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ABSTRACT

Chlorite is a ubiquitous product of metamorphism, alteration of magmatic rocks and hydrothermal processes
owing to its large stability field and wide compositional range. Its composition is governed by several substitutions
and has been used as a geothermometer, on the basis of empirical, semi-empirical, and thermodynamic models.
As in some other phyllosilicates of petrological interest, the oxidation state of iron in chlorite may differ from
the usually assumed divalent state. However, the crystal chemistry of trivalent iron in chlorite remains poorly
known, and the thermodynamic properties of ferric chlorite are missing from databases used for petrological
modeling. As part of an attempt to fill this gap, we present results from in situ, micrometer-scale measurements
of the oxidation state of iron in various chlorite-bearing samples. X-ray absorption near-edge spectroscopy
(XANES) was combined with electron probe microanalysis (EPMA) on the same crystals. Results show iron
oxidation states varying from ferrous to ferric; iron is in octahedral coordination in all ferromagnesian chlorites
but to ~25% tetrahedral in the lithian chlorite cookeite (1.0 Wt% Fe,Os o). Absolute amounts of ferric iron cover
an unprecedented range (0 to ~30 wt% Fe,0;). For highly magnesian, ferric chlorite, Fe concentrations are low
and can be accounted for by Al =Fe** substitution. In Fe-rich samples, Fe** may exceed 2 atoms per formula unit
(pfu, 18 oxygen basis). When structural formulas are normalized to 28 charges corresponding to the standard
0,0(OH); anionic basis, these measurements define the exchange vector of a di-trioctahedral-type substitution:
3 Vi(Mg, Fe*) =V + 2 V'Fe™, as described in earlier studies. However, structural formulas calculated on the
basis of the oxygen contents actually measured by EPMA show that this trend is an artifact, due to the neglect of
variations in the number of protons in the structure. Our measurements indicate increasing hydrogen deficiency
with increasing Fe** content, up to ~ 2 H* pfu in the Fe**-rich chlorite samples, corresponding to a net exchange
vector of the type R** + H* = Fe**. These results do not support substitutions toward di-trioctahedral ferric end-
members, and highlight the need for considering substitution toward an “oxychlorite” (i.e., H-deficient) ferric
component, close to tri-trioctahedral, with an O,,(OH), anionic basis, even in green, pristine-looking chlorite.
The effects of iron oxidation and H deficiency on chlorite geothermometers were explored. They are deterring
if H deficiency is ignored but, given the sensitivity of most thermometers to octahedral vacancy, the assump-
tion Fe,, = Fe*" is still safer than using high measured Fe** contents and the standard 28 charge basis, which
artificially increases vacancies. In such ferric chlorites, EPMA measurement of oxygen allows a fair estimate of
H content if Fe**/Fe?* is known; it should be more systematically implemented. For the same reasons, literature
data reporting Fe**-rich chlorite with vacancy content along the possibly artificial di-trioctahedral-type sub-
stitution should be verified. With the help of constraints from thermodynamic models, charge balance, crystal
symmetry, and proton loss, a new cation site distribution is proposed for di-tri- to tri-trioctahedral chlorites in
the Fe?*-Fe**-Mg-Al-Si-O-H system, allowing a more realistic thermodynamic handling of their solid solutions.

Keywords: Chlorite, oxychlorite, hydrogen deficiency, XANES, EPMA, ferric iron incorporation, geother-
mometry, solid solution, cation site distribution

INTRODUCTION

Chlorite is a ubiquitous phyllosilicate characterized by a
14 A ¢ cell-parameter that is found in a wide range of geologi-
cal environments and crystallizes from diagenesis conditions up
to blueschist- and amphibolite-facies metamorphic conditions.
This 14 A value reflects the combination of a TOT mica-like
layer (a partially hydroxylated octahedral sheet between two

* E-mail: lorella.masci@sorbonne-universite. fr

opposing tetrahedral sheets) with an interlayer hydroxide sheet
(“brucitic” octahedral sheet) in which each oxygen atom is part
of a hydroxyl group involved in hydrogen bonding to the facing
2:1 layer (Fig. 1). Both octahedral sheets may be fully or partly
occupied, leading to tri-tri-, di-tri-, and di-di-octahedral chlorite
end-members. Zazzi et al. (2006) and Beaufort et al. (2015)
offered extensive reviews of the structure and crystal chemistry
of chlorite. The usual site assignment of cations in the chlorite
structure is recalled in Table 1, together with a list of the potential
end-members referred to in this and previous studies.
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FIGURE 1. Structure of chlorite, after Zazzi et al. (2006). Gray (or
yellow) spheres are oxygen atoms; white spheres are H atoms. An M1 site
(in the TOT layer) and an M3 site (in the hydroxide interlayer, “brucite
sheet”) are highlighted in color.

Chlorite is used as a geothermometer because its composi-
tion varies with its crystallization temperature via several solid
solutions. Empirical and semi-empirical equations establish a
link between temperature and the amount of, e.g., tetrahedral
Al (Cathelineau 1988), octahedral vacancies (Hillier and Velde
1991) or, in addition, Mg contents (Inoue et al. 2009; Bourdelle
et al. 2013a). Thermodynamic models are also available (e.g.,
Walshe 1986; Holland et al. 1998; Vidal et al. 2001; Lanari et al.
2014); they use end-members (of which some are fictive) with
fixed thermodynamic properties and activity models for solid
solutions, some considering ordering and reciprocal solid solu-
tions. These models are based on the structure and composition
of chamosite (a tri-trioctahedral chlorite solid solution among
the clinochlore, Mg-amesite, and “daphnite” end-members, e.g.,
Holland and Powell 1998) extended to the end-members “Al-free
chlorite” (e.g., Holland et al. 1998), sudoite [the di-trioctahedral
chlorite OMg,Al;(Si;A1)O,4(OH)s, Vidal et al. 2001], and Fe-
amesite (Vidal et al. 2005). These models account for three
main substitutions observed in chlorite: (1) homovalent Fe-Mg
substitution Fe = Mg; (2) the di-trioctahedral substitution Y0 +
2 VAL =3 Yi(Mg, Fe*") where V'O is an octahedral vacancy, and
(3) the Tschermak substitution 'VSi + Vi(Mg, Fe?) = VAl + VAl
(e.g., Zane et al. 1998). The Al-free chlorite end-member is used
to account for compositions with Si/Al ratio greater than that of
clinochlore (3/1). The need for a di-dioctahedral “pyrophyllite-
gibbsite” end-member has been mentioned (Inoue et al. 2009),
yet its thermodynamic properties remain unknown.

Cation site distribution for chlorite end-members, after
Vidal et al. (2001), Bourdelle and Cathelineau (2015), and
additional studies referenced in the table
(T1), (12), M1 (M2),
Daphnite/Clinochlore  (Si), SiAl Fe**, Mg (Fe**, Mg), (Fe**, Mg), Al

TABLE 1.

(M3), M4

)
(Fe, Mg)-Amesite (Si), (Al), Al (Fe?*, Mg), (Fe*, Mq), Al
(Fe, Mg)-Sudoite (Si), SiAl (m} (Al), (Fe?*, Mg), Al
Al-free chlorite (Si); (Si), Fe?*,Mg (Fe*, Mg), (Fe**, Mg), Fe*,Mg
“Pyrophyllite-Gibbsite” (Si), (Si), m| (Al), (Al), m]
Ferri-sudoite (Vidal (Si), SiAl (m} (Al), (Fe**, Mg),  Fe**
etal.2016)
Diferri-sudoite (Trincal  (Si), Si Al ] (Fe**),  (Fe*, Mqg), Al
and Lanari 2016)
Triferri-sudoite (This (Si); SiAl O (Fe*), (Fe*,; Mg), Fe¥*
study)
Vacant triferri-amesite  (Si), (Al), O (Fe*), Fe’*(Fe**,Mg) Al
(This study)

The speciation of iron is a common issue when calculat-
ing structural formulas from electron-microprobe analyses of
chlorite, and ferric iron has been emphasized as potentially
important for thermobarometric estimates (e.g., Vidal et al.
2005; Inoue et al. 2009; Lanari et al. 2014) but also discarded
by some other authors (e.g., Bourdelle and Cathelineau 2015).
To model the incorporation of Fe3* into the chlorite structure,
several substitutions and end-members have been proposed.
Homovalent exchange of Al by Fe’* (Al = Fe**) has been sug-
gested as a possible mechanism both in octahedral (Vidal et
al. 2005; Inoue et al. 2009; Lanari et al. 2014) and tetrahedral
position to a smaller extent (Lanson et al. 2012; Mufioz et al.
2013). Trincal and Lanari (2016) highlighted a di-trioctahedral
substitution V'O + 2 VIFe3* = 3 V{((Mg,Fe*") that they modeled
with a “di-ferri-sudoite” end-member in which Fe** replaces Mg
and Fe** in M2 and M3 sites (see Table 1). Vidal et al. (2016)
suggested another “ferri-sudoite” end-member, with one Fe**
ion in the M4 site per formula unit (Table 1), following the
cation distribution of their previous model (Vidal et al. 2006).

