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Abstract. The ferric iron content in hydrothermally altered ultrabasic rocks and their major minerals, serpen-
tines and Mg-chlorites, is important for establishing the oxidation state budget from oceanic ridges to subduction
zones, in carbonaceous chondrites, and for modeling phase equilibria. A compilation of literature Mossbauer
spectroscopic data on serpentines and magnesian chlorites from high-pressure ophiolites yields much lower
ferric-to-total-iron ratios (Fe3Jr / Feiota1) than those obtained on similar samples by X-ray absorption near-edge
spectroscopy (XANES), leading to contradictory estimates of the ferric iron budget of subduction zones. New
Mbossbauer analysis of antigorite and Mg-chlorite samples from suites of high-pressure ophiolitic terrains of var-
ious Phanerozoic ages confirms the low and homogeneous values previously obtained by this technique, while
lizardite inherited from oceanic hydrothermal alteration is ferric iron rich. We argue that XANES values may be
biased by photo-oxidation when samples have a high Mg content, which is the case for serpentines and chlo-
rites from subduction zones. Photo-oxidation is less important in Fe-poor phyllosilicates of the mica and talc
families and does not affect the Fe-rich serpentines (greenalite, cronstedtite) of meteorites or Fe-rich terrestrial
phyllosilicates. Mossbauer Fe>T / Feyo ratios of serpentine confirm the occurrence of a major redox change at
the lizardite—antigorite transition near 300—400 °C rather than at the dehydration of antigorite at 500-650 °C in

serpentinites from high-pressure ophiolites.

1 Introduction

Serpentinites and related rocks form by hydration of ultraba-
sic and basic rocks at conditions ranging from those of the
surface of the Earth (Etiope et al., 2011), ocean floor (Fruh-
Green et al., 2004; Kelley et al., 2001) or Mars (Ehlmann et
al., 2009) to those of depths of 150-200km in subduction
zones (Ulmer and Trommsdorff, 1995). Serpentinization is
associated with redox reactions affecting iron in hydrous sil-
icates and carbon in fluids, resulting in hydrogen and hydro-
carbon production (Andreani et al., 2013) and providing po-
tential niches for early life (Pons et al., 2011; Schulte et al.,
2006). Deeper in subduction zones, redox reactions can af-
fect the nature of carbon-bearing phases in association with
serpentinization (Vitale Brovarone et al., 2017), providing
deep fluid sources of reduced carbon to feed a deep biosphere
(Vitale Brovarone et al., 2020). In carbonaceous chondrites,
knowledge of the redox state of iron in hydrous silicates is

essential for understanding hydrothermal reactions and their
relationship to the evolution of organics and carbonaceous
matter (Beck et al., 2012; Garenne et al., 2019).
Measurement of the ferric-to-total-iron ratio is essential
in quantifying redox processes and relies either on bulk
rock composition measurement (Padrén-Navarta et al., 2011;
Evans, 2012) or on spectroscopic determination in mineral
fractions and modal composition of rocks (Debret et al.,
2014, 2015). Conventional Mossbauer spectroscopy has been
widely applied for decades but has a resolution no bet-
ter than a few hundred micrometers, which restricts imag-
ing and mapping (McCammon et al., 1991; Sobolev et al.,
1999), a possibility offered by X-ray absorption near-edge
spectroscopy (XANES) to within a few micrometers or less
(Wilke et al., 2001). Thus, Mdssbauer spectroscopy can
be applied reliably to rocks with homogeneous mineralog-
ical composition (Fig. 1a) and to separated mineral frac-
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Figure 1. Raman maps of thin sections from high-pressure serpen-
tinites of the Monviso area, Western Alps. (a) Foliated antigorite
schists (sample Viso4) of nearly monomineralic composition (antig-
orite (Atg): blue; minor chlorite (Chl): yellow; glass slide: black),
with antigorite veins (dashed white lines) cross-cutting the folia-
tion and shifted by late minor fractures (dashed grey lines). Varia-
tions in the blue tone correspond to variations in crystal orientation
and highlight the rock texture. (b) Weakly deformed serpentinite
(Viso6) with complex mineralogy and texture partly preserved from
the oceanic history, with former clinopyroxenes partly replaced by
metamorphic diopside (Di) and chlorite, in a matrix of serpentine
(Serp.), and olivine-brucite patches and veins (Ol + Br).

tions, while XANES allows the study of complex mineralogy
(Fig. 1b), a common case in natural rocks.

Applications of XANES spectroscopy to ferro-magnesian
phyllosilicates include chlorites (Mufioz et al., 2006), talc,
micas and serpentine minerals (Muiioz et al., 2013). How-
ever, antigorites display XANES-determined ferric iron con-
tents (Debret et al., 2014, 2015; Muiioz et al., 2013) that
are much higher than those obtained from Mdossbauer spec-
troscopy on samples from similar geological settings (Evans
et al., 2012). Wet-chemistry determinations of ferric-to-total-
iron ratios in hydrated ultramafic rocks are also questionable
as Mossbauer and chemical measurements yield discrepant
results (Rozenson et al., 1979).

