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Abstract 15 

 Fe oxidation/reduction reactions play a fundamental role in a wide variety of geological 16 

processes. In natural materials, Fe redox state commonly varies across small spatial scales at 17 

reaction interfaces, yet the approaches available for quantitatively mapping the Fe redox state at 18 

the microscale are limited.  We have designed an optimized synchrotron-based X-ray 19 

spectroscopic approach that allows microscale quantitative mapping of Fe valence state by 20 

extending the Fe XANES pre-edge technique. An area of interest is mapped at 9 energies 21 

between 7109 eV-7118 eV and at 7200 eV, allowing reconstruction, baseline subtraction, and 22 

integration of the pre-edge feature to determine Fe(III)/∑Fe with 2 µm spatial resolution. By 23 

combining the Fe redox mapping approach with hyperspectral Raman mineralogy mapping, the 24 

Fe oxidation state distributions of the major mineral phases are revealed. In this work, the 25 

method is applied to a partially serpentinized peridotite with a variety of Fe-bearing secondary 26 

mineral phases in order to trace the Fe transformations and redox changes that occurred during 27 

its alteration. Analysis with the Fe redox mapping technique revealed that the peridotite 28 

contained relict olivine with abundant Fe(II), while serpentine, pyroaurite, and another hydroxide 29 

phase are secondary mineral reservoirs of Fe(III). Although serpentine is not Fe-rich, it contained 30 

approximately 74% ± 14% Fe(III)/∑Fe. These analytical results are integral to interpreting the 31 

sequence of alteration reactions; serpentinization of primary olivine formed Fe(II)-rich brucite 32 

and oxidized serpentine, which could have contributed to H2 production during serpentinization. 33 

Subsequent weathering by oxidizing, CO2-bearing fluids led to the partial carbonation and 34 

oxidation of brucite, forming pyroaurite and a hydroxide phase containing dominantly Fe(III). 35 

This Fe redox imaging approach is applicable to standard petrographic thin sections or grain 36 

mounts and can be applied to a variety of geologic and biogeochemical systems.  37 
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Introduction 38 

Fe oxidation and reduction reactions during mineral dissolution and precipitation play a 39 

dominant role in numerous geological and environmental processes; thus, determining the Fe 40 

redox state (Fe(III)/∑Fe) of natural materials has many applications.  For example, Fe redox 41 

reactions exert a fundamental control on chemical weathering in mine drainage systems (Johnson 42 

et al. 2014), bedrock weathering and saprolitization (Buss et al. 2008), soil nutrient cycling and 43 

availability (Prietzel et al. 2007; Colombo et al. 2014), iron transport and bioavailability in the 44 

oceans (Lam et al. 2012; Toner et al. 2012), and stabilization or mobilization of groundwater 45 

contaminants including uranium, selenium, and arsenic  (Myneni et al. 1997; O’Loughlin et al. 46 

2003; Essilfie-Dughan et al. 2013; Ying et al. 2013). Additionally, iron valence can help 47 

constrain the oxygen fugacity of geological materials, revealing key insights into mantle 48 

processes and planetary formation (Berry et al. 2008; Cottrell and Kelley 2011; Elmaleh et al. 49 

2015; Le Guillou et al. 2015).   50 

There is a need for spatially-resolved methods to determine Fe redox in complex systems 51 

at the microscale. The progression of Fe redox reactions in many systems may be recorded by 52 

gradients in Fe(II)/(III) over small spatial scales. The spatial scale may be set by the grain- and 53 

pore-size, or by localization of the water-particle or microbe-particle interface involved in the 54 

redox reaction. Mossbauer spectroscopy and wet chemical titration methods for quantifying Fe 55 

valence state give excellent results at the bulk scale, but other methods are required at the 56 

microscale. 57 

X-ray absorption near edge spectroscopy (XANES) is often used to probe the average 58 

iron oxidation state, both at the bulk scale and through micro-scale spot analyses. This approach 59 

can be applied either with soft X-rays at the Fe L2,3 edges (Toner et al. 2009) or with hard X-rays 60 
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at the Fe K edge (Bajt et al. 1994; Marcus et al. 2008; Farges and Wilke 2016). The shape and 61 

structure of the K-edge absorption spectrum contains information on both the valence and 62 

coordination environment of Fe, which can confound efforts to extract an estimate of the Fe 63 

redox state (Brown et al. 1988).  64 

Existing methods, detailed below, allow qualitative mapping of the average Fe oxidation 65 

state at the microscale, and quantitative mapping is possible for single minerals (e.g. garnet) and 66 

glasses. Other methods exist at the nanoscale or with intensive sample preparation. However, no 67 

existing method allows quantitative mapping on a standard petrographic thin section with 68 

complex mineralogy.  69 

Application of XANES-based techniques to image average Fe oxidation state at the 70 

microscale has been a long-term challenge. One approach is to collect microscale X-ray 71 