Unfortunately, methods allowing detailed investigations of
the cation distribution (such as single-crystal X-ray diffraction)
are difficult to set up for ferric chlorite due to frequent zon-
ing, twinning, and crystal deformation; consequently models
ground on a limited set of reliable structure refinements. Most
studies concur in allocating Mg and Fe* to M1, M2, and M3
sites (Smyth et al. 1997; Lougear et al. 2000; Aja et al. 2015),
and filling the smaller M4 site with Al (Rule and Bailey 1987;
Walker and Bish 1992; Nelson and Guggenheim 1993; Welch
and Marshall 2001; Zazzi et al. 2006; Aja et al. 2015). Smyth
et al. (1997) and Inoue and Kogure (2016) suggest filling the
M4 site with Fe*" when measured, consistent with an AI** =
Fe3* exchange.

The presence of octahedral vacancies in chlorite further
complicates the estimation of the Fe¥*/Fe,,, ratio, unlike other
structural groups in which full site occupancy allows Fe** esti-
mation from electron-microprobe data by site-filling methods,
as in garnet or chloritoid (e.g., Droop 1987). Estimation of Fe3*/
Fe,y. in chlorite has also been carried out via thermodynamic
modeling (e.g., Walshe 1986; Vidal et al. 2006; Lanari et al.
2014; Inoue et al. 2018), however these models are based on a
restricted number of analyses with measured iron speciation and
little information on cation site distribution. There is a lingering
need for measuring and modeling variations in the oxidation
state of iron in chlorite, which must be obtained together with
major-element composition. Mdssbauer spectroscopy (De
Grave et al. 1987; Aja and Dyar 2002), electron energy-loss
spectroscopy on transmission electron microscope (van Aken
and Liebscher 2002; Bourdelle et al. 2013b), photoelectron
spectroscopy (Raeburn et al. 1997; Yamashita and Hayes
2008), and EPMA at iron La,p edges (Hofer et al. 1994; Fialin
etal. 2001) allow measuring Fe3*/Fe ., but all show disadvan-
tages as compared to X-ray absorption near-edge spectroscopy
(XANES) for rapid measurement on samples and over scales
consistent with scanning electron microscopy and electron
microprobe analysis, with limited alteration effects due to the
beam—for example electron beams may induce reduction or
oxidation with proton loss in hydrous silicates (e.g., Garvie
and Craven 1994; Garvie et al. 2004). XANES has been shown



to be strongly sensitive to both the formal oxidation state and
coordination of iron (e.g., Wilke et al. 2001; Newville 2014).

This publication reports on a series of XANES measure-
ments carried out on samples where crystal composition was
also measured with scanning electron microscopy and electron
microprobe analysis. Iron speciation was measured in oxides and
silicates, with emphasis on chlorite, to identify trends in chemical
exchanges involving Fe**. Tron speciation was also mapped in
zoned crystals. This effort considerably extends the database for
chlorite compositions where iron speciation is known and allows
better identification of end-members relevant to ferric chlorite. It
is found that the “oxychlorite” component is important even in
pristine, apparently unaltered green chlorite. The structure and
thermodynamic properties of the ferric end-members remain
unknown, however thermodynamic modeling provides first-order
constraints on these. Crystal-chemical considerations allow refin-
ing the cation site assignment from chlorite electron-microprobe
analyses. We propose an alternative algorithm to that of Vidal et
al. (2006) for the calculation of end-member activities, which
has implications for all compositions and major importance for
Fe**-rich chlorite.

MATERIALS AND METHODS

Twenty-nine samples of chlorite-bearing rocks from various localities have
been measured for their texture, composition, and iron speciation. It was aimed to
analyze a wide range of compositions to provide a complete view of solid solu-
tions involving ferric iron. Mineral compositions and sample origin are detailed
in Supplemental' Tables S1, S2, and S3. As thin sections were cut perpendicular
to the foliation (if any), most chlorite crystals were oriented with c-axis in the
section plane.

A compilation of analyses from the literature was used for comparison, taken
from Trincal and Lanari (2016) but screened with more stringent criteria:

« Sum of “alkalis” (Na,O + K,O + CaO) below 0.5 wt% to remove analyses
possibly contaminated by illite-like material (see e.g., Bourdelle et al. 2013a),

 Sum of oxides between 80 and 91 wt% (not counting H,0),

« Discarding incorrectly referenced/used analyses (misidentified chlorite,
missing analysis in the original paper, missing reference, duplicates).

Scanning electron microscopy and electron microprobe
analysis

Scanning electron microscopy (SEM) was used to complement optical micros-
copy at ISTeP (Sorbonne Université, Paris) using a Zeiss Supra 55VP apparatus
associated to an SSD detector PTG Sahara for imaging and elemental mapping
in energy-dispersive spectroscopy mode. Electron probe micro-analyses were
then carried out at CAMPARIS (Sorbonne Université, Paris, France) with both
Cameca SX-Five and SX-100 instruments. Point measurements were made under
classical analytical conditions (15 kV acceleration voltage and 10 nA beam current
allowing ~2 pm beam size, in wavelength-dispersive spectroscopy mode) using
diopside (Ca, Mg, Si), MnTiO; (Mn, Ti), orthoclase (K, Al), Fe,O; (Fe), albite
(Na), and Cr,0; (Cr) as standards to measure elements indicated in parentheses.
Element maps were obtained with similar conditions but counting time lowered
to between 50 and 300 ms. For sessions with analysis of oxygen, alumina (Al,05)
was used as standard, and absorption coefficients were selected from Bastin and
Heijligers (1989). Oxygen measurements were subsequently verified with analyzes
of periclase (MgO), quartz (SiO,), and hematite (Fe,0Os), yielding an average rela-
tive uncertainty of 1.1% (here interpreted as trueness) on the measured value for
oxygen. This value is lower than the average standard deviation obtained from the
electron microprobe on chlorite analyses, yielding a precision generally around
3% of the measured value (using the manufacturer’s software with ZAF correction
and the standardization method from this study).

Electron microprobe measurements were combined to iron speciation XANES
measurements on the exact same crystals to calculate structural formulas for all
minerals. Unless stated otherwise, structural formulas are assumed to be calculated
on the basis of O,((OH); (i.e., 28 charges) for chlorite, Os(OH), for serpentine,
and O,,(OH), for micas.

X-ray absorption near-edge spectroscopy

X-ray absorption near-edge spectroscopy measurements were carried out for
spatially resolved Fe*'/Fe,,, analysis on both homogeneous and zoned crystals, di-
rectly on thin section (i.e., without losing textural information). The oxidation state
and coordination number of iron are obtained after spectra processing as detailed
below (adapting protocols from White and McKinstry 1966 and Wilke et al. 2001).

Experimental setup. Absorption spectra around the K edge of iron were
collected on the ID24 beamline at the European Synchrotron Radiation Facility
in Grenoble and on the 13-IDE beamline at APS Chicago. Each beamline was
dedicated to XANES in fluorescence detection mode. Setups at Grenoble and
Chicago were broadly similar, with the difference that the incident beam was
linearly polarized at 13-IDE and circularly polarized at ID24. Beam spot size was
approximately 5 x 5 pm. Thin sections were mounted on an iron-free plexiglass
holder, fixed on a remotely controlled shelf and positioned perpendicular to the
X-ray beam direction to minimize self-absorption effects (Troger et al. 1992; Pfalzer
etal. 1999). Detector sensitivity and distance to the sample were manually adjusted
as a function of iron content. For maps, a compromise for coexisting iron-rich and
iron-poor minerals was searched with the aim of obtaining the best signal-to-noise
ratio for chlorite at the expense of other minerals. Dwell times for spot analyzes and
maps were adapted as a function of iron concentration and size of mapped areas.
Energy calibration was carried out on hematite crystals and Fe foils.