Here we investigate several antigorite and chlorite samples
from high-pressure ophiolites using Mdssbauer spectroscopy
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and estimate redox changes associated with reactions involv-
ing serpentine transformation and destabilization. We discuss
the relative merits of Mdssbauer and XANES for quantifying
ferric-to-total-iron ratios in ferro-magnesian phyllosilicates
from terrestrial rocks and meteorites.

2 Samples

The samples come from ophiolites and tectonic mélange
units of Cenozoic to Paleozoic age. Samples from the
Alps are similar in nature to those previously studied by
XANES (Debret et al., 2014) as they come from similar
high-pressure oceanic units that suffered subduction-type
blueschist—eclogite facies metamorphic conditions of about
1.5-2.5 GPa and 450-600 °C during the Eocene (Scambel-
luri et al., 1997; Schwartz et al., 2013). Samples from Baja
California Sur belong to the basal serpentinite unit of the
Sierra de San Andrés ophiolite, Vizcaino Peninsula, Mex-
ico (Sedlock, 2003). This mélange comprises tectonic blocks
that were metamorphosed under conditions ranging from
pumpellyite to blueschist facies at 200-500°C and 0.3—
0.8 GPa ca. 180 Myr ago (Moore, 1986). The Oeyama sample
comes from a mélange complex that was metamorphosed un-
der pumpellyite to high epidote—blueschist facies up to 450—
550°C and 1.5 GPa ca. 320 Myr ago (Tsujimori and Itaya,
1999).

Minerals were extracted from five serpentinites and two
chloritites. Rocks that present a nearly monomineralic com-
position or large crystals of lizardite in bastite texture were
carefully chosen in order to obtain single mineral separates
in the required quantity (about 200 mg) for Mdssbauer spec-
troscopy. Sample mineralogy (Table 1) was checked by op-
tical microscopy and Raman spectroscopy (Reynard et al.,
2015; Schwartz et al., 2013) on thin or thick sections and on
separated and extracted powders.

Scanning electron microscopy and energy-dispersive X-
ray (SEM-EDX) analyses were performed only on thin and
thick sections. Sample sections were coated with a 20 nm
thick carbon layer for analysis (Table 1) with EDX analysis
using an AZtec Oxford Instruments system (DDI detector X-
Max) installed on a Zeiss Supra VP55 scanning electron mi-
croscope operated at 15kV and in high vacuum, except for
sample ZS24, which was analyzed by electron microprobe
(Masci et al., 2019). Chlorite and serpentine composition is
homogeneous on the micrometer scale, except in BCS16B,
where slight zoning causes a higher variability in the Mg and
Si contents than in other samples.

Lizardite was extracted from bastite textures of a pre-
served oceanic serpentinite of Baja California Sur (BCS32),
where topotactic replacement of original pyroxene produced
lizardite crystals with grain sizes of a few millimeters. SEM
showed these grains to contain minor tiny metallic inclusions
(<0.1 % in volume) and magnetite (<1 % in volume).

https://doi.org/10.5194/ejm-34-645-2022
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Table 1. Chemical composition and mineralogical mode of samples analyzed by Mossbauer spectroscopy.

Sample BCS32 BCSI16A Oeyama ET5 Viso4 Viso4 7524  BCS6F
matrix vein

Liz! Atg? Atg? Atg? Atg? Atg? Chi? Chi?
n 10 11 8 8 9 10 6 16
M sites
Mg 5.46(6) 5.16(10) 5.34(8) 5.26(6) 5.06(6) 5.06(6) 4.45(2) 2.99(2)
Fetotal 0.44(4) 0.32(4) 0.16(4) 0.28(4) 0.4212) 0422) 044(1) 1.78(2)
Al 0.08 0.06 0.04 0.02 0.1 0.1 0.97 1.09
O 0.02 0.04 0.04 0.02 - - 0.14 0.14
Fe3+ /Feorar 0.49(5) 0.23(4) 0.21(4) 0.22(3) 0.17(3) 0.22(3) 0.26(4) 0.13(3)
T sites
Al 0.26 0.08 0.08 0.1 0.16 0.16 0.83 1.01
Si 3.744)  3.92(12) 3.92(8) 3.90(4) 3.84(1) 3.84(1) 3.17(2) 2.99(3)
Algotal 0.34(4) 0.14(8) 0.14(4) 0.12(2) 0.26(2) 0.26(2) 1.80(3) 2.10(2)
Serpentine >99 % >99 % >9% >9% >9% >99% - -
Chlorite - - - - - - >98% ~98%
Titanite - - - - - - - ~2%
Magnetite - - - - - - <2% -

647

! Lizardite: MgT4010(OH)g. 2 Antigorite: M5 5874010(OH)7 o4 assuming m = 14 modulation. 3 Chlorite: MgT4010(OH)g;
estimated standard deviation for total Mg, Fe, Al and Si based on n analyses; Fe3+ / Fe ratios from present Mossbauer data.

