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ARTICLE INFO ABSTRACT

Editor: S Aulbach The ferric to total iron ratios (Fe3+/ZFe) of garnets can be paired with thermodynamic mineral activity models

to quantify the oxygen fugacity of garnet-bearing rocks. However, techniques with a high analytical and spatial

Keywords: resolution are necessary to distinguish differences in garnet Fe>*/Y Fe ratios at the percent level and to accu-
Garnet ) rately measure garnets that are zoned or contain inclusions. We acquired conventional Fe Ka and high-resolution
Oxygen fugacity energy fluorescence detection (HERFD) Fe Kp X-ray absorption near edge structure (XANES) spectra and electron
Redox . . c e L . 34 .

Spectroscopy microprobe flank method analyses on a suite of 27 peridotitic and eclogitic garnets with Fe”" /) Fe ratios pre-

viously determined by Mossbauer spectroscopy to evaluate the precision of each technique. We examined var-
iations in the energy and intensity of three XANES spectral features as a function of Fe3+/ZFe ratios: 1) the
intensity ratio of two-post edge features (I-ratio; Fe Ka only); 2) the energy of the Fe edge at 90% normalized
intensity (Eg.o; Fe Ka only) and 3) the pre-edge centroid energy (Fe Ka and HERFD Fe Kp). In accordance with
previous work, we find the energies of garnet pre-edge centroids are relatively insensitive to Fe>*/3 Fe ratios.
The I-ratios of peridotitic and eclogitic garnets are offset from each other at low Fe3+/ZFe ratios (<0.13); I-ratio
garnet XANES calibrations are composition-specific. The Eg g feature is independent of garnet major element
composition in spectra that have been corrected for the effects of self-absorption. We produce two Fe Ka garnet
XANES calibrations based on variations in the Eg g feature; one calibration with all garnet reference materials
included (Fe>*/3 Fe up to 1.0; “all garnet calibration”) and another calibration specific to garnets with low
Fe3t/ >"Fe ratios (“low ferric calibration™). Fe3t/ >"Fe ratios calculated from the mean of up to 25 flank method
measurements on eight garnet reference materials fall within 4% absolute of a one-to-one correlation with Fe>*/
3 Fe ratios measured by Méssbauer. The standard error of the mean Fe>/3 Fe ratio calculated from flank
method approaches the Mossbauer-determined Fe3+/ZFe ratio within estimated error (3%) after three analyses.
Flank method precision is enhanced at higher beam current; however, the precision of the flank method does not
approach the precision of XANES under any microprobe analytical condition tested here. Garnet reference
materials detailed here are available by request to the Smithsonian Institution.

1. Introduction

The oxidized to total iron (Fe®'/S Fe) ratios of crystalline and
amorphous materials can provide information about the system’s oxy-
gen fugacity (fO3). The mineral garnet (grt) forms a wide range of ferric
and ferrous iron-bearing solid solutions and may be important in the
petrogenesis of both igneous and metamorphic rocks. Consequently,
knowledge of iron oxidation states in garnet provides important

information about the conditions of garnet crystallization in Earth’s
crust and mantle (e.g., Luth et al., 1990; Gudmundsson and Wood, 1995;
Canil and O’Neill, 1996; Woodland and Koch, 2003; Woodland, 2009;
Yaxley et al., 2012; Stagno et al., 2015; Miller et al., 2016; Aulbach et al.,
2017; Holycross and Cottrell, 2023). Garnet Fe3+/ZFe ratios may be
characterized using bulk techniques like wet chemistry or Mossbauer
spectroscopy, but these approaches cannot resolve variations in Fe3*/
>"Fe ratios that may be present at the scale of individual grains (zoning)
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and cannot be used to analyze the Fe*>'/S Fe ratios of garnets with
abundant inclusions. Provided a suite of matrix-matched standards with
known Fe®'/S Fe ratios, Fe X-ray absorption near edge structure (Fe-
XANES) spectroscopy (e.g., Berry et al., 2010; Dyar et al., 2012) and the
flank method for electron microprobe (e.g., Hofer and Brey, 2007) offer
alternative means of measuring garnet Fe>*/ > Fe ratios with both high
spatial and analytical resolution.

Here we examine the precision of Fe-XANES and flank method-based
calibrations for determining garnet Fe®*/ >"Fe ratios. We develop a new
composition-independent Mossbauer-based ‘conventional’ Fe Ka XANES
calibration for garnet and explore the capabilities of high energy reso-
lution fluorescence detection (HERFD) Fe KB XANES for garnet appli-
cations. We establish a flank method approach for electron probe micro
analyzer (EPMA) using these same reference materials. We apply the
flank method approach and Fe Ka XANES calibrations to measure the
Fe3+/ZFe ratios of unknown garnets from piston-cylinder experiments
and exhumed eclogitic terranes and compare the results. Garnet refer-
ence materials detailed here are available for loan through the Smith-
sonian Institution.

2. Background
2.1. XANES overview

X-ray absorption fine structure (XAFS) spectroscopy probes the
electronic and molecular energy states of specific elements, yielding
information about element valence as well as coordination and bonding
environment (Henderson et al., 2014 and references therein). XAFS
spectra can be broadly divided into two regions: the near edge structure
(i.e., XANES) region located within 40 eV of the main absorption edge
and the extended X-ray absorption fine structure (EXAFS) region at
higher energies. The XANES region is more sensitive to transitions in
bound energy states, while the EXAFS region records the molecular
environment of the element.

Synchrotron XANES measurements utilize energy transitions that
occur in the electron shells of atoms that have absorbed an incoming
photon, creating an electron hole. The subsequent filling of the electron
hole generates X-rays that are emitted at fixed energies that are char-
acteristic of the excited atom. Synchrotron XANES allows for micro-
focused analysis of materials with detection sensitivities at the parts-per-
million level. This is useful for petrologists as it can allow measurement
of redox equilibria involving multivalent elements to be made with
micrometer spatial resolutions (e.g., Sutton et al., 2020). These micro-
focused analyses typically measure fluorescent X-rays generated during
the absorption process using energy dispersive detectors with a typical
energy resolution of ~150 eV. An alternative to conventional fluores-
cence XANES is HERFD XANES, which measures the intensity of fluo-
rescent X-rays using bent crystal analyzer spectrometers that integrate
over a narrow region of the X-ray fluorescence line of interest (Bauer,
2014) with energy resolutions of 1-2 eV. This results in two key ad-
vantages compared to conventional XANES: 1) reduced or eliminated
fluorescence backgrounds and 2) sharper spectral features in the
measured XANES region. Thus, HERFD XANES analysis may facilitate
detection of subtle differences in element valence that are not distin-
guishable with conventional XANES (Bordrage et al., 2011; Sutton et al.,
2020). Here we specifically use the term “HERFD XANES” where
appropriate; all other references to XANES refer to “conventional
XANES”. Unless otherwise noted, we use the general term Fe-XANES to
describe measurements at the Fe Ko edge.

The valence of Fe in in silicate glasses has been widely characterized
using Mossbauer-based XAFS/XANES calibrations (e.g., Wilke et al.,
2005; Berry et al., 2003; Berry et al., 2018; Cottrell et al., 2009, 2018;
Zhang et al., 2016, 2018; Dyar et al., 2016a, 2023). The spectral features
of the Fe K pre-edge, occurring about 10 eV before the main edge in the
XANES region, are related to the 1s23d electronic transition. The
number, position, and intensity of pre-edge peaks depends on the formal
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oxidation state and coordination of Fe (Henderson et al., 2014), such
that the area-weighted average energy of component fits to the pre-edge
peak(s), or “centroid,” can be used to quantify the Fe>* /3 Fe ratio of the
glass (e.g., Wilke et al., 2005).