The absorption coefficient p is defined as wW(E) = log(/,/1y), where I, is the
incident beam intensity and /, is the intensity of fluorescence. The absorption
coefficient p has been measured from 7109 to 7180 eV at ID24 (Fig. 2) and 7062
to 7756 eV at 13-IDE. Spectra were obtained with 0.1 eV resolution around the
pre-edge and lower resolutions at lower and higher energies. Two types of detector
were used at ID24, and we retained the best spectra in terms of signal-to-noise
ratio. Previous studies have shown that linear polarization of incoming photons
impacts XANES spectra of anisotropic crystals, and particularly phyllosilicates
(e.g., Dyaretal. 2001; Mufoz et al. 2013; Evans et al. 2014), plaguing earlier map-
ping attempts. Because of linear polarization of the beam at 13-IDE, each crystal
has been measured four times, rotating the sample holder by 30°. Because samples
were cut perpendicularly to the foliation (along which the long axis of chlorite
crystals is generally oriented), this rotation mainly explored the angle between
the c-axis of chlorite and the beam with the aim of capturing most of the effect of
dichroism on the pre-edge of iron without separating crystals and losing textural
information. Spectra were subsequently averaged (see Supplemental’ Fig. S1 for
two examples). Following the analysis of Mufloz et al. (2013), this should average
shifting of the pre-edge and limit uncertainties due to linear polarization to about
5% of the calculated Fe**/Fe,,, ratio. Mounting of a quarter-wave plate along the
incident beam at ID24 allowed transforming the linearly polarized incident X-ray
beam into a transmitted (non-deviated) beam with circular polarization (Giles et al.
1994) around the Fe K-edge, making corrections for polarization unnecessary and
reliable mapping possible. Because of diffraction effects between the X-ray beam
and the quarter-wave crystal, all spectra obtained at ID24 showed a systematic
shoulder and trough (“glitch”) between 7090 and 7105 eV, which has subsequently
been considered as part of the background.

The possible effect of beam exposure on iron oxidation state has been tested
and dismissed for iron-rich samples via repeated point measurement of the same
crystals identified as entirely ferrous or ferric. This is consistent with the study of
Fiege et al. (2017) and with results obtained on maps where exposure times were
below 30 s per point.

Spectra processing. Figure 2 shows an example of XANES spectrum after
normalization and smoothing (using the Savitzky-Golay algorithm). Absorption p
was normalized using intensities measured in the range 71607180 eV to correct
for variations of iron content. Several functions were tested to remove the baseline
below the pre-edge. This is an important step as the form of the baseline function
has been shown to have a critical effect on the area of the pre-edge and on the
position of its centroid to a lesser extent (Farges et al. 2004). The pre-edge ranges
broadly from 7109 to 7116 eV, and these values are affected by iron speciation.
It has been found that interpolating the shape of the K-edge with piecewise cubic
spline interpolation (as used by Wilke et al. 2001; De Andrade et al. 2011) induced
bowl shapes under small-intensity pre-edges (i.e., mostly when iron is divalent),
overestimating pre-edge areas and at times significantly altering centroid positions.
Considering that the first and second energy derivative of the baseline should be
positive, and that the K-edge of iron should be a pseudo-Voigt function combining
a Lorentzian-shaped edge with a Gaussian tail containing the pre-edge stands (see
Wilke etal. 2001; Muiioz et al. 2013), we modeled the baseline as purely Gaussian-
shaped. A Gaussian function was fitted below each pre-edge using values on each
side of the pre-edge as constraints, and defining the pre-edge limits such as (1) the
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FIGURE 2. Typical XANES spectral features at the Fe K edge for chlorite. (a) Normalized spectrum. The inset shows the pre-edge and the
baseline used for extraction of the pre-edge (details in text). (b) Corresponding pre-edge. The vertical line indicates the energy position of the
centroid, which increases with increasing Fe¥'/Fe,, ratio. The area of the pre-edge is sensitive to coordination of Fe, VFe leading to the larger
pre-edge area than V'Fe.

pre-edge is always contained in the range 7109-7116 eV, (2) the pre-edge area is Comparing both methods of normalization, it is emphasized that neither one
minimum, (3) the baseline has lower intensity than the pre-edge, (4) the baseline  increases accuracy over measured relative proportions of metals (e.g., the Si/Al
has positive first and second derivatives. Due to a large number of analyses car-  ratio and its uncertainty are similar with both methods). However, values estimated
ried out here, especially for maps, baseline removal has been automated within  after normalization such as vacancy content are dramatically affected. We conclude
an optimization algorithm where points 2 and 3 were equally weighted. Results  below that normalizing to measured oxygen results in much more robust trueness
for all spectra acquired in point mode were manually verified. Some spectra were ~ for the estimation of vacancies than using a fixed anionic basis, in addition to al-
discarded, in particular spectra containing low signal-to-noise ratio when iron  lowing for verifying deprotonation via charge balance.

content was too low (detector too far away) and for analyses showing interferences

(mostly due to the presence of Mn and Cr). RESULTS
Propagation of uncertainties Estimation of iron speciation from XANES spectra
Structural formulas cumulate uncertainties arising from EPMA and XANES The energy location of the centroid of each pre-edge and its

analyses. Analytical propagation of these uncertainties is made difficult first  grea for each mineral measured in pOiIlt mode are provided in
by the normalization procedure (either to a fixed number of charges or to the Supplemental' Tables S2 to S4

measured oxygen content) that has the effect of correlating all measurements and . . . .
. - R . . . As shown in Figure 3, these values plotted in the diagram
their uncertainties, second by the distribution of cations on crystal sites using

algorithmic techniques (such as YAl = 4 — Si and V' = 6 — Socta for chloriteand ~ Suggested by Wilke et al. (2001) illustrate variations in terms of
mica) further correlating uncertainties. Uncertainties have therefore been propa-  iron oxidation state and coordination number between ferrous
gated using Monte-Carlo simulations where a large number of structural formulas (10W energy) and ferric (high energy) minerals and between
(typically 300) were calculated for each EPMA+XANES measurement pair, from P
tetrahedral (large area) and octahedral (low area) coordination

as many randomly drawn compositions allowed to vary around each measured . N R
value within its uncertainty. For EPMA measurements, uncertainties on measured of iron. Noting that our data show a spread SUbStantlally larger

element weight percentage were taken from the standard deviation obtained from  than the end-members defined by Wilke et al. (2001), and this
the electron microprobe using the manufacturer’s software, which are of the order  consistently for measurements from both ID-24 (ESRF) and
of 2-3% of the measured value for major cations (>5 wt%) and for oxygen where 13-IDE (APS) beamlines. we re-estimated centroid pOSitiOIlS
trueness appears better from analysis of standards, to ensure that uncertainties VT2t VD34 ’ . . .
were not under-estimated. For Fe**/Fe,,,;, we used an absolute 15% uncertainty, for VIFe*" and “'Fe’* end-members using hematite for the ferric
as estimated below from the XANES measurements. end-member at an energy of 7114.2 (£0.1) eV and the average

In this configuration, after normalization to a fixed number of charges (as-  value between olivine (from our sample MA15-26B) and chro-
suming a fixed anionic basis), uncertainties on structural formulas are in the range mite (from our sample MA15-3 1) for the ferrous end-member
1-3% of the obtained value ft j tals—smaller th: int size in Fi . P .

v of the obtained value for major metals —smaller than point size in Figures o ) enaroy 0f 7111.9 (20.2) eV (Fig. 3a). This is equivalent to
5 and 6—excluding Fe. Uncertainties on structural formulas are greater with . . . X I .
decreasing concentration (e.g., for Mn), and for Fe* and Fe** in Fe-rich minerals ~ US11g crystals with well-constrained iron speciation as internal
where the effect of uncertainties on Fe*'/Fe, is larger. For vacancies, thisresults ~ standards, to account for differences observed with the study of
in uncertainties typically of the order of 0.02 to 0.1 pfu, depending on vacancy ~ Wilke et al. (2001). These discrepancies may originate from (1)
content and on Fe content. differences in baseline removal or in standardization of spectra,

For structural formulas normalized to oxygen, uncertainties are larger due to .. .
the propagation of the large error on oxygen: 2-4% of the obtained value for major (2) effects of fluorescence (our study) Vs. transmission (Wllke et

metals excluding Fe. Again uncertainties on Fe?* and Fe** are often larger than for al. 2001), and (3) evolution of detectors; regardless of the cause,
other metals and increase with Fe content. Uncertainties on estimated vacancies are re—estimating end-member values ensures internal consistency
much larger than previously, typically in the range 0.2-0.3 p'fu.' For the estimated  {q gur study. Iron speciation calculations for all minerals were
number of charges (used to deduce proton content), uncertainties are even larger . .
e - ; subsequently made on the assumption that pre-edge centroid
around 0.5 pfu. Analyses using this method of normalization have only been carried . K .
out on homogeneous minerals, uncertainties have been propagated on median values positions are proportlonal to the relative amount of ferrous and
of several measurements and are reported in corresponding figures and tables. ferric end-members in the crystal (as described and discussed by