Antigorites were obtained from a foliated serpentinite of
Baja California Sur (BCS16A); from an antigorite vein in a
serpentinite of the Erro—Tobbio massif, Western Alps (ET5);
and from the Monviso massif, Western Alps (Viso4), which
comprised two subsamples from the foliated matrix and from
a cross-cutting vein. Raman mapping demonstrated a nearly
pure antigorite composition and showed structural relation-
ships between veins and foliation (Fig. 1a). In these sam-
ples, the main impurity is magnetite (<5 %) and sometimes
chlorite (<1 %). Another sample from the same area showed
more complex mineralogy partly inherited from oceanic
metamorphism and was therefore not considered for bulk
Mossbauer analysis (Viso6, Fig. 1b) but could meaningfully
be analyzed by high-resolution XANES mapping. Antigorite
from a foliated serpentinite of the Oeyama massif does not
contain magnetite but does contain trace amounts of pent-
landite (<0.1 %). These homogeneous serpentinite samples
contained no olivine or pyroxene.

The two studied chlorites were a Si-rich clinochlore (pen-
ninite) extracted from a foliated chloritite (ZS24) from
the Zermatt—Saas zone of the Western Alps and a ferrous
clinochlore (pycnochlorite) extracted from a foliated chlo-
ritite (BCSOF) from Baja California Sur. Magnetite is the
main impurity in ZS24 and titanite (~ 2 %) or clinopyroxene
(<1 %) the main one in the BCS6F sample.

https://doi.org/10.5194/ejm-34-645-2022

3 Maossbauer analyses

The oxidation state of iron was determined using Mossbauer
spectroscopy. Extracted samples were gently crushed in al-
cohol in an agate mortar, and the magnetic fraction was re-
moved by dipping a magnet into the powdered sample. An
aliquot of 200 mg powder of each sample was loaded into
a plastic holder with 12 mm diameter, giving a Mossbauer
thickness between 3 and 8 mgFecm™2, except for BCS6F
chlorite, which has a thickness of 29 mg Fe cm™2 due to its
higher Fe content. Spectra were recorded at room tempera-
ture in transmission mode on a constant acceleration Moss-
bauer spectrometer with a nominal 1.85 GBq >’ Co source in
a 6um Rh matrix where the velocity scale was calibrated
relative to a-Fe foil. We collected all spectra at +£5mms™!
and additionally at + 12 mm s~! when magnetite peaks were
present (ZS24 chlorite). Each spectrum was collected for 2—
4 d, except for BCS32 lizardite (5 h) and the Viso4 antigorite
vein (12 d).

Mossbauer spectra (Fig. 2) were fit using MossA software
(Prescher et al., 2012) in the thin absorber approximation
and additionally using the full transmission integral for thick
samples (e.g., BCS6F chlorite). We used pseudo-Voigt line
shapes to account for next-nearest-neighbor effects and vari-
able area ratios for doublet components to account for pre-
ferred orientation. Hyperfine parameters (Table 2) are consis-
tent with literature values for serpentine (Evans et al., 2012).
Magnetite was detected in ZS24 by its characteristic sextets
(Fig. 2g) that were constrained based on a spectrum collected

Eur. J. Mineral., 34, 645-656, 2022
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Figure 2. Room temperature Mossbauer spectra of serpentines and
chlorites: (a) BCS32, (b) BCS16A, (c) Oeyama, (d) ETS5, (e) Viso4
matrix, (f) Viso4 vein, (g) ZS24 and (h) BCS6F. All spectra were
fit with two doublets assigned to Fe2t (dark blue and light blue)
and one doublet assigned to Fe3* (red). The spectrum from chlorite
7524 (g) was additionally fit to two sextets assigned to magnetite
(black) that were constrained based on a spectrum collected of the
same sample at £+ 12 mm s—L

of the same sample at &= 12mms~!. Ferric-to-total-iron ra-
tios were calculated from the relative areas of subspectra.
Values were not corrected for differences in the recoil-free
fraction, since such differences have been shown to be mini-
mal when ferrous and ferric iron occupy sites with similar co-
ordination (e.g., Rancourt et al., 1994; Piilonen et al., 2004).
Thickness effects can be neglected, since fits using the full
transmission integral gave nearly identical results to fits us-
ing the thin absorber approximation. Magnetite absorption
does not overlap chlorite absorption and does not affect ferric
iron determination. The Mossbauer spectrum of titanite over-
laps ferric iron absorption in serpentine (Muir et al., 1984),

Eur. J. Mineral., 34, 645-656, 2022

so the ferric-to-total-iron ratio of BCS6F is likely overesti-
mated by 1 %-2 %.

Antigorites have a remarkably constant ferric-to-total-iron
ratio in the range 0.17(3)-0.23(4), in spite of the different
pressure—temperature metamorphic conditions and ages of
formation (Tables 1 and 2). The matrix antigorite Viso4 gives
the lowest value, while all other antigorite values are the
same within error bars with a mean value of 0.22(3). BCS32
lizardite gives a ferric-to-total-iron ratio of 0.49(5); Fe-rich
clinochlore BCS6F and Mg-rich chlorite ZS24 give values
of 0.13(3) and 0.26(3), respectively.