Fe-XANES has also been used to measure Fe valence in multiple
mineral systems including pyroxene, amphibole, olivine, iron oxides and
garnet (Bajt et al., 1994; Wilke et al., 2001; Petit et al., 2001; McCanta
et al., 2004; Berry et al., 2010; Dyar et al., 2012, 2016b; Steven et al.,
2022, 2023; Holycross and Cottrell, 2023). Although XANES spectra
measured in minerals are broadly similar to those measured in glasses,
the spectral features are typically sharper due to the increased structural
ordering in crystalline phases. Additionally, the high degree of polari-
zation of the synchrotron X-ray beam means that mineral anisotropy
(when present) often results in orientation-dependent changes in the
measured intensity of XANES spectral features.

While empirical calibrations based on shifts in the energy position of
the pre-edge centroid provide the most precise measurement of Fe3*/
> Fe ratios in silicate glasses, this may not be the case in minerals.
Previous studies of garnet Fe-XANES by Berry et al. (2010) and Dyar
et al. (2012) show the average centroid energy of garnet pre-edges are
relatively insensitive to Fe>*/3 Fe ratio, especially at the Fe>*/S Fe
ratios relevant for mantle garnets (e.g., Fe>*/S Fe < 0.15; Woodland
and Koch, 2003). The Fe pre-edge in garnet is observed to be composed
of multiple superimposed peaks with positions and intensities that vary
as a function of Fe valence state and coordination. Dyar et al. (2012)
noted that minor variations in garnet pre-edge energies could result
from slight differences in garnet crystal structure or composition; from
errors introduced by the energy calibration procedure, or from the
presence of unresolved component peaks with varying intensities that
offset the centroid energy of the observed doublet. Alternately, Berry
et al. (2010) suggested the poor relationship between centroid energy
and garnet Fe>*/3 Fe ratios could be the result of difficulties in dis-
tinguishing the pre-edge features from spectral background.

Here we test whether the increased resolution of HERFD Fe Kf
XANES yields an improved centroid-based calibration for garnet
compared to conventional Fe Ka XANES. The KB emission was selected
for HERFD analyses due to its improved resolution when compared to Fe
Koa. For HERFD XANES collected using Fe Kp, the pre-edge features
should show a stronger intensity relative to the main edge in the high-
resolution scan. We also examine variations in two conventional Fe Ko
XANES garnet spectral features, the energy position of the edge at an
arbitrary intensity of 0.9 (Eg.¢) and the calculated intensity ratio of two
features in the EXAFS region (I-ratio) (Berry et al., 2010; Dyar et al.,
2012), as a function of garnet Fe>'/Y Fe ratio and major element
composition.

2.2. Flank method overview

The flank method (Hofer and Brey, 2007) offers an approach for
determining the Fe>*/S Fe ratios of minerals and glasses by EPMA.
Extended background on the flank method for garnet is detailed in Hofer
and Brey (2007) with updated procedures provided in Hezel et al.
(2024). We provide a brief overview here: the flank method is derived
from the principle that the wavelengths and intensities of garnet Fe La
and Fe Lf emission lines depend on the concentration of Fe?* and Fe** in
the garnet as well as its total Fe content. Garnet Fe>' /S Fe ratios can be
quantified by measuring the intensities (counting) at the energy posi-
tions associated with the flanks of the Fe La and Fe L lines. Variations in
the count ratio, Fe Lp/La, at the flank positions track changes in Fe>*/
3" Fe ratios and Y_Fe. Use of the flank method to characterize the Fe3*/
>"Fe ratios of unknown garnets requires a calibration built with a suite
of standards with known Fe3*/>"Fe ratios; flank method calibrations are
specific to each electron microprobe.
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3. Samples

Garnets have the general formula [A]3[B]2Si3012, where [A] is a
dodecahedral site that typically contains a divalent cation (e.g., Fe?™,
Mg?*, Ca®") and [B] is an octahedral site that typically contains a
trivalent cation (e.g., AI*T, Cr®*, Fe®"). The dodecahedral site in mantle
garnets (e.g., peridotite xenoliths including garnet websterites, garnet
lherzolites, garnet dunites, etc.) is dominated by Mg with subordinate Fe
and Ca; they also contain more cr®* on the octahedral site compared to
other types of garnet (Supplement). Eclogitic garnets have higher Ca and
Fe and lower Cr and Mg contents compared to mantle garnets. Iron
enrichment in eclogitic garnets changes as a function of temperature;
garnets in obducted slab terranes have higher total Fe contents
compared to garnets in eclogitic xenoliths equilibrated at mantle
temperatures.

We formed an Fe-XANES and flank method calibration suite from 27
garnets with Fe3'/S Fe ratios previously determined by Méssbauer
spectroscopy (Table 1). Nineteen garnets are separates from peridotite
xenoliths (Luth et al., 1990; Canil and O’Neill, 1996; Woodland et al.,
2002), three garnets are separates from eclogite xenoliths (Luth et al.,
1990; Woodland et al., 2002) and five garnets are Fe—Al or Fe—Ca
compositional end members that were synthesized in experiments
(Woodland and O’Neill, 1993, 1995; Boffa Ballaran and Woodland,
2006). Garnet Fe>*/S"Fe ratios range from 0.013 to 1.0. Samples of two
experimental garnets and all natural garnet specimens were made into
polished wafers or thin sections prior to XANES analysis. The remaining
three experimental garnets were formatted as powders. Garnet compo-
sitional data are provided in the Supplemental Material.

We ran additional tests on two sets of samples that are not part of our
garnet calibration suite: 1) garnets from eclogitic xenoliths in the Slave
craton with Fe®*/Y Fe ratios previously determined by Mossbauer
(Kopylova et al., 2016) and 2) garnets with unknown Fe3+/EFe ratios
from experiments (Holycross and Cottrell, 2022, 2023) and exhumed
eclogitic terranes in Syros, Greece (e.g., Okrusch and Brocker, 1990;
Seck et al., 1996; Dragovic et al., 2012). The collection coordinates for
Syros eclogitic garnets are listed in the Supplement. Eclogitic xenoliths
in the Slave craton were used to test our preferred XANES calibration;
experimental and exhumed terrane garnets were used to compare flank
method and XANES determinations of garnet Fe>*/ Fe ratios. Addi-
tional information for the samples described here can be found in the
original references tabulated in the Supplemental Material.

4. Methods
4.1. Fe-XANES

Fe-XANES spectra were collected over seven sessions at GSECARS
beamline 13-ID-E at the Advanced Photon Source (APS) and one session
at beamline 4-BM (XFM) at the National Synchrotron Light Source II
(NSLS-II). The first derivative of the Fe K-edge spectra of Fe foil was set
to 7110.7 in all beam sessions. Fe Ka XANES spectra were collected in all
seven sessions at APS. HERFD Fe KB XANES spectra were collected
simultaneously with Ka spectra in one session at APS. Garnet spectra
were collected in fluorescence mode and measured using either a Vortex
ME4 or Canberra SX7 silicon-drift diode detector arrays coupled to a
high-speed digital spectrometer system (Quantum Xpress3). Scans were
collected from 7012 to 7356 eV with energy selection achieved using a
cryogenically-cooled Si (311) monochromator. The pre-edge region was
scanned from —100 to —10 eV (relative to 7112 eV) in 2.5 eV steps, the
XANES region from —10 to +35 eV in 0.1 eV steps, and the EXAFS region
from 3.03 to 8.1 inverse angstroms in 0.05 inverse angstrom steps. A1 s
dwell time was used for all steps. Garnets were analyzed using a focused
2 x 2 pm spot at APS and a 9 x 10 pm spot at NSLS-II. Kapton film (~75
pm thickness) was placed before the detector to cut down on Ca fluo-
rescence during analysis and layers of Al foil (typically 100 pm total)
were placed upstream of the incident beam to decrease incident flux and
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Table 1

Garnet reference materials included in Fe Ko XANES calibrations. Garnet
reference materials are available for loan from the National Museum of Natural
History, Smithsonian Institution.

