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Abstract. The hydrous Ca—Al silicates lawsonite and epidote group minerals (EGMs) are key phases in
subduction-zone H,O and element cycling. In high-pressure—low-temperature metamorphic rocks, Fe in both
minerals is typically assumed to be entirely Fe3*, which substitutes for Al in octahedral sites as a major com-
ponent in most EGMs and as a minor component in lawsonite and zoisite. New Fe micro-X-ray absorption
near-edge spectroscopy (u-XANES) analyses show substantial Fe>* in lawsonite in blueschist from New Cale-
donia and zoisite from an unknown locality. Analysed Fe-rich EGMs (epidote, clinozoisite) contain primarily
Fe3*. Lawsonite and some EGMs in subducted oceanic crust may contain more Fe?* than is currently known,
with possible implications for understanding subduction redox processes and conditions and why they vary in

different subduction zones.

1 Introduction

Hydrous silicates such as lawsonite (~11.5wt% H;0)
and epidote group minerals (~2wt% H,O) are signifi-
cant in volatile and element cycling in subduction zones
via (de)hydration reactions, with implications for the ox-
idation state of subducted materials and subsequently the
overlying mantle and volcanic arcs (e.g. Schmidt and Poli,
1994; Spandler et al., 2003; Frei et al., 2004; Martin et al.,
2011, 2014; Vitale Brovarone et al., 2014; Whitney et al.,
2020; Mufioz-Montecinos et al., 2021; Kang et al., 2022;
Herndndez-Uribe and Tsujimori, 2023). The presence of
these modally abundant minerals in metamorphosed oceanic
crust also influences the geophysical properties and geody-
namic behaviour of subducted slabs (e.g. Kita et al., 2006;
Chantel et al., 2012; Shiraishi et al., 2022). Furthermore,
they are important index minerals of subduction metamor-
phic conditions, with lawsonite indicating colder pressure—
temperature (P-7) conditions and epidote group minerals
indicating relatively warm conditions; e.g. at ~ 2 GPa, law-

sonite is stable at 7 < ca. 550 °C and zoisite/epidote is stable
at T > ca. 550°C.

Iron is a major element in epidote and a more minor
component in lawsonite and some epidote group miner-
als (EGMs) (e.g. near-end-member clinozoisite, zoisite). In
high-pressure—low-temperature (HP/LT) metabasalts, Fe in
lawsonite and EGMs is typically assumed to be Fe3* that
substitutes for AI’* in octahedral sites because there is
generally good correspondence of Fe vs. Al in epidote-
(clino)zoisite with low rare-earth-element (REE) content
(e.g. Fornash et al., 2019). Ferric iron only or dominant com-
positions (Fe3*/EFe ~ 1) have been confirmed by Moss-
bauer spectroscopy (Weber et al., 2007) and X-ray absorp-
tion near-edge spectroscopy (XANES) (this study) for some
lawsonite as well as for some epidote (Mossbauer: Grodzicki
et al., 2001; XANES: Wilke et al., 2001; this study). Thus
far, Fe?*-bearing lawsonite has only been reported for one of
three samples of lawsonite from the Franciscan subduction
complex analysed in a Mdssbauer spectroscopy study (We-
ber et al., 2007); in that paper, Fe2+—bearing lawsonite was
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Figure 1. (a) Comparison of normalized XANES spectra of ae-
girine reference sample illustrating the spectral resolution measured
at beamlines and with monochromators indicated. The inset shows
a zoomed-in view of the pre-edge region. (b) Pre-edge after back-
ground subtraction. (¢) Variation in the centroid with Fe3+ / ZFe.
Comparison of old calibration (Wilke et al., 2009) and new calibra-
tion. Plotted reference samples include olivine, almandine garnet,
omphacite, and aegirine. SSRL is the Stanford Synchrotron Radia-
tion Lightsource.

determined to have a composition of (Ca0,97Fe%.‘51)(A10,98,
Fegzz)28i207(OH)2-H20. Here we report new Fe K-edge -
XANES analyses documenting substantial amounts of Fe?*
and variation in Fe3* / £Fe in some lawsonite and EGMs in
blueschist and eclogite facies metamorphic rocks and briefly
discuss the implications of these findings.