4 Discussion

A compilation of determinations of Fe’* / Fetotal Tatios in
serpentines and Mg-rich chlorites with Xg.<0.2 by Moss-
bauer spectroscopy (Aja and Dyar, 2002; Bertoldi et al.,
2001; Billault et al., 2002; De Grave et al., 1987; Evans et
al., 2012; Fuchs et al., 1998; Goodman and Bain, 1979; Gre-
gori and Mercader, 1994; Lougear et al., 2000; Malmstrom et
al., 1996; Mellini et al., 2002; Mitra and Bidyananda, 2001;
O’Hanley and Dyar, 1993, 1998; Peretti et al., 1992; Rozen-
son et al., 1979; Smyth et al., 1997; Votyakov et al., 2005;
Zazzi et al., 2006), the present data and XANES (Andreani
et al., 2013; Debret et al., 2014, 2015; Masci et al., 2019;
Muiioz et al., 2013; Rigault, 2010; Trincal et al., 2015; Vidal
et al., 2006) reveals important trends (Fig. 3).

Box plots and histograms emphasize the large overlap
of Fe3T / Fey ratios from XANES and Mossbauer data
in lizardite and a small overlap of XANES and Mossbauer
data in antigorite. For chlorites, overlap between XANES
and Mossbauer data is larger than in antigorites. Mossbauer
analyses show higher ferric iron content (Fe3+ / Fetota1>0.3)
where secondary continental alteration by meteoritic waters
was inferred for lizardites (Votyakov et al., 2005) and is sup-
posed for antigorite and chlorite populations, as discussed in
Sect. 4.1. Mean values, standard errors, standard deviations
and median values are reported in Table 3 for all populations.

Typically, uncertainties in the means (2 SE, Table 3) are
lower than 10 % and often lower than 5 %. Standard devia-
tions pertinent to individual analyses are lower than 10 % for
Madssbauer analyses of antigorites and chlorites and 20 % for
XANES and Mossbauer data of lizardites.

4.1 Mossbauer data

Mossbauer analyses of lizardites can be separated into two
groups, one defined by a single extensive study (74 anal-
yses) of serpentinized ultramafic rocks of the Ural Moun-
tains (Votyakov et al., 2005) and the other comprising about
40 analyses (Evans et al., 2012; O’Hanley and Dyar, 1993;
Rozenson et al., 1979; Fuchs et al., 1998). Serpentiniza-
tion in the Ural subgroup is inferred to have been caused
by meteoritic waters in a continental setting (Votyakov et

https://doi.org/10.5194/ejm-34-645-2022



B. Reynard et al.: Iron oxidation state in serpentines and magnesian chlorites 649

Table 2. Hyperfine parameters derived from room temperature Mossbauer spectra of serpentines and chlorites.

BCS32 BCS16A  Oeyama ET5 Viso4 (m) Viso4 (v) 7S24  BCS6F
Fe?T () silicate
CS (mms™) L15(1) 114D  L14)  1.14(1) 1.15(1) L14(D 11331 1.14(1)
QS (mms™1) 267(2)  2752) 2.7%4)  2.76(2) 274(2)  275(1) 2.69(3) 2.68(1)
FWHM (mm s_l) 0.35(7) 0.28(3) 0.26(4) 0.25(2) 0.29(2) 0.27(1) 0.30(2) 0.29(2)
Area 0.34(25) 0.43(14) 0.38(21) 0.41(11) 0.42(7) 0.35(5) 0.40(10) 0.37(9)
Area ratio 1 : 2! 1 L1 110 1.17(D) 1.02(1) 133D 1.28(1)  1.07(1)
Fe?* (II) silicate
CS (mms™!) L15(1) 1173  L16(1)  1.17(2) 1.18(1) L17(1)  1.123)  1.17(1)
QS (mm s_l) 2.02(92) 2.50(12) 2.57(13) 2.52(9) 2.47(7) 2.50(3) 2.39(16) 2.46(6)
FWHM (mm s_l) 0.86(48) 0.43(9) 0.35(8) 0.38(7) 0.43(5) 0.42(2) 0.39(10) 0.59(3)
Area 0.1727)  0.34(15) 0.41(21) 0.37(12) 0.40(7)  0434) 0.17(11)  0.50(9)
Fe3t silicate
CS (mm s_l) 0.30(7)  0.28(11) 0.27(9) 0.28(8) 0.23(4) 0.26(2) 0.29(6) 0.15(2)
QS (mm s_l) 0.95(9) 0.78(22) 0.81(16) 0.79(14) 0.98(8) 0.93(4) 0.66(10) 0.98(7)
FWHM (mm sfl) 0.94(11) 0.61(9) 0.76(14) 0.64(9) 0.59(8) 0.53(3) 0.59(8) 0.61(9)
Area 0.49(5) 0.23(4) 0.21(4) 0.22(3) 0.17(3) 0.22(2) 0.20(4) 0.13(3)
Fe2>t magnetite?
CS (mms~1) 0.67(2)
¢ (mms~1) 0.01(3)
B (T) 45.9(1)
FWHM (mms~!) 0.37(5)
Area 0.15(4)
Fe3t magnetite2
CS (mms~ 1) 0.28(2)
¢ (mms~ 1) 0.01(3)
B (T) 49.2(1)
FWHM (mms~!) 0.33(4)
Area 0.07(3)