# sample reference sample type format NMNH
name catalog
number
Luth et al., garnet
1 HRV247A 1990 eclogite wafer 118524-5
Luth et al., garnet
2 DE15 1990 eclogite wafer 118520-1
Luth et al., garnet garnet
3 FRB838 1990 lherzolite wafer 118524-2
Canil and sp-grt thin
4 FRB1350 O’Neill, 1996 lherzolite section 118524-4
Canil and garnet garnet
5 FRB921 O’Neill, 1996 websterite wafer 118524-3
Luth et al., garnet garnet
6 PHN1917 1990 lherzolite wafer 118518-7
Canil and garnet garnet
7 Uv417/89 O’Neill, 1996 lherzolite wafer 118522-1
Canil and garnet
8 UV465/86 O’Neill, 1996 garnet dunite wafer 118522-2
Luth et al., garnet garnet
9 FRB131 1990 lherzolite wafer 118518-2
Luth et al., garnet garnet
10  PHN5549 1990 lherzolite wafer 118520-2
Luth et al., garnet garnet
11  FRB135 1990 lherzolite wafer 118518-3
Canil and garnet garnet
12 F865 O’Neill, 1996 harzburgite wafer 118524-1
Luth et al., garnet garnet
13 FRB140 1990 lherzolite wafer 118518-4
Luth et al., garnet garnet
14  BD2501 1990 lherzolite wafer 118518-1
Luth et al., garnet garnet
15  PHN1925 1990 lherzolite wafer 118518-8
Canil and garnet garnet
16 PHN5239 O’Neill, 1996 lherzolite wafer 118524-6
Luth et al., garnet garnet
17 PHN1503C 1990 megacryst wafer 118518-5
Luth et al., garnet garnet
18  PHNI611 1990 Iherzolite wafer 118518-6
Canil and garnet garnet
19 PHN5267 O’Neill, 1996 lherzolite wafer 118524-7
multimount of individual grts
#1-19 1" round 118530
Woodland garnet garnet
20 El et al., 2002 lherzolite wafer 118544
Woodland garnet
21 E2 et al., 2002 eclogite wafer 118545
Woodland garnet garnet
22 178 et al., 2002 lherzolite wafer 118546
Woodland and
23 UHP666a O’Neill, 1995 experimental powdered 118543
Boffa Ballaran
and
Woodland,
24  PC287b 2006 experimental powdered 118542
Boffa Ballaran
and
Woodland,
25 PC288a 2006 experimental powdered 118541
multimount of individual grts
#20-25 1" round 118540
Woodland and garnet
26 awl4 O’Neill, 1993 experimental wafer 118547
Woodland and garnet
27  AW52a O’Neill, 1995 experimental wafer 118549

Please request samples by their NMNH catalog number and refer to these catalog
numbers in future references. In addition, two mounts with multiple reference
materials have been prepared and can be requested via the mount’’s catalog
number. Garnet compositions are presented in the Supplement.
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minimize detector dead time at the APS. Typical photon flux densities
during garnet analysis were ~ 3 x 10° ph/s/pm?.

HERFD Fe Kf data were collected at 13-ID-E by measuring the Fe Kf
emission with an energy resolution comparable to the natural energy
width of the Fe K level (~1.25 eV). Three high-quality Ge(620) crystals,
each 100 mm in diameter and placed on 1-m radius Rowland circles,
were aligned to diffract the Fe Kp1 energy (7059 eV) emission at an
angle of 79.0 degrees onto a Dectris Eiger 500 K pixel area detector. A
scan of analyzed energy at Fe Kp1 showed a peak centered at 7059 eV
and a full-width-at-half-maximum of 4 eV. A helium-filled environment
was used for the flight path from sample to analyzer and analyzer to
detector to reduce attenuation of the emitted X-rays. Shielding and a
small region of interest (ROI) on the detector into which the emission
selected by each analyzer was directed were used to reduce background
levels far below the signal level, and the integrated intensity of this
selected ROI was used as the HERFD Fe Kf intensity. By selecting a very
narrow energy window at the Fe KB1 energy, HERFD XANES gives finer
energy resolution of the XANES features and suppresses background
fluorescence which can dramatically increase the sensitivity to elements
with overlapping lines (Sutton et al., 2022). However, the small solid
angle of detection from the three analyzer crystals reduces the fluores-
cence count rate compared to the conventional energy dispersive fluo-
rescence XANES. We tested whether this trade-off between energy
resolution and count rate alters the precision of XANES calibrations
based on the centroid energy of the Fe pre-edge peaks.

A minimum of three conventional Fe Ka spectra were recorded on
each garnet in all beam sessions, with as many as 24 conventional Fe Ka
and HERFD Fe Kf spectra collected on each garnet in a single beam
session. Two garnets were repeatedly analyzed to monitor for possible
changes in collection conditions (such as changes in the characteristics
of the photon source, optics, focusing, foil calibration, thermal load on
the monochromator, etc.) that may possibly have led to change in the
energy of the incident X-ray beam (i.e., “energy drift”) throughout the
course of each beam session. This also allows for high precision energy
calibration between sessions and facilities. Garnet F865 was analyzed
every 2-3 h across seven sessions; garnet UV417-89 was used as the
internal standard instead of F865 in one session. Monochromator drift
between sessions was accounted for by correcting spectra to the average
value of the Egg feature (see Results) of garnet F865 collected in
APS2019-1; F865 = 7121.60 eV. Similarly, the drift between sessions in
APS2020-3 was accounted for by correcting spectra to the average value
of the Eg g feature of UV417-89 collected in APS2019-1; UV417-89 =
7121.57 eV. Garnet I-ratios were corrected between sessions to the set
value of garnet F865 = 1.31. Garnet centroids were calculated using
data collected in only one session and therefore the absolute values were
not normalized between sessions. We did not observe any systematic
time-dependent changes to the spectra within a single session; accord-
ingly, no time-dependent corrections were applied to spectra collected
within a single session.

We assessed the potential for the high-energy photon beam to cause
changes to the spectra (“beam damage™) by varying the photon dose
according to established methods (Cottrell et al., 2018). We did not
observe any dose-dependent spectral changes.

The crystallographic orientations of measured garnets are unknown.
Garnet has an isometric (cubic) structure; no spectral orientation effects
are anticipated for crystals in this system. Multiple randomly oriented
garnet grains from the same sample show identical spectral features,
confirming the orientation independence of our garnet XANES
calibrations.

All garnet spectra were processed in XAS Viewer, provided as part of
the Larch software package (Newville, 2013). Spectra were corrected for
detector deadtime and normalized to the average absorption coefficient
(edge-step) in the region 7200-7350 eV. All spectra were corrected for
the effect of Fe over-absorption in XAS Viewer using garnet major
element stoichiometry. Garnets were corrected using stoichiometric
formulas including only values for Si, Al, Mg, Ca, total Fe and O to the
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first decimal place (e.g., Feg gMgo 2Cag 4Al; gSi3 0012 [Supplement]).