Bajt et al. 1994 and Wilke et al. 2001). It has been verified from
our measurements that an increase in absorption components of
the pre-edge that are characteristic of Fe*" leads to a drift of the
centroid energy that can be safely assumed as linear, with regard
to the precision on the estimation of the centroid.
End-members for octahedral Fe?* and Fe3* differ by ~2.3 eV,
compared to ~1.4 eV for previous studies (Wilke et al. 2001;
Galoisy et al. 2001), as illustrated in Figure 3. Previous studies
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FIGURE 3. XANES results: Integrated area vs. centroid position in
energy for (a) a selection of oxides and silicates (standards and minerals
associated with chlorite in thin sections); (b) chlorite. Circles show
estimated end-member positions for tetrahedral, octahedral, ferrous, and
ferric iron, from the study of Wilke et al. (2001, pale circles) and this
study (darker circles for octahedral iron).

suggest 10% uncertainty on Fe*"/Fe,,, with this technique for
minerals (Wilke et al. 2005) and 2.4% for glasses (Fiege et al.
2017), corresponding to uncertainties ranging within 0.1 to 0.3
eV. Analyses carried out on different types of minerals show high
reproducibility but considerable scatter, suggesting uncertainties
of the order of 0.2 eV on the ferrous end-member. It follows that
an absolute uncertainty of 15% on each Fe*'/Fe,,, estimate seems
reasonable for our data set.

Speciation and coordination of iron

Chlorite crystals from this study cover almost the entire
range of Fe*'/Fe,y, ratio, from 0 to 95% (Supplemental’ Table
S1, Fig. 3). The garnet and chloritoid crystals analyzed in point
mode are homogeneous and bear almost exclusively ferrous iron.
In all serpentine crystals, iron is essentially ferric. No crystal in
our collection contains purely tetrahedral iron. Staurolite shows
large pre-edge area values, consistent with the presence of
both tetrahedral and octahedral iron in its structure (e.g., Smith
1968; Dyar et al. 1991a; Hawthorne et al. 1993). The Mn-Al-
arsenatosilicate ardennite also contains a significant proportion
of tetrahedral Fe** (~25% of the ~0.5 wt% Fe,O03 ) reported by
Altherr et al. 2017), which is a new feature. Tetrahedral iron was
found making as much as ~25% of total iron in cookeite [Li-rich
chlorite with <1 wt% Fe,Osouy, ideally LiAl,Si;AlO,o(OH)s],
but was below the detection limit for all other chlorite crystals.

Areal variations: Fe**/Fe,,, mapping in chlorite-bearing
assemblages

One of the goals of this study was to test the feasibility
of XANES mapping of sheet-silicates and its suitability to
petrological purposes. Out of seven maps acquired, Figure 4
shows results obtained on a rodingite sample bearing andraditic
hydrogarnet, pyrite, and two generations of chlorite (10—-14 wt%
FeO,, in the early one, 4—8 wt% FeO,,y in the late, matrix-
forming one). XANES measurements appear clustered (Figs.
4b, 4c, and 4d) and faithfully render the two chlorite generations
(cf. EPMA data in Fig. 4a), regardless of the (variable) crystal
orientation. The early, Fe-rich generation is less oxidized (Fe**/
Fey in the range 0.2-0.4) than the late one (Fe*'/Fe,y, in the
range 0.35-0.7; Figs. 4c and 4d). Yet, in spite of the significant
increase in the Fe*'/Fe,,, ratio between the two generations,
their Fe** content remains similar, in the range 0.25-0.35 pfu,
as seen in structural formulas given in Table 2 for the areas
labeled 1 to 4 on Figure 4. In this case, the Fe*~Mg exchange
explains most of the chemical variability, Xy, = Mg/(Mg+Fe?")
passing from 0.81 to 0.97.

Garnet in this sample is Fe**-rich, and its boundary is hardly
identified in the Fe’'/Fe,, map (Fig. 4c), suggesting possible
contamination of nearby chlorite analyses by fluorescence. How-
ever, this effect can be ruled out as both the Fe,,,, map measured
by XANES (Fig. 4b) and the Fe,, vs. Fe**/Fe, plot (Fig. 4d)
show distinct clusters for garnet and chlorite. The Fe,, map
measured by XANES compares very favorably with the EPMA
Fe map (Figs. 4a vs. 4b), with similarly sharper boundaries for
garnet—chlorite grain boundaries than between chlorite genera-
tions. Analyses showing contamination appear restricted to the
few pixels straddling grain boundaries. This reliability opens
good prospects for further petrological applications.
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Fe’* incorporation in phyllosilicates

The compositional variations of chlorites, serpentines
(lizardite, chrysotile) and white micas (phengite, muscovite)
are illustrated in an R*-R3*—R* plot (Fig. 5a). Most chlorite
analyses fall in the classical field between the clinochlore and
amesite end-members (see Table 1) with some dioctahedral
component toward the sudoite end-member. A few analyses
show chlorite compositions more siliceous than clinochlore, i.e.,
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FIGURE 4. XANES and EPMA mapping of a rodingite sample
(So15-27, with chlorite Chl, Fe**-rich hydrogarnet Gt, and pyrite not
appearing here) illustrating two generations of chlorite with different
Xy (a) FeO map as obtained from EPMA (400 x 600 um). The inset
shows the area measured with XANES. (b and ¢) XANES maps of total
Fe (Feror, arbitrary units showing height of spectra after K edge before
normalization) and Fe*/Ferqr. (d) Correlation between Feror in the
XANES map (lower x axis) indexed over EPMA measurements (upper
x axis) and iron oxidation state expressed in terms of centroid position
(y axis, left) and Fe**/Feror (y axis, right). Garnet analyses are shown in
red, chlorite in green. Four points selected for calculation of structural
formulas (Table 2) are shown in a, ¢, and d.

TaBLE 2. Chlorite composition (from EMPA and XANES data) in areas
1 to 4 in the maps of Figure 4 (sample So15-27)
Area wt% apfu [0,,(OH); basis] Fe’*/Feom
SiO, Al,O; FeOry MgO Si Al Fe* Fe* Mg O
1 33411469 13.42 25.21 3.27 1.70 0.85 0.25 3.68 0.25 0.23
2 33741460 11.09 26.50 3.28 1.67 0.54 0.36 3.84 0.30 0.40
3 35611484 7.07 31.57 3.28 1.61 0.26 0.29 4.33 0.23 0.53
4 32131369 5.88 2893 3.25 1.63 0.15 0.35 4.37 0.25 0.70

tending toward the hypothetical Al-free end-member (Holland
et al. 1998; Inoue et al. 2009; Bourdelle et al. 2013a), which
has a serpentine composition but a chlorite structure (14 A).
A more remarkable feature of Figure 5a is that a number of
chlorite analyses plot outside but on the opposite side of the
classical clinochlore—amesite range, i.e., on the R3*-rich side.
These analyses are mostly those of crystals containing more
than 0.1 Fe* pfu (Figs. 5b and 5c¢). In two samples (4ABSC1
and CD76), chlorite incorporates as much as 1.0 to 2.8 Fe’* pfu
(Supplemental' Table S1 and Figs. 5b and 5c¢).

The analyzed micas contain from 0.06 to 0.28 Fe** pfu



and have Fe’'/Fe,,, values between 0.62 and 0.92. Serpentine
analyses show Fe’* contents ranging from 0.07 to 0.14 pfu and
Fe**/Fe,q ratios between 0.75 and 0.87.

In this data set, chlorite, therefore, shows by far the highest
Fe’* contents and the largest variations in Fe*'/Fe,,, ratio, which
begs the question of the involved substitutions.

Substitutions and possible ferric end-members for chlorite

Chlorite compositions are shown in Figures 5 and 6 together
with literature values.

Low-Fe chlorite: Al-Fe** exchange. The first group of
chlorite analyses was best identified through high Fe¥'/Fe,,
low iron content (high Xy, low Fe ) and low vacancy number
(Figs. 5b, 5¢c, 6a, and 6b). Such compositions highlight the
need for at least one tri-trioctahedral, magnesian, Al-exchanged
ferric end-member (Fig. 6a) such as “ferri-clinochlore” and/or
“Mg-ferri-amesite” (the latter being more likely according to
Fig. 6b). These end-members remain fictive as none of them is
dominant in these samples, but they are needed to encompass
the compositional field of ferric chlorites (Fig. 5b).