Abbreviations: CS — center shift relative to «-Fe, QS — quadrupole splitting, FWHM - full width at half maximum, & — quadrupole shift, B — hyperfine
magnetic field, v — vein, m — matrix. ! The area ratio of doublet components was allowed to vary to account for preferred orientation but constrained to

have the same value for all silicate doublets according to symmetry. 2 Based on spectrum recorded with velocity range —12 to +12 mm s

Table 3. Statistical parameters of Fe3t / Fetotal ratios in serpentine and low-Fe chlorite mineral populations.

Mossbauer ‘ XANES
Lizardite ‘ Chrysotile ‘ Antigorite ‘ Chlorites ‘ Lizard. Antig. Chlorite
All 1 2| | Al 1 2| Al 1 2 |
Mean 0.67 0.59 0.71 034 | 023 0.16 039 | 030 0.15 049 0.71 0.64 0.51
2SE 0.03 0.07 0.02 0.06 | 0.03 0.02 0.03 | 0.08 0.05 0.05 0.06 0.08 0.10
o 0.17 024 0.10 0.12 | 0.10 0.06 0.05 | 0.10 0.08 0.08 0.20 0.19 0.21
Median 0.72 0.57 0.72 032 | 021 0.16 040 | 027 0.12 049 0.76 0.66 0.50

SE: standard error; o: standard deviation; 1: samples with primary metamorphic signature; 2: samples with secondary oxidation.

https://doi.org/10.5194/ejm-34-645-2022 Eur. J. Mineral., 34, 645-656, 2022
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Figure 3. Determinations of Fe3+ / Feiotal Tatios in serpentines and Fe-poor chlorites with Xpe<0.2 by Mossbauer and XANES. Liz:
lizardites; Atg: antigorites; Chry: chrysotiles; Chl: chlorites. Darker tones are used for populations of samples that were oxidized (ox.)

by secondary, likely continental, alteration. The number (n) of analyses

is indicated for each box. Present data are shown as black squares.

Corresponding histograms for lizardite (and chrysotile), antigorite and chlorite are shown on the left (XANES data in white, Mossbauer in

color).

al., 2005), while the other analyses refer mostly to serpen-
tines formed during oceanic floor hydrothermal alteration.
The two groups display a broad range of values. The Ural
lizardites show higher and less dispersed values than those
of oceanic lizardites with mean ratios of 0.71(2) and 0.59(7),
respectively (number in parentheses is the uncertainty in the
mean value last digit, estimated as 2 standard errors).

Mossbauer analyses of antigorites display much lower
Fe’T / Feya ratios than lizardites, with a mean value of
0.23(3) (Evans et al., 2012; Mellini et al., 2002; Peretti et
al., 1992; Rozenson et al., 1979; Votyakov et al., 2005).
The population is bimodal, with one subgroup characterized
by Fe3t / Feworal values above 0.32 with a mean value of
0.39(3) dominated by samples (9 out of 13) from the Ural
ultramafics (Votyakov et al., 2005) and one characterized by
Fe3t / Fetotal Values below 0.26 with a mean value of 0.16(2)
dominated by samples from high-pressure ophiolites. We in-
terpret the low values as pristine records of Fe3t / Fetotal T2-
tios for high-pressure metamorphic antigorites to which all
samples measured here belong, while the high values may
reflect oxidation due to secondary continental alteration by
meteoritic waters that was shown to affect serpentinites in the
Ural ultramafics (Votyakov et al., 2005). Finally, chrysotile
samples display intermediate values between antigorites and
lizardites, with a mean value of 0.34(6) (O’Hanley and Dyar,
1998).

Mossbauer analyses of Mg-rich chlorites (X <0.2) yield
Fe3t / Feioral ratios similar to those of antigorites, with a

Eur. J. Mineral., 34, 645-656, 2022

mean value of 0.27(18). Two populations are identified, one
with Fe3* / Feotal ratios above 0.4 and an average of 0.49(8)
(Billault et al., 2002; Goodman and Bain, 1979; Malmstrom
et al., 1996; Smyth et al., 1997) and one with Fe3t / Fetotal
ratios below 0.3 and an average of 0.15(8) (Aja and Dyar,
2002; Bertoldi et al., 2001; Gregori and Mercader, 1994;
Lougear et al., 2000; Mitra and Bidyananda, 2001; Zazzi
et al., 2006). By analogy with serpentine, the group with
the highest values that contains samples of continental low-
temperature hydrothermal origin (Billault et al., 2002) is at-
tributed to oxidizing conditions during continental weather-
ing, and the group with the lowest values is attributed to pris-
tine compositions of high-pressure rocks.