Garnet Fe-XANES spectra were reduced using three different tech-
niques: 1) the I-ratio, the calculation of the ratio of the intensities of two
spectral features near the post-edge; 2) the Eg 9 method, the calculation
of the energy of the main absorption edge at an arbitrary intensity of 0.9;
3) calculation of the area-weighted pre-edge centroid. The first two
reduction methodologies were applied only to the conventional Fe Ka
garnet spectra. Area-weighted centroids were calculated for conven-
tional Fe Ka and HERFD Fe Kf pre-edges collected in the same beam
session. Pre-edge centroids were calculated in XAS Viewer using the
following method: the fit energy range was set to 7106-7117; the
background was fit with a linear + Lorentzian form for the main Fe K
edge, and two Lorentzian peak components were fit to each multiplet in
the pre-edge. Multiple fits to the pre-edge region of a single spectrum
yielded centroids that varied by less than the standard error of the fit as
calculated by XAS Viewer (Table 2). However, we note that the standard
errors of our garnet centroid fits are significantly larger than the typical
precision of centroid-based Fe-XANES calibrations for silicate glasses
(up to ~0.04 eV for garnet compared to 0.008 + 0.005 eV for glasses; e.
g., Cottrell et al., 2009).

4.2. Flank method

Flank method analyses were performed on the JEOL 8530F Field
Emission electron microprobe at the National Museum of Natural His-
tory, Smithsonian Institution, following the methodologies of Hofer and
Brey (2007) and Tao et al. (2018). Spectrometer calibration was
executed on an iron metal standard at 25 kV and 80 nA using a TAP
crystal with the slit on the spectrometer set at 300 pm. The Fe Ka 9th
order line was scanned to verify the measurement positions for the flank
method following the procedure of Hofer et al., 2000. Count intensities
were determined at each measurement position, normalized to beam
current and plotted versus spectrometer shift position. The difference
between the theoretical position of the Fe Ka 9th order peak (189.417
mm) and the measured peak position on the NMNH microprobe was
used to calculate the positions of the Fe La and Lp peaks for the chosen
analytical conditions. The two positions were entered in our analytical
routine as “dummy” elements As and Br, respectively, with counting
times of 300 s. Silicon, Al, Mg, Mn, Ca, Na, K, and Ti were included in the
same analytical routine with counting times of 60 s. Details of the flank
method set up are included in the Supplement.

We tested two different beam conditions for flank method mea-
surements: 15 kV and 60 nA, and 15 kV and 80 nA. The 60 nA calibration
was built from eight garnet reference materials with Mossbauer-deter-
mined Fe®*/Y Fe ratios from 0.01 to 0.70. We analyzed 25 points on all
garnets using a 5 x 5 grid and calculated the Lf/La ratio (cps “Br”/ cps
“Ar”) at each point. We plotted the average LB/La ratio for each garnet
vs. the average Fe*' (wt%) value of each garnet (as calculated from the
EPMA analyses of FeO and Mossbauer analyses of Fe>*/3 Fe ratios). The
linear relationship between the two values represents the self-absorption
effect caused by varying Fe concentration (Hofer and Brey, 2007). The
Lp/La ratio of a garnet with unknown Fe>* will deviate from this linear
relationship by a “delta” value (A value = the offset between the
measured Lp/La ratio and the theoretical Lf/La ratio if all iron was
present as Fe?"), enabling measurement of the garnet Fe3* content. The
A value for each garnet reference material was calculated from a trend
line fit to the plot of garnet Fe?* vs Lp/La ratio. Average A values were
calculated and plotted against the average Fe>* (wt%) value of each
garnet (as calculated from the EPMA analyses of FeO and Mossbauer
analyses of Fe3+/ZFe ratios). The trendline fit to this data was used to
calculate the Fe3" values of unknown garnets from measured A values.
See the Supplement for measurement details.

Six garnet reference materials with Mossbauer-determined Fe
>"Fe ratios from 0.02 to 0.11 were measured at 80 nA to determine if
higher count rates resulting from increased beam current yield a better-
resolved flank method calibration. Two of the six garnets were measured

3+/



Table 2

Fe-XANES parameters for garnet reference materials.

Name Fe3*/ZFe Estimated SE =~ mean I- I-ratioSD  n (I ratio) Mean Eg o EooSD  n(Ego) Kp HERFD Centroid fit SE  n (centroid) Ka centroid Centroid SD n (centroid)
(Mossbauer) ratio centroid

awl4 0.01 0.03 1.41 0.013 5 7121.47 0.07 9 7111.67 0.02 1 7111.94 0.02 7

HRV247A 0.02 0.03 1.32 0.007 3 7121.46 0.02 20 7111.71 0.03 1 7112.00 0.02 15

DE15 0.02 0.03 1.29 0.010 3 7121.51 0.03 26

FRB 838 0.03 0.03 1.34 0.007 3 7121.54 0.03 7 7111.84 0.04 1 7111.92 0.08 13

FRB1350 0.04 0.03 1.37 0.001 3 7121.47 0.01 3

FRB921 0.05 0.03 1.33 0.005 3 7121.56 0.03 3

PHN1917 0.05 0.03 1.34 0.002 3 7121.53 0.02 5

UV417/89 0.05 0.03 1.33 0.002 3 7121.57 0.03 32

UV465/86 0.05 0.03 1.34 0.002 3 7121.56 0.01 3

FRB131 0.05 0.03 1.33 0.004 3 7121.59 0.04 16 7111.73 0.03 1 7112.00 0.02 13

PHN5549 0.05 0.03 1.31 0.003 3 7121.62 0.01 10 7111.67 0.06 1 7111.98 0.01 7

FRB135 0.06 0.03 1.32 0.004 3 7121.56 0.01 3

E2 0.06 0.03 1.28 0.004 3 7121.56 0.03 16 7111.79 0.05 1 7112.16 0.03 10

L78 0.07 0.03 1.28 0.005 3 7121.68 0.02 6

F865 0.08 0.03 1.31 0.006 34 7121.60 0.04 63 7111.83 0.03 1 7112.08 0.07 10

El 0.09 0.03 1.25 0.006 3 7121.73 0.02 28

FRB140 0.11 0.03 1.26 0.003 3 7121.70 0.01 3

BD2501 0.11 0.03 1.26 0.002 3 7121.76 0.04 14 7112.03 0.08 1 7112.24 0.02 9

PHN1925 0.12 0.03 1.24 0.001 3 7121.73 0.00 9 7111.95 0.06 1 7112.16 0.01 9

PHN5239 0.12 0.03 1.25 0.004 9 7121.70 0.01 9

PHN 1503C  0.12 0.03 1.25 0.001 3 7121.72 0.02 19 7111.70 0.04 1 7112.45 0.03 16

PHN1611 0.12 0.03 1.26 0.000 3 7121.75 0.02 24 7112.03 0.05 1 7112.16 0.02 24

PHN5267 0.13 0.03 1.26 0.001 3 7121.78 0.02 14 7111.93 0.10 1 7112.20 0.01 9

UHP666 0.46 0.03 0.86 0.039 4 7122.87 0.06 4

AW52a 0.70 0.03 0.73 0.003 5 7124.34 0.22 12 7112.43 0.03 1 7113.20 0.01 4

PC287b 1.00 0.03 0.69 0.012 4 7126.68 0.20 3

PC288a 1.00 0.03 0.59 0.020 4 7126.78 0.14 3

‘I 39 $S09K)0H "W
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in 5 x 5 grids (25 points total). The other four garnets were measured at
80 nA for n = 4 or 5 points (Supplement). All garnets with unknown
Fe3*/SFe ratios were measured at 80 nA.

