using the approach applied to the synthetic nontronite samples.

Figure 10: Deconvolution of the reconstructed experimental 77 K Mdssbauer spectra of the
nontronite samples from Goodman et al. (1976): Clausthal (CLA), the crocidolite deposit of
Koegas (CRO), and the amosite deposit of Penge (AMO). The deconvolutions were made using

the approach applied to the synthetic nontronite samples.
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Figure 11: Quadrupole splitting and isomer shift for Fe(IIl) in synthetic nontronites (full symbols)
and in reference natural nontronites (empty symbols). Black symbols: 298 K spectra; Grey
symbols: 77 K spectra. Circles: [3Si]-(2!®’Fe(III)) local cationic environment around a ““Fe(III);
Squares, diamonds, and triangles: local cationic environments around a '*)Fe(IIl); [4Si]-
(3LFe(tIn), [Fe(IID) 3Si*]-(3"Fe(111)), and [2*'Fe(III) 2Si*]-(3!°Fe(Il)), respectively. Dotted
rectangles: ranges of quadrupole splitting and isomer shift for “/Fe(III) and "*Fe(III) in silicate

minerals (Coey, 1984).

Figure 12: Quadrupole splitting at 298 and 77 K vs. the full width at half maximum (FWHM) of
the XRD (06-33) reflection of synthetic nontronites. Circles: local cationic environment around a
MWEe(ID); [3Si]-(2"'Fe(Ill)). Squares, diamonds, and triangles: local cationic environments
around a “Fe(Il); [4Si]-BYFetmn), [MFe) 3Si*']-3''Fe(ll)), and [2*'Fe(ll) 2Si*']-

(3'IFe(111)), respectively.
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