The essentially constant values for antigorites and Mg-
chlorites suggest that the Fe3t / Feoral ratio is controlled
more by crystal chemistry than oxygen fugacity (fO;) in the
nearly monomineralic samples studied here. The limited ef-
fect of fO, on the Fe3T / Feiotal ratio during high-pressure
and mid- to high-temperature (400-700 °C) metamorphism
is in line with petrological analysis that suggested controls
by silica and alumina potential rather than or in addition to
fO, (Chernosky et al., 1988; Evans et al., 2012). The large
variation in Fe3t / Feoral ratios in lizardites suggests vari-
able fO» or silica/alumina potential conditions during low-
temperature metamorphism and oceanic hydrothermal alter-
ation.
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4.2 XANES data

XANES analyses of lizardites have been reported for oceanic
serpentinites (Andreani et al., 2013) and for one suite of ser-
pentinites from high-pressure ophiolites from the Western
Alps (Debret et al., 2014). Antigorites were analyzed from
the same suite of samples (Debret et al., 2014) and across
the antigorite serpentinite dehydration sequence to chlorite
peridotite, along with Mg-rich chlorite (Debret et al., 2015),
in samples from the Cerro del Almirez (Padrén-Navarta et
al., 2011). Lizardites display Fe3+ / Fetotal ratios of 0.71(20),
which are higher than average but within the large range of
observed values from Mdossbauer spectroscopy. Fe3t / Fetotal
ratios for antigorites (Debret et al., 2014, 2015; Mufioz et al.,
2013) and magnesian chlorites (Debret et al., 2015; Mufioz
et al., 2013; Rigault, 2010) are systematically higher than
the Mossbauer values, with averages of 0.63(19) for antig-
orite and 0.58(12) for magnesian chlorites, a discrepancy of
40 % that needs to be resolved. A study of orientation effects
yielded high Fe’t / Fetotal Tatios (>0.8) on oriented antig-
orite fibers from a vein and low values (<0.3) on Mg-rich
chlorite, talc and phlogopite (Mufioz et al., 2013). Orien-
tation effects cause variations of £ 10 % around the aver-
age value (Muiioz et al., 2013) and cannot account for the
40 % discrepancy. Nor can uncertainties in the calibration,
estimated to be about 10 % from the figures of the original
study (Wilke et al., 2001) and subsequent applications to ser-
pentines and chlorites (Andreani et al., 2013; Debret et al.,
2014, 2015; Muiioz et al., 2013), account for this. Similar
combined uncertainties of 10 %—15 % were obtained based
on single-crystal studies of micas (Dyar et al., 2002). Ori-
entation effects on pre-edge intensities were shown to be
more important in pyroxenes (Dyar et al., 2002; Steven et
al., 2022).

The difference between mean values of Fe3t / Fetotal T2-
tios obtained from XANES and Mdssbauer spectroscopy on
Mg-rich serpentines and chlorites is provisionally related to
oxidation caused by the intense synchrotron X-ray beam
in hydrous minerals, as already demonstrated in hydrous
glasses (Cottrell et al., 2018). XANES determinations on Fe-
rich chlorites (Masci et al., 2019; Rigault, 2010; Trincal et al.,
2015; Vidal et al., 2006) yield Fe3t / Fetotal Tatios covering
values down to zero (Fig. 4), in good agreement with Moss-
bauer determinations on Fe-rich chlorites (Aja and Dyar,
2002; Bertoldi et al., 2001; De Grave et al., 1987; Good-
man and Bain, 1979; Gregori and Mercader, 1994; Lougear
et al., 2000). This suggests little if any photo-oxidation in Fe-
rich samples. Low Fe3+ / Ferotal ratios are also determined
from XANES analyses of anhydrous silicates, in agreement
with Mdossbauer results when available (Wilke et al., 2001).
Photo-oxidation thus appears to be limited to Mg-rich hy-
drous phases. Notable exceptions are one clinochlore sam-
ple, talc and phlogopite (Muifioz et al., 2013), which will be
discussed below. Negligible photo-oxidation in serpentines
during XANES was inferred from comparison of spectra af-
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ter several minutes to several tens of minutes of irradiation
(Andreani et al., 2013), but oxidation during the first seconds
of XANES data acquisition because of the high brilliance of
synchrotron beams cannot be excluded.