5. Results
5.1. Garnet Fe-XANES

Garnet XANES spectra exhibit systematic differences in energy and
intensity as a function of garnet Fe>*/SFe ratios. We investigated vari-
ations in three Fe-XANES spectral features that could be used to build an
empirical calibration to characterize the Fe3*/SFe ratios of garnet un-
knowns. We examined the relationships between Mossbauer-determined
Fe3* /S Fe ratios of our garnet standards and the ratio of the intensities of
post-edge features at 7138.4 and 7161.7 eV (I-ratios; 27 garnets); the
position of the absorption edge energy at a normalized intensity of 0.9
(Eg.9; 27 garnets), and the centroids of Fe Ko and HERFD Fe Kf pre-edges
(13 garnets). We are particularly interested in examining the spectral
features of garnets with low Fe®'/=Fe ratios (Fe3t/XFe < 0.13) that are
most representative of natural peridotitic and eclogitic compositions.

Berry et al. (2010) found the Fe®!/SFe ratios of mantle garnets could
be distinguished with high accuracy and precision by the ratio of the
intensities of two features in the EXAFS region (“I-ratio”). However,
Dyar et al. (2012) determined that over a broader compositional range,
parameterizations based on garnet I-ratios yielded poorer correlations
than other methods they tested. Here we evaluate the sensitivity of the I-
ratio parameter to garnet Fe®'/sFe ratios in samples of varying
composition. We define the I-ratio as the intensity of the post-edge
feature at 7162.95 divided by the intensity of the feature at 7139.65
eV. Our I-ratio numerator and denominator are shifted relative to the
values used by Berry et al. (2010) to account for differences in mono-
chromator calibration at APS and NSLSII. I-ratio values for all garnets
are shown in Table 2. The I-ratios of all garnet reference materials form a
coherent array when plotted against their Fe>!/SFe ratios that is best fit
by a polynomial with R%? =0.98, n = 27 (Fig. 1la and Supplemental
Material). The coherence of the trend holds for garnets with peridotitic
compositions when only garnets with Fe3"/SFe ratios<0.13 are
considered (Fig. 1b). At low Fe3"/SFe ratios, the relationship between
peridotitic garnet I-ratios and Fe3*/SFe values is best fit by a linear
regression. A leave-one-out statistical analysis (e.g., Arlot and Celisse,
2010) of our I-ratio garnet calibration for low ferric peridotitic compo-
sitions indicates an uncertainty in Fe3*/XFe ratio = 0.02 (1o) (Table 3).
The I-ratios of eclogitic garnets are offset from the peridotitic calibration
by Fe3*/SFe =0.03 to 0.06. This offset is greater than or equal to the
estimated error on the Mossbauer analyses of +0.03 and greater than
the uncertainty on the low ferric peridotite-only I-ratio calibration.

The precision of the I-ratio technique is enhanced if the calibration
suite is limited to high-Mg, low-Ca garnets (i.e., peridotitic garnets). If
the eclogitic garnets are included in an I-ratio calibration with all gar-
nets with Fe3'/SFe ratios<0.13, a leave-one-out statistical analysis
shows the uncertainty of the calibration increases to 0.05 (1c). This
implies low-Mg, high-Ca eclogitic garnets require their own I-ratio
calibration. While the shift in I-ratios for compositionally similar garnets
may primarily reflect an increasing proportion of Fe>* on the garnet
octahedral site (e.g., Berry et al., 2010), the calibration offset for the
eclogitic compositions suggests the post-edge structures of garnet
spectra are sensitive to other parameters in addition to Fe3*/=Fe ratios.

XANES analyses of many garnets of different composition and con-
stant Fe®'/SFe ratios are needed to systematically investigate the cause
of variations in garnet post-edge structure. Our standard suite contains
four garnets with average Fe®t/$Fe = 0.054 and two garnets each with
Fe>'/SFe = 0.048 and 0.122 (all values are as reported in the original
Mossbauer spectroscopy publications). Eclogitic garnets contain more
Ca and Fe and less Mg and Cr compared to peridotitic garnets, raising the
possibility that the offset between calculated I-ratios in each suite could
be due to garnet composition. We examined correlations between garnet
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Fig. 1. A. The intensity ratios (I-ratios) of Fe-XANES post-edge features at
7162.95/7139.65 eV compared to Mossbauer measurements of Fe>*/SFe ratios
for all garnets in Table 1. The relationship between I-ratio and garnet Fe>*/ZFe
ratio (Fe>*/=Fe up to 1.0) is best fit by a second-order polynomial with R? =
0.98. All garnet compositions (peridotitic and eclogitic) are included in the fit.
Dashed box shows region of interest for Fig. 3b. B. I-ratios vs. garnet Fe>*/sFe
ratios for samples with Fe>*/SFe < 0.13. The linear relationship between I-ratio
and Fe®* /SFe ratio for peridotitic garnets (red line) has an R? value of 0.88. The
I-ratios of eclogitic garnets are offset from the peridotitic garnet relationship,
indicating the I-ratio feature may be sensitive to major element composition as
well as Fe*>'/SFe ratio. Vertical error bars are the standard deviations of mul-
tiple measurements on the same garnet; standard deviations are smaller than
the symbol where not pictured. Horizontal error bars represent estimated
Mossbauer spectroscopy errors of + 3% Fe>'/IFe. Figure modified from
Holycross and Cottrell (2023). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

compositional parameters and calculated I-ratios at constant Fe>*/SFe
ratio. We find a systematic positive relationship between garnet I-ratios
and Cry0O3 concentration at constant Fe3*/SFe for all groups (Fig. 2).
The I-ratios of two garnets in our suite with Fe3*/SFe = 1 are also offset
from one another; these garnets do not contain CrO3 but have varying
CaO contents. However, there is no correlation between CaO and I-ratios
across all groups at constant Fe>/ZFe (see data in Supplement). The
apparent relationship between garnet I-ratios and CryO3 concentrations
is constructed from few data points, and additional data are needed to
assess what factors cause the eclogitic garnets to deviate from the
peridotitic garnet calibration. Because features in the post-edge region
are the result of multiple scattering processes (e.g., Farges et al., 1996),