2 Methods

The Fe K-edge XANES method allows for in situ analysis
at the micrometre-scale resolution of Fe>* / ©Fe in minerals
and glass (e.g. Wilke et al., 2001, 2004; Sutton et al., 2020;
Botcharnikov et al., 2024). At the European Synchrotron Ra-
diation Facility (ESRF), we first analysed a series of stan-
dard materials that were previously analysed by XANES
and/or Mossbauer spectroscopy (Wilke et al., 2001, 2009;
Schmid et al., 2003) and that represent a complete spectrum
of Fe3t / X Fe: iron, olivine, siderite, aegirine, omphacite, an-
dradite, and glass (Table S1, Figs. S1-S2 in the Supplement).
These materials included powders and larger (millimetre-
scale) crystals in grain mounts. The beam from the two-
pole wiggler source at BM23 was focused to 3 x 3 um? using
a KB mirror, resulting in a flux of 2 x 10'° photonss~! in
the focal spot at 10keV (Rosa et al., 2024). Spectra were
recorded in fluorescence mode using a silicon drift detec-
tor (SDD) available from the beamline. Initially, measure-
ments series on a single spot were performed to check for
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possible beam damage, which was not detected. The use of
a Si (311) double-crystal monochromator together with the
small source size from the newly installed Extremely Bril-
liant Source (EBS) and a small vertical gap of the entrance
slit of the KB mirror revealed unprecedented energy reso-
Iution (0.196eV) (Fig. 1a, b). The monochromator energy
was calibrated using metallic iron, with the first maximum
of the derivative at 7111.08 eV. As a result of sample prepa-
ration, Fe content, and/or sample thickness, spectra were not
affected by self-absorption.

Measurements on ferric reference compounds revealed a
shift of the corresponding centroid energy position (here re-
ferred to as the centroid) by +0.1eV, which we attribute
to an effect of the enhanced resolution. In order to cross-
check, we have treated the newly acquired spectra and those
recorded elsewhere (Fig. 1a, b) with the same procedure. In
contrast, ferrous reference compounds do not show any ef-
fect (Fig. 1c). The centroid of the pre-edge is converted to an
Fe oxidation state as follows:

Fe’t /£ Fe = 5915527 4 1664 - centroid + 0.117
- centroid? (error in parameters: 1.69 x 10°,47, 0.003). (1)

This calibration applies to centro-symmetric sites, i.e. octa-
hedral, hexahedral, and dodecahedral coordination and their
distorted equivalents. The newly established calibration par-
ticularly affects samples with Fe3* / £Fe > 0.5, as illustrated
in comparison to the calibration of Wilke et al. (2009)
(Fig. 1c).

Analyses were successful at all Fe contents down to
0.3 wt % FeO*. Following the analysis of reference materi-
als, we analysed lawsonite and epidote in polished thin sec-
tions and grain mounts as follows: in each sample, typically
two to four distinct crystals of lawsonite or epidote with
scans on individual spots or an array of spots in a line across
part or all of the crystal to evaluate Fe zoning. Two spectra
were acquired for most analytical spots (see Sect. S1 in the
Supplement).