4.3 Photo-oxidation

In order to test the photo-oxidation hypothesis, we built a
model with the following assumptions: (1) photo-oxidation
occurs irreversibly on Fe?* sites by removing the H atom
of the OH ligand in the octahedral layers to compensate for
the loss of an electron of the excited iron atom; (2) photo-
oxidation occurs on Fe?* sites that are isolated from each
other by Mg atoms on the neighboring octahedral sites — it
does not occur when one of the neighboring octahedral atoms
is iron because the electron may be exchanged through elec-
trical conduction by the small polaron mechanism active in
phyllosilicates (Reynard et al., 2011); and (3) Fe, Mg and
other cations are disordered on octahedral sites. With these
assumptions, the fraction of isolated Fe2 ions that may ox-
idize during XANES measurements is defined by the proba-
bility P of having six Mg or Al atoms on the six neighboring
octahedral sites in a random distribution:

P=(1-Xp)®. (1)

Out of the Fe atoms, a fraction / was already in the Fe3+
state in the pristine sample; the final ferric iron fraction F
after photo-oxidation is

F=(0-1)-P+1. )

Curves showing the expected Fe3t / Feotal ratio after photo-
oxidation using these relations are displayed in Fig. 4. At
low XFe, the number of isolated Fe sites becomes significant,
and the curves converge to F values of 1 when Xpe tends to
zero, accounting for high oxidation at low Fe content levels.
As XFf. reaches a value of ~0.3, F tends to /, and photo-
oxidation is negligible (within the estimated uncertainty of
0.1 for XANES).

If the model is correct, XANES analysis should plot close
to or above those curves, which is the case for a large fraction
of lizardites and antigorite and Mg-chlorite XANES analy-
ses (Fig. 4). A test sample is the ZS24 chlorite, for which
both XANES (Masci et al., 2019) and Mdssbauer (this study)
data were obtained. Mossbauer analysis of sample ZS24 (this
study) gives a Fe3t / Feotal atio of 0.26(4), which, com-
bined with Xfe of 0.075(2), yields an expected Fe’t / Fetotal
ratio after photo-oxidation of 0.73(5), in agreement with the
XANES determination of 0.66(10) (Masci et al., 2019). Con-
tamination and spatial resolution differences cannot explain
such a discrepancy between XANES and Mossbauer results
because the chlorite crystals in this sample are clear and
light-green colored (Ganzhorn et al., 2018). The contribution
from magnetite in the Mossbauer data does not affect fer-
ric iron determination, since its absorption does not overlap
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Figure 4. Fe3t / Feotal ratios from Mdossbauer (open symbols) and XANES (filled symbols) measurements in chlorites (Chl) and serpentines
(Atg: antigorite; Liz: lizardite) are reported as a function of Xpe. Inset shows iso-values of the Fe3+t / Feiota) ratio in red, and the dashed
curves show the corresponding Fe3+ / Feqotal ratio after photo-oxidation of isolated Fe2™ at low XFe (see text). Dashed curves after photo-
oxidation are shown in all diagrams for comparison with XANES analyses. Photo-oxidation accounts semi-quantitatively for the higher
Fe3t / Feota) ratio obtained by XANES on the Mg-rich side of the diagram. The thick dashed curve parallel to model curves is adjusted to
the lowest XANES data on chlorites and reported at the same place on the serpentine diagram. It defines a field of low Fe3t/ Fetota1 ratios
where almost no XANES data on low-Fe chlorites and antigorites plot due to photo-oxidation, while Mdssbauer data cover a large portion

of it.

that of chlorite (Fig. 2, Table 2). Contamination of XANES
by magnetite on the micrometer scale is unlikely because the
XANES Fe3* / Feiotal ratio of 0.66 would require total con-
tamination by magnetite (Fez+Fe§+O4) on all six analyzed
areas of the thin section (Masci et al., 2019).

Photo-oxidation of Mg-rich chlorites is suggested by the
data that cover a larger Xy, range (Fig. 4). All but one of
the XANES analyses lie above a curve that is parallel to
that of the minimum Fe3* / Feiora ratio predicted from the
photo-oxidation model, suggesting that it is at least semi-
quantitatively correct. The same line reported on the serpen-
tine diagram also separates effectively the field of XANES
analyses with the exception of 2 data points out of more than
60 (Fig. 4). Incomplete photo-oxidation in XANES may be
due to partial recombination of defects or to partial order-
ing of Fe ions in the octahedral sites instead of the assumed
complete disorder.

4.4 Mossbauer and XANES limitations

Conventional Mossbauer spectroscopy is not affected by
photo-oxidation and alteration during the measurement, but
it does not allow the precise mapping of Fe concentration and
oxidation state provided by XANES. The latter method is es-
sential for studying complex samples such as serpentinized
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oceanic peridotites and their relationship to the production
of reduced fluids (Andreani et al., 2013; Ellison et al., 2020)
and complex and fine-grained extraterrestrial samples (Beck
et al., 2012; Garenne et al., 2019). Synchrotron Mossbauer
source (SMS) spectroscopy offers higher spatial resolution
than conventional Mossbauer spectroscopy (Potapkin et al.,
2012) and substantially less radiation flux than XANES;
hence there is minimal risk of photo-oxidation (e.g., Ga-
borieau et al., 2020). However there are to this date fewer
facilities that offer SMS compared to XANES.

The present model predicts that photo-oxidation is negligi-
ble when XF, is above about 0.2-0.3, in agreement with sim-
ilar Mdssbauer and XANES Fe3+ / Fetotal Tatios in chlorites
with Xpe of ~0.2 (Fig. 4). XANES analysis of greenalite,
a ferrous iron end-member serpentine of complex modu-
lated structure (Guggenheim and Eggleton, 1998), yields
pure Fe’* (Beck et al., 2012), also suggesting negligible
photo-oxidation in Fe-rich serpentine samples.