M. Holycross et al.

Chemical Geology 647 (2024) 121937

Table 3
Regression coefficients for reported Fe Ka XANES calibrations. Coefficients are presented with 1c¢ uncertainties in parentheses. Calibration uncertainties are 1c.
Coefficients Calibration uncertainty (+Fe>*/
Calibration Equation form a b c 2 Fe)
0.0652
Eo.0, low ferric F63+/ZFe =a + b*[Eg.o-7121.6] (0.0026) 0.3464 (0.0260) 0.02
FeH/ZFe =a+ b*[Ep¢-7121.6] + c* 0.0664 —0.0262
Eo.o, all [Eo.o-7121.6]> (0.0032) 0.3158 (0.0096)  (0.0020) 0.04
I-ratio, low ferric 0.0705 -0.7263
peridotite Fe*/Y Fe = a + b*[I ratio - 1.31] (0.0030) (0.0646) 0.02
7127 A
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Fig. 2. The I-ratios of garnets with constant Fe>*/SFe ratio increase as Cr,0s
concentration increases. The correlation between I-ratio and Cr,O3 content for
garnets with Fe>'/SFe = 0.054 (pink line) has an R? value of 0.83. (For 7121.7 4
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
—~~
> 7121.6 1
variations in garnet [-ratios may not have a straightforward interpreta- 3
tion and could derive from changes in more than one compositional or 2
structural parameter. - 712154
Berry et al. (2003, 2010) and Dyar et al. (2012) demonstrated the
energy of the main absorption edge at an arbitrary intensity of 0.9 (Eg.g) 7121.4 4
is sensitive to changing Fe3*/ZFe ratios in isotropic materials. Berry
et al. (2010) found there were offsets in the edge energies of two pop-
ulations of garnet in spectra that had not been corrected for the effects of 71213 T T T T

over-absorption. The degree of over-absorption increases with Fe con-
tent. Left uncorrected, over-absorption will attenuate the intensity of the
edge and result in an apparent shift of the normalized edge to lower
energy (lida and Noma, 1993; Berry et al., 2010). This leads to calcu-
lated garnet Fe3t/SFe ratios that are lower than “true” using the Eg g
method.

We applied an over-absorption correction to all spectra in the XAS
Viewer software using the major element stoichiometry of measured
garnets. An over-absorption correction is critical for accurate employ-
ment of the Egg parameterization (Holycross and Cottrell, 2023). In
contrast to the I-ratio method, the relationship between Egg and the
Fe3*/SFe ratios of the measured garnets defines a coherent array for all
compositions at all Fe®*/XFe ratios (Table 2; Fig. 3). Dyar et al. (2012)
also noted that compared to the I-ratio technique, the Eg g method yields
a better correlation with garnet Fe3*/SFe ratios in spectra that have
been corrected for the effects of over-absorption. The relationship be-
tween the Ego parameter and garnet Fe>'/SFe ratios of all reference
materials (i.e., Fe®'/XFe = 0.013-1) is best fit by a polynomial equation
(Table 3; Fig. 3a) with an R% = 0.99, n = 27 (Supplement and Holycross
and Cottrell, 2023). A leave-one-out cross validation analysis indicates

006  0.09
Fe3t/3Fe grt

Fig. 3. A. The energy position of the Fe-edge at 90% normalized intensity (Eg o)
compared to Mossbauer measurements of Fe>"/SFe ratios for all garnets in
Table 1. The relationship between Eq o values and garnet Fe>*/=Fe ratio (Fe>'/
SFe up to 1.0) is best fit by a second-order polynomial with R* = 0.99. All
garnet compositions are included in the fit. B. Eq o values vs. garnet Fe®'/SFe
ratios for samples with Fe>*/SFe < 0.13. The linear relationship between E¢ o
values and garnet Fe®*/3Fe ratio (all compositions) has an R? value of 0.89.
The Eg o feature is not dependent on garnet composition in spectra that have
been corrected for the effects of self-absorption. Vertical errors are the standard
deviations of multiple measurements on the same garnet taken over seven beam
sessions (up to 63 measurements on a single garnet across all sessions). Hori-
zontal error bars represent estimated Mossbauer spectroscopy errors of + 3%
Fe®*/Fe. Figure modified from Holycross and Cottrell (2023).

0.12 0.15

the uncertainty on calculated Fe>*/SFe ratios for the Eq g calibration
including all garnet reference materials is +£0.04. We found that an Eg 9
calibration parameterized with data from garnets with Fe>'/sFe
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ratios<0.13 (“low ferric calibration”) better reproduces the values of the
garnet reference materials over the same Fe®'/SFe range compared to
an Eg g calibration parameterized with data from all garnets (e.g., with
Fe3t/sFe up to 1) (Supplemental Material and Holycross and Cottrell,
2023). A linear regression for the low ferric calibration (Table 3, Fig. 3a)
has R? = 0.89, n = 23. A leave-one-out cross validation shows the 1o
uncertainty for garnet Fe>'/SFe ratios with using this calibration is
+0.02 (Holycross and Cottrell, 2023). Calibrations relating Eg ¢ to garnet
Fe3* /S Fe ratios are tabulated in Table 3, with more expansive statistical
analysis provided in the Supplement.

Finally, we investigated variations in the area-weighted centroids of
select conventional Fe Ka and HERFD Fe Kp pre-edges as a function of
garnet Fe®'/SFe ratios. Berry et al. (2010) and Dyar et al. (2012)
demonstrated the average centroid energy of the Fe Ka XANES pre-edges
exhibits little variation at garnet Fe>*/SFe ratios<0.2, the critical range
for mantle garnets. The poor correlation between Fe Ka XANES centroids
and garnet Fe>'/SFe ratios was previously interpreted to result from
difficulties in distinguishing the low-intensity garnet pre-edges from
spectral background (Berry et al., 2010); from variations in garnet
structure or composition; from errors in the energy calibration proced-
ure; or from the presence of unresolved component peaks under the pre-
edge (Dyar et al., 2012). The energy resolution of HERFD XANES is
typically higher than what can be achieved with conventional XANES,
resulting in sharper spectral features and lower backgrounds from the
main edge (e.g., Glatzel et al., 2009; Bauer, 2014). Even though the
HERFD at Fe Kp energy collects much less of the Fe fluorescence (both by
solid angle and by energy selection) than conventional Fe XANES, this
method offers the possibility that garnet HERFD Fe-XANES may improve
the precision for pre-edge centroid calibrations and so better distinguish
garnet Fe3*/SFe ratios compared to conventional Fe-XANES.

We analyzed a subset of garnets using HERFD Fe K XANES. Multiple
spectra (up to 24) were taken on each garnet composition; spectra for
each composition were subsequently merged in XAS Viewer to reduce
noise. An example of multiple merged HERFD Fe K@ spectra is compared
to a single conventional Fe Ka spectrum from the same garnet in Fig. 4
The merged HERFD Fe Kf spectrum is significantly noisier than the Fe
Ka spectrum due to the low solid-angle of detection, though the spectral
background is notably lower below the pre-edge peaks (inset image,
Fig. 4). HERFD Fe Kp main edges appear jagged in close-up and do not
form a continuous line, rendering the HERFD K@ spectra less precise for
application of the Eg ¢ method.
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Fig. 4. Thirteen merged HERFD Fe Kf spectra (black) compared to a single
conventional Fe Ka spectrum (blue) collected from garnet FRB131. The inset
box shows an enlarged view of the pre-edge region. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Calculated HERFD Fe Kf centroids are shown as a function of garnet
Fe>'/XFe ratios for samples with Fe3*/Fe < 0.13 in Fig. 5a. The cor-
relation between calculated centroids and Fe>'/SFe ratios is poor
compared to the I-ratio and Eq g calibrations (a linear regression through
all data has an R? = 0.44), perhaps in part due to difficulties accurately
fitting the noisier HERFD Kp pre-edges (Fig. 4). Fig. 5b shows calculated
Fe Ka centroids as a function of Fe®>'/LFe ratios for the same garnets.
The correlation between Fe Ko centroids and garnet Fe>*/SFe ratios is
improved relative to the HERFD Fe Kf centroids, but neither centroid-
based calibration matches the resolution of the I-ratio or Eg ¢ methods.
This finding is consistent with the previous observations of Berry et al.,
2010 and Dyar et al., 2012. We note that both the Ka and Kf centroids of
the eclogitic garnets appear to plot along the same trendline as the
peridotitic garnets, which indicates the poorer correlations between pre-
edge centroid energies and Fe®>'/SFe ratios do not result from differ-
ences in garnet composition or crystal structure (Dyar et al., 2012). At
present, HERFD Fe KB XANES does not yield a higher resolution
parameterization for garnet Fe3t/SFe ratios compared to conventional
Fe Ko XANES.