3 Results

3.1 Evaluation of suitability of lawsonite and epidote
crystals for XANES analysis

To evaluate the effect of crystallographic orientation on
XANES spectra for orthorhombic lawsonite and zoisite
and monoclinic epidote group minerals representing dif-
ferent compositions between epidote and clinozoisite end-
members, grain mounts were prepared from distinct orien-
tations of large single crystals. Mineral compositions and
zoning were analysed by electron microprobe at the Univer-
sity of Minnesota and Universitit Potsdam (see Sect. S2).
Crystallographic orientation was determined by electron
backscattered diffraction (EBSD) at the Bayerisches Geoin-
stitut and the University of Minnesota (see Sect. S3).
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Grain mounts of centimetre-scale pink lawsonite crys-
tals from two different samples from the Franciscan Com-
plex (USA) were analysed by XANES: sample C3247 from
the Smithsonian Institution’s National Museum of Natural
History (specific locality unknown) and a sample from the
collection of the Department of Earth and Environmental
Sciences, University of Minnesota (Bodega Creek locality)
(Figs. 2, 3a—c). Lawsonite exhibits a very low degree of lin-
ear dichroism, i.e. virtually no orientation effect on the de-
termined Fe oxidation state (Figs. 2, 3a—c). For comparison
with results from the large single crystals, we also analysed
a multi-crystal grain mount of lawsonite separated from a
blueschist from Corsica from the Collections Géologiques
de I’Observatoire des Sciences de 1’Univers de Grenoble
(OSUG 9936). In addition, during analysis of grains in thin
section, we further checked for orientation effects in law-
sonite by comparing spectra obtained for the same spot at
different orientations; resulting centroid positions and, thus,
Fe oxidation state values were essentially identical. Deter-
mined Fe3* / S Fe values for lawsonite are likely to be robust
owing to the lack of beam damage at the applied photon dose
and lack of orientation effects.

Grain mounts were also prepared from EGM single crys-
tals that were each cut along three planes: epidote (location
unknown) from the collection of the Bayerisches Geoinsti-
tut; commercially acquired clinozoisite from a locality in
Gilgit, Pakistan; and zoisite from the University of Min-
nesota (UMN) collection (location unknown) (Figs. 1, 2, S1).
EGMs show significant variation in XANES spectra (Figs. 2,
S1), and therefore the pre-edge centroid and the determined
Fe’* / L Fe varied as a function of orientation.

3.2 Analysis of lawsonite and epidote in petrographic
thin sections

We conducted XANES analysis of lawsonite and epidote/cli-
nozoisite in thin sections of high-pressure—low-temperature
(HP/LT) metabasaltic rocks: a lawsonite eclogite from Sivri-
hisar, Tiirkiye, and five samples from New Caledonia —
two lawsonite blueschists, two epidote blueschists, and one
epidote-bearing eclogite facies metabasite. As noted, epidote
exhibits significant linear dichroism and lawsonite does not
(Fig. 2), so we report quantitative data only for lawsonite.

In the Sivrihisar eclogite analysed, lawsonite contains
~1.2wt%—1.8wt% FeO* (sample SV12-13D, Table S2;
similar to SV12-13E of Fornash et al., 2019, and Fornash
and Whitney, 2020). In New Caledonia blueschist NC18-
01, lawsonite ranges from 0.35 wt %—1.0 wt % FeO*, with
higher values typically at the rims of grains (Fig. 3, Table S2).
This sample is from the low-grade end of the subduction
complex. Lawsonite in blueschist sample NC19-159 contains
0.30 wt %—0.85 wt % FeO* (Table S2), with higher values at
the rims of grains. This sample is from a higher-grade part of
the lawsonite zone, close to the lawsonite-out—epidote-in iso-
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Figure 2. (a—d) Graphs illustrating results from lawsonite from dif-
ferent localities and demonstrating the relatively weak dependence
on orientation. (a) Normalized XANES spectra of three lawsonite
crystals from one blueschist, illustrating the weak variability in the
spectra. (b) Pre-edge after background subtraction. The significant
contribution at energies below 7112 eV indicates contributions by
Fe2t. (c) Normalized XANES spectra of three slices in different
orientations, cut from one large crystal of lawsonite from the Fran-
ciscan Complex (Smithsonian collection), illustrating the weak de-
pendence of spectra on orientation. (d) Pre-edge after background
subtraction. (e—f) Graphs illustrating the strong dependence of epi-
dote spectra on crystal orientation. (e) Normalized XANES spec-
tra of three slices in different orientations, cut from one large crys-
tal (Bayreuth collection). (f) Pre-edge after background subtraction.
Analysis of the centroid leads to Fe3t / ZFe between 0.97-1.18.
The orientation of crystal 1 {010} leads to overestimation of the
true oxidation state, highlighted by the different shape of the pre-
edge. The orientation of crystal 2 is close to {100}; the orientation
of crystal 3 is {001}.

grad, and is inferred from petrographic observation to have
had a gabbroic protolith.