Interestingly, XANES results on Mg-rich talc and bi-
otite (trioctahedral phlogopite) that contain only internal OH
groups in TOT layers do not show such significant photo-
oxidation as serpentines (Mufioz et al., 2013). This is con-
sistent with the resistance of OH groups in natural talc to
irradiation-induced H, production (Lainé et al., 2016) and
with the absence of irradiation-induced iron oxidation in talc
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and trioctahedral micas (Drago et al., 1977). It suggests that
only phyllosilicates with external “brucite-like” OH such as
serpentines and chlorites are prone to photo-oxidation, with
a reaction of dehydrogenation that can be written as

2 “Fe’t(OH),” = 2 “Fe’*O(OH)” + Ha, (3)

where “Fe>*(OH),” and “Fe**O(OH)” refer to components
in serpentine or chlorite. Thus photo-oxidation irreversibil-
ity may depend on efficient diffusion of hydrogen out of the
crystals during irradiation.

Low Fe3t / Fewotal ratios are observed by XANES in
clinochlore single-crystals, of around 0.17 (Muiioz et al.,
2013), and in one lizardite and one antigorite (Fig. 4), sug-
gesting that other factors may influence photo-oxidation. A
mixture with olivine could explain this observation because
of the complex mineralogy of the natural samples (Andreani
et al., 2013; Debret et al., 2014), but it is not possible in the
case of the single-crystal study (Mufioz et al., 2013). Further
XANES spectroscopic studies of well-characterized ferro-
magnesian phyllosilicates may help to elucidate these issues,
as well as vibrational studies of OH bonds on XANES ana-
lytical spots. Well-characterized standards with similar com-
position and structure to the studied samples are necessary to
improve the reliability of XANES mapping in Mg-rich phyl-
losilicates. For that purpose, the present samples are made
available on demand to the scientific community.

5 TImplications

Ferric iron determination influences phase equilibria model-
ing (Evans et al., 2012) because it is used to define the fer-
rous and ferric end-members of the lizardite, antigorite and
chlorite solid solutions. Mg-rich terrestrial basic to ultrabasic
compositions are not amenable to the use of XANES to de-
termine accurate ferric iron contents in spite of the method’s
many advantages such as speed and spatial resolution, likely
because of photo-oxidation. Nevertheless, XANES remains a
reliable method for TOT phyllosilicates (talc and micas) and
in terrestrial or extraterrestrial rocks with much higher iron
contents (Beck et al., 2012; Garenne et al., 2019). Its applica-
tion to Mg-rich serpentines and chlorite requires reevaluation
and the use of well-characterized standards of the same min-
eralogical and compositional nature as the studied samples,
instead of calibrations based on anhydrous compounds that
are not significantly affected by photo-oxidation.

Mossbauer data are preferred over XANES data for es-
timating oxidation state budgets in hydrated mafic and ul-
tramafic rocks of subduction zones (Evans, 2012; Mayhew
and Ellison, 2020). Using the average ferric-to-total-iron ra-
tios from Mossbauer data (Fig. 3) and modal mineralogies of
high-pressure ultramafic rocks (Debret et al., 2014, 2015),
the bulk ferric-to-total-iron ratios of the hydrated ultraba-
sic rocks change from 0.65(15) to 0.25(15) at the lizardite-
to-antigorite transformation in Alpine ophiolites and from
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0.4(1) to 0.15(5) at the antigorite—serpentinite-to-chlorite—
harzburgite transition in Cerro del Almirez, at nearly constant
bulk Fe content levels. This is to be compared to 0.70(15) to
0.50(15) and 0.55(5) to 0.15(5), respectively, using XANES
data (Debret et al., 2014, 2015). The most important re-
dox change is associated with the lizardite—antigorite transi-
tion occurring at 300-400 °C (Schwartz et al., 2013; Evans,
2004) rather than with the dehydration of antigorite occur-
ring at 500-650 °C (Ulmer and Trommsdorff, 1995; Hilairet
et al., 2006). With a large decrease in ferric iron and rela-
tively small fluid release, the lizardite—antigorite transition
is expected to release oxidized fluids in the cold mantle
wedge. The major dehydration of antigorite is associated
with a smaller decrease in ferric iron in the solid residue
and should result in the release of large quantities of mildly
oxidized fluids. The present estimates of Fe3t / Fetotal ratios
will affect the oxidation state of dehydration fluids in sub-
duction zones (Debret and Sverjensky, 2017; Piccoli et al.,
2019) and budgets of associated reactions affecting redox-
sensitive elements such as carbon (Vitale Brovarone et al.,
2017; Galvez et al., 2013). Continental alteration likely in-
creases the Fe3t / Feiotal ratio of hydrated ultramafic rocks,
in agreement with conclusions reached from statistical anal-
ysis of available data (Mayhew and Ellison, 2020).
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