The Eg g method is our preferred parameterization for application to
garnet unknowns because it is less sensitive to garnet composition in
spectra that have been corrected for the effects of over-absorption. We
apply the “low ferric” calibration to predict the Fe3*/SFe ratios of four
eclogitic garnets from the Slave Craton (Kopylova et al., 2016) with
known Fe3* /SFe ratios from Méssbauer spectroscopy that are not part of
our XANES calibration. We find that our low ferric calibration returns
Fe>'/£Fe ratios on the Slave Craton garnets within the calibration un-
certainty of £0.02 (Fig. 6).

5.2. Flank method

We compare the Fe>'/SFe ratios of garnet reference materials
measured by the flank method with those measured by Mossbauer
spectroscopy in Fig. 7 and Table 4. Each data point in Fig. 7 is the mean
of up to 25 individual flank method measurements on each garnet
reference material. Overall, there is an excellent correlation between the
results of the two techniques. The 80 nA flank method analyses appear to
match the Fe3*/SFe ratios determined by Mdssbauer slightly better
compared to the 60 nA flank method analyses, and with lower standard
deviations, despite the abbreviated number of analyses included in the
80 nA calibration compared to the 60 nA calibration. Hofer and Brey
(2007) estimate that the uncertainty of the flank method may be as low
as £0.02-0.04 Fe*'/SFe with repeated measurements on homogeneous
reference materials.

6. Comparison of XANES and flank method for determining the
Fe3t/XFe ratios of garnet

Both XANES and the flank method may be used to determine the
Fe>'/SFe ratios of garnets with high spatial and analytical resolution,
but each method has distinct advantages. The major advantage of the
flank method over XANES is instrument accessibility. Electron micro-
probes are commonly available at many institutions, while synchrotron
user facility beamlines capable of high resolution XANES with a focused
spot are not. Analytical time at synchrotrons is often awarded based on
scores from competitive peer-reviewed proposals, further limiting user
access.

The disadvantage of the flank method is that any single flank method
measurement is less precise than any single XANES analysis by greater
than a factor of four, thus requiring substantially more analytical time.
Hofer and Brey (2007) recommended reporting the Fe3*/SFe ratios of
garnets as the mean of 25 analyses on each sample or grain. Each indi-
vidual analysis will require up to 10 min if Fe Lp and La peaks are
analyzed on a single spectrometer, yielding a total analytical time of
~250 min/reported Fe3*/SFe ratio. The averaging of many measure-
ments is critical for obtaining accurate garnet Fe®>t/SFe ratios with the



M. Holycross et al.

Chemical Geology 647 (2024) 121937

711214 A B §
7112.4 || & peridotitic garnets

7112.0 - (natural and experimental)
S # eclogitic garnets (natural)
)
~ 7111.9
9 7112.2
2
= 7111.8 1
c
(]
Y oz + 7112.01

e KB HERFD Ka conventional

T T T T T 71 1 1'8 T ] T T T
0.00 0.04 0.08 0.12 0.16 0.00 0.04 0.08 0.12 0.16
Fe3*/3Fe grt Fe3*/3Fe grt

Fig. 5. Fe-XANES centroids plotted as a function of Mossbauer-determined Fe>'/ZFe ratios for select garnets. A) The correlation between calculated HERFD Fe Kp
centroids and Fe®'/=Fe ratios for garnets with Fe>*/SFe from 0.013 to 0.13 is poor (R? = 0.44) compared to Fe Ko I-ratio and Eq o calibrations. B) Conventional Fe Ka
centroids are better correlated (R? = 0.63) with Fe>*/ZFe ratios for the same garnets shown in panel A. However, neither centroid-based garnet XANES calibration
matches the resolution of either I-ratio and Eg g calibrations. Vertical error bars are the standard errors of centroid fits (panel A) or standard deviations of up to 24
centroid fits (panel B); horizontal errors bars represent estimated Mdssbauer spectroscopy errors of + 3% Fe>*/ZFe.
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Fig. 6. Fe*'/ZFe ratios calculated from the energy position of the Fe-edge at
90% normalized intensity (Eq¢ low ferric calibration) compared to Mossbauer
measurements for garnets in eclogitic xenoliths from the Slave craton (Kopylova
et al., 2016). Vertical error bars are the standard deviations of XANES analyses.
Horizontal error bars are the standard errors of Mossbauer measurements re-
ported by Kopylova et al. (2016). The gray shaded region shows the calculated
uncertainty (Fe>*/SFe = +0.02) of the Eq o low ferric XANES calibration.

flank method because any individual analysis may deviate significantly
from the mean.

Fig. 8 shows the calculated Fe®>*/SFe ratios for 25 individual Flank-
method analyses of garnet reference materials measured at 60 nA
compared to garnet Fe3*/SFe ratios measured by Méssbauer spectros-
copy. The total range of the individual Fe®>'/SFe ratios calculated from
the Flank-method at 60 nA extends up to five or six times the mean value
of the sample within a single analytical session (e.g., calculated flank
method Fe3'/SFe ratios for HRV247A at 60 nA range from —0.04 to
0.07; the mean of n = 25 analyses in this session is Fe®*/IFe = 0.02;
Supplement). The total range of the individual Fe3*/SFe ratios calcu-
lated from XANES spectra across all sessions tends to be much lower (e.
g., calculated XANES Fe3'/SFe ratios for HRV247A range from 0 to
0.03; the mean of n = 20 analyses across three analytical sessions is
Fe>*/SFe = 0.02; Supplement). While the flank method and XANES
yield the same mean Fe>* /SFe ratio for garnet HRV247A, any individual
flank method analysis is considerably less precise than any individual
XANES analysis. The precision of each method is compared in Fig. 9,
which illustrates how the standard error (SE) of each method shifts as a
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Fig. 7. Comparison of mean Fe®!/IFe ratios of garnet reference materials
calculated from the flank method and measured by Mossbauer spectroscopy.
Data aer shown for flank method measurements performed at 15 kV, 60 nA and
15 kV, 80 nA. The inset image shows a magnified view of garnets with low
Fe>"/SFe ratios. Vertical error bars are the standard deviations of up to 25 flank
method measurements. Horizontal error bars are estimated Mossbauer spec-
troscopy errors of + 3% Fe>'/Fe.

function of analysis number (n) for two garnet reference materials.
Standard error was calculated as

SE =D/ /- @

where SD is the standard deviation of all analyses. Fig. 9 shows the
standard error of flank method analyses for PHN5267 (60 nA) and
HRV247A (60 nA and 80 nA) and all XANES analyses for HRV247A. The
precision of XANES is higher (i.e., the SE is lower) than all flank method
approaches, regardless of the beam current or number of analyses taken.
The data in Fig. 9 suggest that beyond ~10 flank method analyses there
are only limited improvements in the precision of the method. This
result is supported by Hezel et al. (2024), who find that the mean of 9 to
16 flank method analyses per sample yields the same result as the mean
of 25 analyses per sample. Consequently, flank method measurement
time per sample may be greatly reduced relative to the original
recommendation of Hofer and Brey (2007) of 25 spots per sample.