A comparison of XANES measurements for lawsonite
from New Caledonia samples to those from the Franciscan
Complex and Corsica reveals a significant difference in the
resulting Fe**/ T Fe: an average of ~0.5-0.6 compared to
values of 0.9-1.05, respectively (Fig. 3). Given the docu-
mented effect of crystallographic orientation on samples free
of Fe?t, we can rule out any artefacts from linear dichroism.
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The comparison of the pre-edge spectra shows significant
contributions that can be assigned to Fe?* (Fig. 2). Further,
the structure of the XANES at the main edge strongly dif-
fers from that shown by all other samples, which indicates a
different crystallographic site for at least parts of the incorpo-
rated iron. The broad distribution of values for New Caledo-
nia (Fig. 3d—e) is likely related to the low Fe content, which
resulted in worse counting statistics and thus in less robust
background removal. Within the given error, the measured
spots do not seem to show any systematic spatial variation.

4 Discussion

We report the results of XANES analyses that reveal the pres-
ence of Fe?T in lawsonite in New Caledonia HP/LT rocks
and in zoisite from an unknown locality (UMN collection)
(Figs. 3, S1). In the following sections, we briefly discuss
the possible location of Fe>* in the crystal structures and the
possible implications of our finding of substantial amounts
of Fe>* in these hydrous silicates that are important index
minerals of subduction metamorphism.

4.1 Fe in lawsonite and epidote group minerals

It is not yet known what site (or sites) Fe>* occupies in law-
sonite and epidote group minerals. Fe>* and Fe>* in EGMs
may occupy octahedral sites (Fehr and Heuss-ABbichler,
1997) and/or the Ca’" site, similar to the proposed sites for
Fe?" in lawsonite based on Mdssbauer hyperfine parameters
and theoretical calculations (Weber et al., 2007). Using data
from a global survey of electron microprobe analyses of law-
sonite from many different subduction complexes (Whitney
et al., 2020; Kang et al., 2022, 2024), there appears to be
no straightforward correlation of Ca and Fe, perhaps because
both Fe?* and Fe** are present in lawsonite.

Qualitatively, the spectra of lawsonite from the Francis-
can and Corsica samples may be explained by incorpora-
tion of Fe3T on the Al site. For Fe?t, the Ca site is also
possible, which could explain the significant difference in
XANES spectra of blueschist samples from New Caledo-
nia (Fig. 2a-b). The very strong linear dichroism observed in
EGMs (e.g. Waychunas et al., 1986; this study) stems from
the fact that all octahedral sites are well aligned along the
b axis in the crystal structure (Fig. S4), which makes these
minerals a unique case for studying polarized XANES spec-
tra. In contrast, in the lawsonite structure, octahedral sites
are arranged in two directions mirrored by a plane parallel to
(001) (Fig. S4), so dichroism effects are less strong. Minor
Fe in zoisite may exhibit behaviour similar to that in law-
sonite; both are low-Fe orthorhombic minerals, in contrast to
monoclinic epidote and clinozoisite.
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Figure 3. (a) Fe3t /ZFe calculated from XANES analysis of
Fe3t-rich lawsonite in eclogite (Sivrihisar, thin section) and
blueschists (Franciscan Complex, slices cut at different orientations
of large single crystals; Corsica, mineral separate) (Table S1). Aver-
age compositions of different slices of Franciscan lawsonite in (b)
and (c) are listed with the orientation of each analysed plane (EBSD
methods and data in the Supplement, Sect. S3). (d—e) Fe3t / ZFe
for lawsonite in two New Caledonia blueschists. The width of the
bars reflects an approximation of uncertainty, which varies with
Fe3t/$Fe from £0.05 for Fe>t/£Fe <0.5 to £0.07 for > 0.5.
(f) Photomicrograph of NC18-01 under cross-polarized light show-
ing a cluster of lawsonite crystals, including one displaying hour-
glass zoning related to variation in Ti content (Table S2). Lawsonite
grains are annotated with Fe3+ / X Fe calculated from XANES. (g—
h) Element maps obtained by electron probe microanalysis of law-
sonite crystals in (f), showing variation in Fe (g) and Ti (h). Maps
are highlighted by lighter shading of higher-Fe and higher-Ti re-
gions (electron probe microanalyser (EPMA) methods and data in
Sect. S2). Gln denotes glaucophane; Lws denotes lawsonite.