High-Fe chlorite: Vacancy creation or “oxychlorite”? The
second group of compositions stands out by their high Fe** con-
tents, hence high Fe,y,. A striking feature of Fe** incorporation is
the increasing octahedral vacancy with increasing Fe* content
(as shown in Fig. 5b). This trend has already been identified by
Trincal and Lanari (2016; also Billault et al. 2002, in Fe-rich
sudoite) and explained by coupled substitution of three divalent
cations by two Fe’* cations, similarly to the di-trioctahedral sub-
stitution: V'O + 2 VIFe3* = 3 Vi(Mg,Fe?"). This exchange reaction
must be completed by some Al=Fe** substitution, first to account
for analyses with Fe** > 2 pfu (Figs. 5b and 6b), then to explain
deviation from a straight line in Figure 5b, and finally to explain
Fe** incorporation in trioctahedral crystals (i.e., without vacancy,
Fig. 6a) forming the first group addressed above. Both substitu-
tions may act concomitantly (Fig. 5¢), along the vacancy-creating
substitution ¥'O + 2 VIR** = 3 VI((Mg,Fe*) where R3* may be Al
or Fe**. In other words, incorporation of trivalent cations above
2 apfu appears controlled by the di-trioctahedral substitution
(Fig. 5¢) with Al and Fe** exchanging for one another (Fig. 6a).

Vacancy creation during Fe®* incorporation through the
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FIGURE 5. Chlorite compositions from this study (color symbols) and from the literature (open symbols) together with possible chlorite
end-members as defined in Table 1 (continued in Fig. 6). (a) Composition of chlorite, serpentine, and micas in a R*~R¥—R*" diagram, together
with various phyllosilicate end-members. Bt = biotite; Ck = cookeite; Kln = kaolinite; Mrg = margarite; Ms = muscovite; Pg = paragonite; Prl =
pyrophyllite; Sp = serpentine; Tlc = talc. (b and ¢) Chlorite vacancy content as a function of Fe** content (b), and of the sum of Y'Al and Fe’* (c).
The trend defined by the di-trioctahedral substitution V'O + 2 VIR3* = 3 Y{(Mg, Fe?") is shown in b and ¢. Bold symbols in b show crystals selected

for normalization to measured oxygen content (see Fig. 7).
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FIGURE 6. The composition of chlorite from this study (color symbols) and from the literature (open symbols) together with possible chlorite
end-members (continued from Fig. 5). (a) Octahedral sum as a function of the oxidation state of iron, with trends defined by Al-Fe** exchange and
di-trioctahedral exchanges shown for Mg and Fe?". (b) Correlation between Fe** and the sum of Fe?* and Mg. (¢) Fe** content vs. tetrahedral Al

above equation may be modeled with several di-trioctahedral
end-members, either trisilicic (i.e., Si/'VAl = 3, of the sudoite
type) or disilicic (i.e., Si/'VAl = 1, of the “vacant-amesite” type).
Both types allow for several end-members with various Fe3*
content, such as “ferrisudoite”-type end-members with formulas
OMg,Fe*"),Al; Fed*(Si;Al)O,(OH)s where x may vary between
1 and 3 (Table 1). As seen in Figure 6a, analyses tend toward an
Mg-rich end-member (of sudoite or amesite type) with some Fe
entirely in trivalent state, rather than a Fe,,-rich end-member
with mixed valence (in which Fe would be found in both ferrous
and ferric state). Figure 6¢ shows that Fe**-rich analyses fall in
the range 1.4-1.6 VAl pfu, requiring both disilicic and trisilicic
end-members for their formulation.

However, the plausibility of such ferric end-members with
dioctahedral character rests heavily on proper estimation of the
amount of vacancy, which is fraught with three main sources of
error: (1) incorrect definition of the chemical system and neglect
of minor elements, (2) cumulating analytical uncertainties, and
(3) high sensitivity to the formula normalization basis. The first
source of error (overlooked elements) may be ignored when
careful EDS measurements lead to estimated vacancy content
above 0.5 pfu unless lithium is present. The second source of

error (cumulating analytical uncertainties) could not explain
either such large vacancy contents if EPMA measurements were
carefully carried out. The third source of error is the important
one, as shown below, due to possible deprotonation in hydrous
silicates, as advocated by Dyar et al. (1993). For chlorite, the
standard assumption of a fixed O,o(OH)s anionic basis in the
structural formula may lead to a severe bias in vacancy estima-
tion through normalization to 28 negative charges Quom [18
0% and 8 H' make Qnom = 18 % (-2) + 8 = -28, corresponding
to 14 oxygen anhydrous basis]. Indeed, in the case one proton
is lost by clinochlore MgsAl,Si;0,,(OH)s along an exchange
vector like Mg? + H* = AP** (Dyar et al. 1993), the structural
formula becomes Mg,Al;Si; with anionic composition O,;(OH),
and 29 negative charges [18 O* and 7 H' make Q,om = 18 x (-2)
+ 7 =-29]; if proton loss is ignored, the EPMA analysis of this
Mg,Al;Si1;0,,(OH); tri-trioctahedral deprotonated chlorite will
be expressed as [y 35Mg; ssAl.00S15.00010(OH)s. In other words,
the loss of one proton will lead to the artificial estimation of 0.35
vacancy—and the trend identified between vacancy and Fe**
content (in Fig. 5b and earlier studies) may simply be an artifact
resulting from normalization to a fixed number of charges.
Therefore, the key datum to identify the effective substitution(s)



responsible for Fe** incorporation is the actual number of OH
groups pfu—which is at hand if one combines XANES data and
EPMA including oxygen. Since the total number of oxygen atoms
pfu remains unaffected, the actual oxygen content (measured by
EPMA) can be used to calculate the formula on the basis of 18
oxygen atoms and, with the Fe**/Fe,, ratio from XANES data as
input, the number of H" pfu is then obtained by charge balance.
This calculation admittedly cumulates analytical uncertainties and
is sensitive to small deviations in the measured oxygen content
(due to, e.g., surface roughness, matrix effects or contamination
by minerals with lower OH content). To test the validity of this
new approach, oxygen was measured by EPMA (see Materials
and methods) on five chlorite-bearing samples covering the
compositional range and trends identified in Figures 5 and 6 (0 <
Fe¥/Few <0.9; 0 <Fe** <2.2 pfu; 0 <Fe** <32 pfu; 0.2<0<
1.1 pfu) and including sudoite, known to be di-trioctahedral. The
results are reported in Figure 7 and, except for the zoned, very
heterogeneous sample 4ABSC1, median values given in Table 3.

The spread in H" and vacancy values for each homogeneous
sample or subsample in Figures 7b and 7c¢ is a direct reflection
of the dependency of the estimation on oxygen analysis, which
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is less precise than for metals (Fig. 7a). Mean vacancy numbers
are in the range of 0.2 to 0.4 pfu, except for the sudoite sample
(K1130B), gratifyingly close to 1 pfu, thereby lending credence
to the oxygen analysis procedure. Mean values of H" are in the
plausible range 6.0-8.7 pfu for homogeneous samples or sub-
samples (Table 3), hinting at possible over-estimation of H" by
about 0.5 proton, especially for the RAT04-3v1 sample, although
half a proton pfu is the general uncertainty over estimated H*
content. For this sample, underestimation of Fe**/Fe,, (by ~25%
when neglecting all other sources of uncertainties) would be
necessary to explain solely this excessive proton estimate. Yet,
the whole procedure is sufficiently precise to establish the fol-
lowing solid results in our data set:

* The iron-rich chlorites are close to trioctahedral (O < 0.4
pfu), regardless of iron oxidation state (cf. CD76 and RAT04-
3vl; Fig. 7c, Table 3);

* Deprotonation is an effective process, definitely linked to
increasing Fe’* content (Fig. 7b). It reaches and might exceed
a loss of 2 H' pfu.