It is not obvious why the SE of the 60 nA flank method measurements
of PHN5267 are greater than the SE of flank method measurements of
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Table 4
Comparison of Fe®* /S Fe ratios for select garnet reference materials measured by Méssbauer spectroscopy, conventional Fe Ko XANES (Eg o calibrations) and the flank
method.
Flank method Fe Ka XANES (Eg9) Mossbauer
Sample n Current Predicted Fe**/3 Fe SD Predicted Fe>*/3 Fe Calibration uncertainty Fe*'/3 Fe Estimated SE
HRV247a 24 60.0 0.02 0.03 0.02 0.02 0.02 0.03
PHN5267 25 61.8 0.13 0.05 0.13 0.02 0.13 0.03
BD2501 25 61.6 0.13 0.04 0.12 0.02 0.11 0.03
PHN1917 25 62.1 0.05 0.04 0.04 0.02 0.05 0.03
FRB838 25 61.6 —0.01 0.04 0.04 0.02 0.03 0.03
PHN5549 25 62.9 0.05 0.05 0.07 0.02 0.05 0.03
AW14 25 59.5 0.01 0.01 0.02 0.02 0.01 0.03
AW52a 25 59.9 0.71 0.01 0.86 0.02 0.70 0.03
FRB838 4 80.0 0.04 0.01 0.04 0.02 0.03 0.03
PHN5549 4 79.5 0.03 0.01 0.07 0.02 0.05 0.03
DE15 25 78.4 0.03 0.03 0.03 0.02 0.02 0.03
HRV247A 25 77.5 0.02 0.02 0.02 0.02 0.02 0.03
BD2501 5 77.0 0.11 0.02 0.12 0.02 0.11 0.03
PHN1917 5 76.9 0.06 0.02 0.04 0.02 0.05 0.03
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Fig. 8. Comparison of Fe>'/SFe ratios of select garnet reference materials
calculated from the flank method and measured by Mossbauer spectroscopy.
Data are shown for flank method measurements performed at 15 kV, 60 nA. The
mean of 25 individual flank method analyses on each garnet is represented by
the large, filled-in circles. Black bars represent the standard deviation of the
mean of 25 analyses. The open circles represent calculated Fe>*/ZFe ratios for
individual flank method analyses included in the mean.

HRV247A at equivalent beam current. The higher standard deviation of
the PHN5267 analyses could be due to heterogeneity in the garnet
reference material. However, n = 13 XANES analyses of PHN5267 have
SD = 0.01 Fe>*/ZFe across all beam sessions, which suggests sample
heterogeneity is not the cause of the high SE of the flank method ana-
lyses of this garnet. We note that the electron microprobe beam condi-
tions were less reproducible during the 60 nA flank analyses of PHN5267
compared to the 60 nA analyses of HRV247A. The beam current for n =
24 60 nA analyses of HRV247A has SD = 0.08 nA, while the beam
current for n = 25 60 nA analyses of PHN5267 has a higher standard
deviation of 0.34 nA (Supplement). However, variations in beam con-
ditions should cancel out in calculation of the L3/La ratio. The higher SE
of the PHN5267 analyses may be due to low count rates at 60 nA, and
this issue may be resolved at higher beam currents (e.g., compare 60 nA
and 80 nA analyses for HRV247A in Fig. 9). Our beam conditions were
chosen to replicate the earlier methodologies of Hofer and Brey (2007)
and Tao et al. (2018) that utilized beam currents of 60 nA. However, the
more recent studies of Hezel et al. (2024) and Wang et al. (2022) both
performed garnet flank method measurements at 120 nA, which should
result in improved analytical precision relative to measurements
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Fig. 9. Comparison of standard errors (SE) for flank method analyses of
PHN5267 (60 nA) and HRV247 A (60 and 80 nA). The SE of the flank method
measurements of PHN5267 at 60 nA is smaller than the estimated SE of
Méssbauer spectroscopy (+0.03 Fe®t/Fe) after three analyses. The SE of flank
method analyses of HRV247 A do not rise above those estimated from
Mossbauer at either analytical condition but we note the precision of the 80 nA
measurements is greater than the 60 nA measurements. The precision of XANES
analyses (blue line) is substantially higher than all flank method approaches.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

performed at 60 or 80 nA.

We applied XANES and the flank method to measure the Fe*t/sFe
ratios of experimental and natural garnets with unknown Fe>*/=Fe ra-
tios. Two garnets are from piston-cylinder experiments (Holycross and
Cottrell, 2022, 2023) and four garnets are from eclogites in the Cycladic
Blueschist Belt (Syros, Greece; e.g., Okrusch and Brocker, 1990; Seck
et al., 1996; Dragovic et al., 2012) (Figs. S1, S2). All flank method an-
alyses were performed at 80 nA in the same session; XANES analyses
were performed in two beam sessions. All analytical procedures fol-
lowed those outlined in the methods; additional details are presented in
the Supplement.

At least three flank method and XANES analyses were taken on each
garnet to calculate the mean and standard deviation of the analyses.
Flank method traverses were performed on garnets from two eclogitic
samples (JAGSY-61D, JAGSY-229 A); calculated Fe®*/SFe values at
each spot on the traverse represent only one flank method measurement
(Supplement). We observe no meaningful variation in flank method
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Fe3'/=Fe ratios in the traverses and use all traverse Fe>!/=Fe values to
calculate an average Fe>'/SFe ratio for these two garnets. Garnet
reference material DE15 was analyzed throughout the flank method
session to monitor for potential drift over time, but no systematic drift in
calculated Fe3*/sFe ratio was observed. Fe3'/SFe ratios of experi-
mental and natural garnets measured by XANES range from 0.03to 0.11,
while five of the six Fe>* /SFe ratios calculated from the average of n =
3+ Flank-method measurements record Fe>*/XFe =0.08 (Supplement).
The offset between garnet Fe>*/SFe ratios calculated with XANES and
the flank method may result from the relative precision of each meth-
odology. This finding highlights the need to average many individual
flank method analyses to obtain accurate garnet Fe>*/SFe ratios with
this technique.

7. Implications

The Fe3"/SFe ratios of garnets may reflect the redox state of Earth’s
interior and are consequently of major interest to petrologists. Iron
XANES and the flank method for electron microprobe offer the possi-
bility of characterizing garnet Fe3'/SFe ratios with high spatial and
analytical resolution, provided the development of appropriate cali-
brations with standards that have well known Fe3*/SFe ratios. We have
demonstrated that the energy of the Fe-XANES main absorption edge at
an arbitrary intensity of 0.9 (Eq.o) is highly sensitive to garnet Fe>*/SFe
ratios and insensitive to garnet composition when the effects of self-
absorption have been accounted for. The Ey g parameterizations pro-
duced here may be used to characterize the Fe>*/SFe ratios of garnet
unknowns with an uncertainty of +0.02 Fe>*/SFe. The high precision of
our calibration is critical for accurate measurement of peridotitic and
eclogitic garnets with low Fe®'/SFe ratios. Garnet reference materials
from Table 1 have been prepared and mounted in a two one-inch rounds
suitable for many analytical applications. Garnet reference materials
detailed in Luth et al., 1990 and Canil and O’Neill (1996) (Table 1) are
available for loan as a single mount as NMNH Catalog # 118530. Garnet
reference materials E2, L78, E1, UHP666, PC287b and PC288a (Table 1)
are available for loan as a separate single mount as NMNH Catalog #
118540. Loan requests may be made to the Department of Mineral
Sciences at the National Museum of Natural History, Smithsonian
Institution.
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