4.2 Implications of the presence of Fe?* in lawsonite
and epidote group minerals

The oxidation state of Fe in metamorphic minerals is rarely
determined directly, and it is difficult to evaluate the sto-
ichiometry of hydrous minerals that contain multi-valent
cations from electron microprobe data. HP/LT rocks from
various subduction complexes have previously been inves-
tigated in the context of how variation in oxygen fugac-
ity (fO») influences mineral assemblages and their P-T
stability in subduction zones (e.g. Brown, 1977; Mattinson
et al., 2004; Poli and Schmidt, 2004; Warren and Waters,
2006). Redox conditions and effects of the oxidation state
on metamorphic phase equilibria are commonly inferred us-
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ing bulk-composition-specific phase diagrams (pseudosec-
tions) to evaluate the effects of varying bulk XFe3* on mod-
elled mineral assemblages (e.g. Lopez-Carmona et al., 2013;
Chapman and Clarke, 2021). Typically, minerals are assumed
to contain either Fe?t or Fe3*, and variation in Fe3t / £Fe is
not accounted for in activity—composition relations for min-
erals. For example, studies that have used garnet—epidote
oxybarometry to calculate fO, in HP/LT rocks have as-
sumed that all Fe in epidote is Fe’* and all Fe in garnet is
Fe* (e.g. Gerrits et al., 2019). Preliminary results from our
study suggest that epidote group minerals (with the exception
of zoisite) may contain only Fe3* or, to be more precise, that
any potential Fe>t content must be very low and cannot be
resolved by XANES owing to the strong dichroism. This is
consistent with previous Mdssbauer data in which only epi-
dote crystals with low Fe content yielded small contributions
by Fe2t (Fehr and Heuss-ABbichler, 1997; Dollase, 1973).
These studies also noted that minor contributions by impu-
rity phases cannot be completely ruled out, as bulk measure-
ments on powdered samples were used. Therefore, in some
cases, this assumption is valid.

However, our results show that Fe?t in lawsonite and
zoisite in subducted oceanic crust may be greater than is cur-
rently known (Figs. 3, S1). Although these are low-Fe min-
erals, this finding may have implications for understanding
subduction redox conditions and processes, especially across
the important lawsonite—zoisite reaction during subduction
and/or exhumation. The presence of substantial Fe>* in some
hydrous silicates and variation in Fe’*/XFe within a sub-
duction complex could be related to (1) protolith composition
(e.g. extent of pre-subduction alteration of oceanic crust),
and/or (2) interaction with fluids from different sources (ser-
pentinite, sediment) that affect the oxidation state of oceanic
crust during subduction. Additional XANES analyses of
metabasalt across a range of metamorphic grades from dif-
ferent subduction complexes, as well as complementary geo-
chemical data, are required to evaluate these possibilities.

Data availability. All data are in the Supplement or in
https://doi.org/10.1016/j.chemgeo.2019.119356 ~ (Fornash ~ and
Whitney, 2020) and https://doi.org/10.1130/GES01455.1 (Fornash
etal., 2019).

Sample availability. The New Caledonia blueschist samples
have International Geo Sample Numbers (IGSNs) as follows:
IENHRO01U for NC18-01 and IENHRO05V for NC19-159.

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/ejm-37-143-2025-supplement.
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