These results have important consequences for incorporation
mechanisms of Fe*". The relation found between the number of
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FIGURE 7. The composition of chlorite in five samples measured with EPMA, including oxygen, which is used for normalization to 18 oxygen
atoms. Iron oxidation is set with XANES measurements. (a) Oxygen content as a function of Si as measured with EPMA.. (b) The number of protons
obtained by charge balance (as explained in the text). The exchange vector Fe?* + H" = Fe’* is shown together with the Fe’* = Al exchange. (¢)
Vacancy amount obtained after normalization to oxygen, compared to that obtained by normalization to 28 charges ([i.e., O,((OH); anionic basis;
bold symbols, as in Fig. 5b]. Arrows highlight the decrease in estimated vacancy content. Note that (1) the sudoite sample (K1130B) is unaffected,
and (2) for each sample, scatter increases with normalization to oxygen, due to sensitivity to small variations in oxygen measurement. Uncertainties
from EPMA and XANES measurements are propagated on median values for each compositional group as described in the text.



protons and Fe’* content shows that R?* + H" = Fe*" is an effec-
tive net exchange in chlorite, as suggested by Dyar et al. (1993)
and observed in other hydrous silicates. Most importantly, the
trend defined by the 3 R** = 0 + 2 Fe** exchange vector (i.e.,
the vacancy-creating trend) in Figures 5b, 5c, and 6a essentially
disappears from our data set after normalization to oxygen (cf.
bold and non-bold symbols in Fig. 7c). This casts doubt on con-
clusions made in the literature from data showing an identical
trend of increasing vacancy with Fe’* content, because vacancy
may just be the result of normalization to a fixed number of
charges, the most common practice with EPMA data.

In any case, our results do not support the existence of di-
trioctahedral ferric end-members as recently proposed for com-
mon chlorites (Vidal et al. 2016; Trincal and Lanari 2016)—even
if at least one is needed to account for Fe**-rich sudoite (Billault
etal. 2002). Rather, the high contents of Fe** found in our samples
are mostly linked to proton loss, with a potential contribution of
Al¥*-Fe** exchange. There is no indication of other substitution
linked to proton loss such as R* + H" = A*".

DiScuSsSION
Incorporation of Fe**

Cation distribution in Fe**-rich chlorite. Ferric iron ex-
changing with Al, either as homovalent substitution or through
di-trioctahedral [V'O + 2 VIR3* = 3 Vi(Mg, Fe?")] or Tschermak-
like (Si** + VIR?" = VAP + VIR") substitutions, leads to the pos-
sible existence of many ferric end-members. In the absence of
structure refinements for these ferric end-members, empirically
derived methods of estimation of the enthalpy of formation can
be used to test for possible cation distributions after exchange
reactions described above, which involve several crystal sites.
The polyhedral oxide summation methods of Chermak and
Rimstidt (1989) and van Hinsberg et al. (2005) were used and
extended to protonated Fe**-centered octahedra (Fig. 8) to esti-
mate the formation enthalpy of such compounds. A fundamental
observation in Figure 8 is that for all components, the formation
enthalpy steadily decreases from anhydrous octahedral sites (not
found in chlorite) to mica-like OH-bearing octahedra (M1 and
M2 sites of chlorite) to octahedra where all oxygen atoms are
protonated (M3 and M4 sites of chlorite), which have the most
negative enthalpy of formation. This implies that vacancy-rich
compounds with chlorite structure are thermodynamically
favored when the M3 and M4 sites (hydroxide interlayer) are
fully occupied and vacancies are located in the M1 or M2 sites
(TOT layer). Depending on the composition, the gain in energy
is between 5 and 20 times the uncertainties given by the two
methods, which therefore is regarded as robust proof. The
same method applied for the enthalpy of formation of sudoite,
OMg,Aly(Si;Al)O,o(OH)s, yields —8647 + 80 kJ/mol or —8526 +
73 kJ/mol with van Hinsberg et al. (2005) values, depending on
whether the vacancy is located in the TOT octahedral sheet or in
the interlayer hydroxide sheet, respectively. These bulk values are
not significantly different, but their difference (121 + 7 kJ/mol)
is obtained with a much smaller uncertainty and confirms the
preferred occurrence of vacancies in the octahedral sheet of the
TOT layer. This analysis is consistent with the abundance of
natural examples of di-trioctahedral chlorite (with vacancies in

TaBLE 3. Chemical analyses (averaged) of chlorite based on EPMA (O
measured) and XANES data

Sample Atom wt%
Si Ti Al Fe Mn Mg Alk? O Total
Rat04 1060 0.01 1341 2586 0.07 3.87 0.13 44.88 98.83
CD76 11.36 0.00 10.51 2582 0.60 532 0.53 43.94 98.10
AMC18 1235 0.03 932 2893 0.18 4.05 0.94 4480 100.92
12.18 0.02 944 2858 0.16 450 0.54 44.20 99.87
1254 001 895 29.04 0.17 420 0.87 4455 100.62
K1130B 1537 0.02 1931 179 037 833 020 5253 98.83¢

? Alk = Na + Ca + K. ® X = Mg/(Mg+Fe*). < Includes 0.02 wt% Cr.
(Table extends on next page)
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FIGURE 8. Estimated contribution to the enthalpy of formation for
oxide polyhedral components as a function of their protonation. “octa”
stands for anhydrous octahedra (e.g., Mg in olivine), “OHO” for partly
hydroxylated octahedra as in the TOT layer of chlorite, and “OH” for fully
hydroxylated octahedra as in the interlayer hydroxide sheet of chlorite.
Values are from Chermak and Rimstidt (1989), van Hinsberg et al. (2005),
and estimated for Fe*" in hydroxylated sites (question marks) using the
average slope for AI** from van Hinsberg et al. (2005).

the 2:1 layer such as cookeite and sudoite) and the scarcity of
tri-dioctahedral phyllosilicates (among which the zincosilicate
franklinfurnaceite is a rare example, Peacor et al. 1988).

In the octahedral sheet of the 2:1 layer, with a multiplic-
ity of 1 pfu and by analogy with the structure of dioctahedral
micas (e.g., muscovite), the M1 site is a more likely target for
vacancies than M2, as already proposed by Vidal et al. (2001)
for their sudoite end-member. The same analysis indicates that
for compositions containing proportions of the “pyrophyllite-
gibbsite” end-member (proposed by Inoue et al. 2009, and by
Trincal and Lanari 2016), with two vacancies, these should be
assigned first to M1, then to M4.

A ferric end-member with an octahedral vacancy?
Further evidence based on charge distribution may be used to
constrain the structure of tentative Fe**-rich end-members with
some di-octahedral character. First, one may simply argue that
the exchange due to vacancy creation by substitution of three
divalent cations by two trivalent cations is energetically less
costly if the trivalent cations compensating the charge deficit
are located close to the vacancy (therefore the two trivalent cat-
ions should be in the M2 site that has a multiplicity of 2). This
is shown in Table 4, which compares a “diferri-sudoite”-type



TABLE 3.—EXTENDED

Sample Fe3*/Fe 1ol Structural formulas normalized to 18 O 0,0(OH)g
Si Ti Al VAl VAl Fe*  Fe** Mn Mg Alk:? H Soct.  Xug® O O
Rat04 0.00 242 0.00 3.19 158 161 297 0.00 0.01 1.02 0.02 8.7(4) 5.61 0.26 0.36(15) 0.20(4)
CD76 0.74 265 000 255 135 120 079 224 007 144 009 634 574 065 0.17(14) 0.85(2)
AMC18 0.33 283 000 222 117 105 223 110 002 1.07 016 7.8(22) 547 032 0.37(8) 0.54(1)
0.24 2.82 0.00 2.28 117 111 256 0.78 0.02 1.21 0.09 7.38(3) 5.67 032 0.24(10) 0.450(4)
0.23 289 000 214 111 103 237 099 002 1.12 0.15 78(2) 553 032 0.32(6) 0.29(3)
K1130B 0.89 300 000 392 100 293 0.02 0.6 0.04 188 003 7.8(3) 502 0.99 0.95(8) 1.03(2)

end-member to clinochlore, which has similar Si/'VAl ratio and
a well-established structure (e.g., Rule and Bailey 1987; Smyth
etal. 1997; Zanazzi et al. 2006). A large charge mismatch (up to
2/3 e) is observed between TOT layer and hydroxide interlayer
if trivalent cations incorporated during vacancy creation are not
located in the TOT layer, whereas there is no charge mismatch
if they are in the TOT layer.

Remaining unknowns include Al vs. Fe*" occupancy in the
M4 and M2 sites, which is debated (Zheng and Bailey 1989;
Smyth et al. 1997; Aja et al. 2015; Inoue and Kogure 2016). The
similarly small ionic radii of Al and Fe** (Shannon 1976) make
them both candidates for preferential incorporation into the M4
site, as suggested by Vidal et al. (2006, 2016).

An “oxychlorite” component. The R** + H"=Fe*" exchange
observed in the Fe**-rich chlorite samples requires at least
one tri-trioctahedral end-member of “oxychlorite” type, i.e.,
hydrogen deficient. The term oxychlorite (or oxidized chlorite) is
infrequently mentioned in the literature, mostly as a petrographic
term for a brownish chlorite with higher birefringence than
usual, reminiscent of stilpnomelane or Fe-rich vermiculite (e.g.,
Chatterjee 1966; Rona 1984; Plunder et al. 2015). “Oxychlorite”
remains poorly described, does not currently form a group within
phyllosilicates or a subgroup within the chlorite group, and its
existence has been questioned (in the review of Foster 1962).
Yet, the hydrogen-deficient and 14-A character of such chlorite
were established by Chatterjee (1966), but it remains unclear
whether the oxidized character is a secondary, alteration feature
or a pristine one. The chlorites with the largest Fe* contents of
our study appear as optically clear, green, unaltered flakes in
the hydrothermal vein sample CD76 (Supplemental' Fig. S2)
and, in metapelite sample 4ABSC1, as olive-green flakes with
some brown edges (Supplemental' Fig. S3), possibly linked
to higher Fe*"/Fe,,, (but evidence is still lacking as Fe’*/Fe
mapping failed due to beam loss). The “oxy-" concept used here
for hydrogen-deficient chlorite is the same as that of micas (e.g.,
Wones 1963; Dyar et al. 1991b, 1993; Virgo and Popp 2000) and
other groups of silicates in which some “oxy-members” have

TABLE4. Atomsite and charge (Q) distribution of clinochlore (Nelson
and Guggenheim 1993; Smyth et al. 1997; Aja et al. 2015)
compared to two tentative magnesian di-ferri-sudoite
end-members

T,  (12), M1 (M2), (M3), M4
Si, Si Al Mg Mg, Mg, Al

Clinochlore Q=15 Q=6 Q=7
Si, Si Al [m] Mg, (Fe?*), Al

Diferri-sudoite Q=15 Q=4 Q=9
Si, Si Al [m] (Fe*), Mg, Al

Diferri-sudoite Q=15 Q=6 Q=7

TOT o)

acquired species status (“oxy-tourmalines” in Henry et al. 2011;
“oxo-amphiboles” in Hawthorne et al. 2012). It is noteworthy
that Walshe (1986) extracted a set of thermodynamic proper-
ties for a Fe¥*-rich hydrogen-deficient chlorite end-member
along the R*" + H" = Fe*" exchange vector, with composition
Fe3'Fe’*Al,Si;0,,(OH),. Walshe (1986) estimates the activity
of this end-member within a solid solution model as a sole
function of the Fe** amount. However, this analysis relies on a
restricted set of measurements, including analyses originating
from Emmons and Larsen (1923) showing contamination by
mica, which required correction (see Walshe and Solomon 1981).

Whether due to alteration or not, incorporation of Fe** along
the R?* + H" = Fe** exchange vector can be expected to take place
in a protonated site, for local charge balance. In the most sub-
stituted samples measured in this study (CD76 and 4ASBSC1),
about 2 Fe’* are incorporated, and 2 H* are lost with respect to
standard chlorite. In regard of the chlorite structure (Fig. 1), we
suggest that this substitution occurs in the TOT layer (as for
hydrogen-deficient mica) rather than in the interlayer hydroxide
sheet. In the TOT layer of chlorite, each M1 site shares two hy-
droxyl groups with M2 sites, whether M1 is filled, cis- or trans-
vacant (see e.g., Sainz-Diaz et al. 2001). Loss of protons from the
TOT layer should be energetically more favorable than from the
interlayer hydroxide sheet where protons are forming hydrogen
bonds with oxygen atoms of the tetrahedral sheets: with proton
loss from the hydroxide interlayer, greater loss of symmetry and
charge repulsion between the then-unscreened oxygen atoms in
tetrahedral sheet and interlayer position are expected, therefore
greater crystal strain (which scales positively with the energetic
cost of incorporation, Dubacq and Plunder 2018).

Cation site assignment for chlorite solid solutions

These new constraints suggest the following atom site dis-
tribution for chlorite, based on that of Vidal et al. (2001, 2006),
and including a deprotonation mechanism:

* Alis distributed first in tetrahedral position (with ?Al=4 —Si),
which allows for the calculation of octahedral occupancy (V'Al =
Al — AL MO = 6 — Zoct);

* Proton loss is balanced by Fe** (or other trivalent if insuffi-
cient Fe**) in M1 and M2 with random distribution (Hj,,, = 8 — H';
MI(H+)FC3+ =14 x Hross; M2(H+)F63+ =2 x Hl+oss);

« Trivalent cations compensating the vacancy-induced charge
deficiency are distributed in M2 (M?R*" = 2 MI[] 4 M2OFe3");

* The M2 site is completed with divalents (M?R*" = 2 — M2R¥);

* The M4 site is filled with trivalent cations and completed with
divalent cations if necessary (M*R* =1 — MR, as for the Al-free
chlorite end-member);

* Remaining trivalent cations are distributed on M1, then M3 if



T°C = f("VAl) (Cathelineau, 1988)
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FIGURE 9. Effect of varying Fe’*/Fe,, on structural formulas and estimated crystallization temperatures for a selection of Fe-poor (CCa2 and
K1130B) and Fe-rich chlorite analyses (Feror = total Fe). Solid lines are calculated for the O,o(OH)s anionic basis from Fe*/Fe . = 0 (low Xy,
higher Si content) to Fe*"/Fe, = 1 (X, = 1, lower Si content). The measured Fe*'/Fe,, ratio is shown with a square for each chlorite crystal and
highlighted with a black arrow. Note that two analyses are plotted for each of the zoned samples 4ABSC1 and AMCI18. (a) Evolution of Xy, and
Si content with the temperature estimated using the model of Cathelineau (1988). The vertical dashed line shows the effect of proton loss if the
anionic basis is allowed to vary, only for sample AMC18 for readability. The Fe*/Fe,, ratio is labeled every 10% for one of the curves; on every
other line Fe*"/Fe,,, increases by 10% between black ticks. (b) Evolution of temperature calculated with the model of Inoue et al. (2009) vs. Si
content, assuming O,,(OH); anionic basis. Proton loss alters neither Si content nor temperatures estimated with this model. Chlorite from K1130B
(sudoite) is not shown in b because its vacancy content is out of the applicability range of the Inoue et al. (2009) model. A similar issue appears
with some T estimates for 4ABSC1, where low Fe’'/Fe,,, values cause zero amesite activity and the infinite constant of the reaction.

necessary (M1+M3R3+ =VIR3 | MAR3* _MIR3* MIR2¢ =] _MIR3*_ iy

* Fe?* and Mg are distributed following random mixing on
all divalent-bearing sites;

« Fe* is preferentially incorporated in M4 over Al, the remain-
ing Fe** and Al are randomly mixed in M1 and M3.

The last two steps follow the distribution recommendations

of Vidal et al. (2001, 2006, 2016). The new site distribution
assumes that the octahedral sum is comprised between 5 and 6
and has been derived in the system Fe*~Fe**~-Mg-Al-Si-O-H,
based on solid solutions with exchange vectors expressed from
the “daphnite” end-member. The eftect of other cations is not
accounted for, although it may be assumed that: (1) tetravalent



cations such as Ti*" behave as in biotite where they occur in
tetrahedral and octahedral position depending on concentration
(e.g., Namur et al. 2009); (2) trivalent cations in the radius range
of Fe** and AI** such as Cr** and Mn*" are globally randomly
mixed with the former two; and (3) similarly, divalent cations
comparable in size to Fe?* and Mg such as Mn?* are generally
randomly mixed.

Improvements compared to the work of Vidal et al. (2001,
2006) consist in (1) differentiated M2 and M3 site distribution
for better charge distribution during vacancy creation, (2) allow-
ing for large amounts of Fe** in the structure (up to 3 pfu), (3)
considering proton loss, and (4) explicit extension toward the
Al-free chlorite end-member.

IMPLICATIONS

Anionic basis, oxidation state, why bother? Implications
for structural formulas and thermobarometry

The effect of varying Fe**/Fe,, in chlorite on the structural
formula and on the estimated temperature of crystallization is
quantified and illustrated in Figure 9 for representative samples
of this study. The empirical thermometer of Cathelineau (1988,
based on Si content pfu, Fig. 9a) and the semi-empirical one of
Inoue et al. (2009, based on vacancy, Mg, and Si contents, Fig.
9b) are used on structural formulas with varying Fe**/Fe,y,, as-
suming O,,(OH); basis. Values obtained for measured Fe*/Fe
ratios are shown as larger squares. The dependency of the tem-
perature estimates and of the structural formulas, taking Si as an
example, is particularly strong for chlorites with high Fe contents
(4ABSC1 and AMC18): these evolve from low Xy, for Fe?*/Fe
=0 to Xy, = | for Fe**/Fe,y = 1. The Si content decreases by up
to 0.3 pfu with increasing Fe*"/Fe,,, while estimated tempera-
tures increase by 80 °C with the model of Cathelineau (1988)
and decrease by more than 100 °C with the model of Inoue et
al. (2009). For the measured values of Fe3*/Fe,,,, estimated
temperatures differ significantly from those obtained assuming
that Fe is entirely reduced or oxidized. In short, both thermom-
eters are in general disagreement for crystallization temperature
and the effect of Fe** on it. For Fe-poor chlorites, the effect of
Fe speciation is negligible, both on structural formulas and on
estimated temperatures (CCa2 and K1130B in Fig. 9).

Assuming now that proton loss is the sole exchange for Fe
oxidation, and allowing the anionic basis to vary accordingly along
Fe?*+H* =Fe*, cations other than Fe?" and Fe** remain unaffected

in the structural formula, as shown by a dashed line in Figure 9a.
Consequently, as Fe**/Fe,q, goes from 0 to 1, Xy, tends to 1 without
altering estimated crystallization temperatures (dashed vertical
line on Fig. 9a). This result should hold for any thermometer in
which Fe?* content is not involved in the thermometric formulation
(note that Xy, includes Fe*" content). Conversely, any chlorite ther-
mometer using Fe**, whether (semi-)empirical or thermodynamic,
shall be affected by such Fe oxidation.

Recommendations

A conclusion of this analysis is that, with increasing Fe con-
tent, measuring the oxidation state of iron and the H content in
chlorite becomes increasingly important; chlorite thermometry
appears very uncertain (by more than 50 °C) when Xy, is lower
than about 0.5 (with all Fe expressed as Fe?"). Measurement of
Fe** content should be systematic when Xy, obtained by EPMA
is below ~0.6 (with Fe expressed as Fe*"), and proton loss is
estimated if ferric iron is measured and above ca. 0.5 Fe** pfu.
To this end, oxygen measurements with EPMA proved reliable
and should be generalized (Table 5). In their absence or in case
of doubt, assuming that all iron is divalent and using the anionic
basis O,o(OH); has less impact on the calculated structural for-
mula—in terms of, e.g., VAl content and vacancies—than using
a (measured) high Fe’'/Fe,q ratio but neglecting proton loss,
which produces artificial vacancies. However, many thermom-
eters are too sensitive to the octahedral vacancy to justify the
neglect of measurement of Fe oxidation state and H content for
thermobarometry in Fe-rich chlorite.

For thermodynamic modeling of Fe** incorporation, at least
two ferric end-members are necessary: one with low Fe content
(high Xy,) where Fe®* replaces Al, one of the oxychlorite types
as suggested by Walshe (1986) but with greater proton loss (with
anionic composition O,,(OH), corresponding to loss of two pro-
tons). The need for an additional, di-trioctahedral end-member
with high Fe content is debatable, and several end-members are
possible. The picture is similar for sudoites: the analysis of Bil-
lault et al. (2002) is in favor of a Fe-rich ferric end-member with
octahedral sum below 5, but the anionic basis was not verified,
and their analyses align along the possibly artificial substitution
creating vacancies. In addition, the Al=Fe** substitution remained
important. At the least, an Mg-rich, ferric end-member (with Fe
content below 0.5 apfu) appears necessary for sudoites. Basic
thermodynamic modeling and charge-balance considerations
provide constraints on the crystal chemistry of Fe**-rich chlorite,

TABLE 5. Chemical analyzes (median values) of chlorite and their uncertainties based on EPMA (O measured) and XANES data

Sample Atom wt% Fe3*/Feror Structural formulas pfu
Si Al Fe Mn Mg Ca o) Total Si Al Fe?* Fe¥* Mn Mg Ca H Yct Xy
Rat04 10.6(2) 13.4(4) 25.9(7) 0.06(8) 3.9(1) - 449(18) 988 0.0  242(7) 3.19(9) 297(9) 0.0 0.01(1) 1.023) - 8.7(7) 9.6(2) 0.255(5)
CD76  11.4(2) 10.5(3) 25.9(7) 0.6(1) 5.3(1) 0.2(1) 43.9(19) 97.7 0.74(15) 2.65(7) 2.56(8) 0.8(2) 2.2(2) 0.07(1) 1.44(4) 0.03(1) 6.3(8) 9.8(3) 0.65(6)
AMC18 12.3(2) 9.3(2) 29.0(7) 0.19(9) 4.0(1) 0.6(2) 44.8(12) 100.7 0.33(15) 2.82(5) 2.22(4) 2.2(2) 1.1(2) 0.02(1) 1.07(3) 0.10(2) 7.9(5) 9.6(2) 0.32(2)
10.7(2) 12.0(2) 27.0(7) 0.16(9) 4.7(2) - 44.1(12) 98.8 0.24(15) 2.48(5) 2.89(5) 2.4(2) 0.8(2) 0.02(1) 1.27(3) - 7.7(5) 9.8(2) 0.35(2)
129(2) 83(2) 29.1(7) 0.17(9) 4.4(2) 0.4(2) 44.2(12) 99.4 0.23(15) 2.99(5) 2.00(4) 2.6(2) 0.8(2) 0.02(1) 1.19(3) 0.06(2) 7.9(5) 9.7(2) 0.31(2)
4ABSC1 10.7(2) 12.6(2) 25.5(7) 0.12(8) 4.7(2) 0.2(1) 43.9(12) 97.8 0.91(15) 2.51(5) 3.07(6) 0.3(2) 2.7(3) 0.03(1) 1.28(3) 0.03(1) 5.4(6) 9.9(2) 0.8(1)
10.8(2) 12.3(2) 25.0(7) 0.17(9) 4.7(2) 0.3(1) 44.7(12) 98.0 0.59(15) 2.47(5) 2.93(6) 1.2(2) 1.7(2) 0.02(1) 1.26(3) 0.05(1) 7.2(5) 9.6(2) 0.52(4)
10.7(2) 12.5(2) 25.5(7) 0.13(8) 4.6(2) 0.3(2) 44.3(12) 98.0 0.44(15) 2.48(5) 3.01(5) 1.7(2) 1.3(2) 0.02(1) 1.24(3) 0.05(1) 7.2(5) 9.8(2) 0.43(3)
10.7(2) 12.3(2) 25.5(7) 0.14(8) 4.7(2) - 43.9(12) 97.6 0.31(15) 2.50(4) 3.00(6) 2.1(2) 0.9(2) 0.02(1) 1.28(3) - 7.4(5) 9.8(2) 0.38(2)
10.7(2) 12.4(2) 25.8(7) 0.12(8) 4.7(2) - 445(12) 984 0.27(15) 2.46(4) 3.01(5) 2.2(1) 0.8(1) 0.02(1) 1.24(3) - 7.9(5) 9.7(2) 0.37(1)
K1130B 15.4(2) 19.3(3) 1.8(2) 0.4(1) 8.3(2) 0.2(1) 52.4(14) 97.8 0.89(15) 3.01(5) 3.93(7) 0.02(1)0.16(2) 0.04(1) 1.88(4) 0.02(1) 7.8(4) 9.1(1) 0.99(1)

Notes: Oxygen and Fe**/Ferranalyses uncertainties are given with two significant digits. Dash = below detection limit (<0.01 wt%).

2 Xug = Mg/(Mg+Fe?).




on the basis of which we recommend the improvements made
above to the cation site distribution model of Vidal et al. (2001,
2006). Further targets for improvement relate to the competing
distribution of Al and Fe*", and to the tetrahedral population of
Fe**-rich end-members, either disilicic or trisilicic—with the
thermodynamic properties of Fe**-rich chlorite, oxychlorite, and
their end-members as the ultimate goal.

In other words, this is nothing else than the early recom-
mendation by Dyar et al. (1993) “that attention be focused on
characterizing and understanding the highly variable H* and Fe**
contents of rock-forming silicates, with a goal of establishing
accurate stoichiometric bases for those minerals.” Twenty-five
years later, the challenge is still there for chlorite.
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