Fluorescence (XRF) maps at several energies across the main absorption edge and use linear 72 

fitting of spectra from end-member standards to generate qualitative distribution maps of Fe(II) 73 

and Fe(III) (e.g. Templeton et al. 2009; Lam et al. 2012). The shape of the K-edge of Fe varies 74 

strongly between different crystalline Fe-bearing compounds, even of the same valence, because 75 

it is sensitive to the coordination, site geometry, and bonding with nearest and more distant 76 

neighbors (Brown et al. 1988). Therefore, methods based on least-squares fitting to two (or 77 

more) Fe-valence standards are limited in accuracy by the spectroscopic similarity between the 78 

material being analyzed and the standards (Marcus 2010). In complex geological thin sections 79 

with many mineral species, some of which may be difficult to obtain standards for, this becomes 80 

problematic. Results derived from this method are therefore generally considered qualitative 81 

only. The approach of XRF mapping at multiple energies along the Fe K-edge has been extended 82 

using principal components analysis to identify spectroscopic endmembers within the sample as 83 
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candidate components for linear fitting in order to identify and qualitatively image distinct Fe 84 

species (Mayhew et al. 2011). Garnet-specific calibrations of Fe redox have allowed quantitative 85 

Fe redox mapping based on multiple energy mapping of garnet with very high precision (Berry 86 

et al. 2010, 2013) as well as spatially resolved microscale transects (Mino et al. 2014). 87 

Multivariate statistical models have recently been used to select several energies for quantitative 88 

Fe redox mapping in lunar glasses (McCanta et al. 2019). Finally, the development of 89 

synchrotron beamlines with dispersive optics have allowed fast hyperspectral XRF imaging, and 90 

this approach has been used to qualitatively map Fe redox (Muñoz et al. 2006; Andreani et al. 91 

2013), and to quantitatively map the average redox state of elements other than Fe (e.g. As, 92 

Etschmann et al. 2010). 93 

Most quantitative work has focused on the pre-edge peak (~7108 eV to 7118 eV), an 94 

absorption feature located at energies just below the main Fe K-edge. While features of the main 95 

edge region (7120 eV to 7200 eV) are also sensitive to valence state, these features are more 96 

strongly dependent on the specific atomic environment of Fe, and thus are more strongly 97 

influenced by the crystal structure, chemical composition, and Fe coordination of the material 98 

(Brown et al. 1988). The position of the pre-edge peak is sensitive to Fe valence in a relatively 99 

predictable way (Calas and Petiau 1983; Waychunas et al. 1983), and was used to quantify 100 

Fe(III)/∑Fe by Bajt et al. (1994) and subsequently by many others. Wilke et al. (2001) developed 101 

a method to estimate the average Fe redox of Fe(II) and Fe(III)-bearing mineral mixtures while 102 

accounting for the confounding effect of different Fe coordination environments, using a plot of 103 

integrated intensity vs. the centroid energy position of the pre-edge peak, called a “variogram”. 104 

Orientation effects on the observed pre-edge peak structure represent an added challenge to 105 

performing these analyses at the microscale, however much work has been done to perfect the 106 
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calibration of XANES methods and increase the accuracy of these Fe(III)/∑Fe determinations 107 

(Dyar et al. 2002a; Marcus et al. 2008; Dyar et al. 2012; Muñoz et al. 2013; Dyar et al. 2016b). 108 

Still, the Fe pre-edge technique has not been applied quantitatively to 2D mapping of the average 109 

Fe redox in crystalline minerals at the microscale.  110 

Here we describe a method for the collection of quantitative Fe redox maps with 111 

microscale resolution on standard petrographic thin sections by collecting multiple energy µXRF 112 

maps along the Fe pre-edge peak. We apply this method to a partially altered serpentinite rock 113 

from the Samail Ophiolite (located in the Sultanate of Oman) with relict primary mineral phases 114 

and hydrated alteration features that optically exhibited a sharp redox gradient. Using a 115 

configuration common to many micro-focused hard X-ray beamlines (fluorescence detection and 116 

a mapping stage), we are able to image ~200,000 µm2 in approximately 11 hours with a spatial 117 

resolution of 2 x 2.8 µm. This resolution allowed us to observe significant Fe(III) in fine-textured 118 

and intermixed secondary minerals surrounding olivine. We combine this redox map with co-119 

registered hyperspectral Raman mineralogy maps at similar spatial resolutions to estimate the 120 

overall Fe(III)/∑Fe of the different mineral phases, although the analysis depth of the techniques 121 

differ, likely leading to imperfect co-registration. This approach to mapping average Fe redox 122 

allowed us to assess the important reservoirs of Fe(II) and Fe(III) in this complex mineral 123 

assemblage and infer the sequence of alteration reactions that led to its formation.  124 
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Methods 125 

Sample OM14-07 126 

We studied a partially serpentinized peridotite rock collected from a surface outcrop at 127 

Wadi Lufti in the Oman ophiolite (described in Mayhew et al. 2018), which we selected for its 128 

striking apparent Fe redox contrasts. The weathered surface rinds were cut away with a diamond 129 

saw and a ~30 µm thick polished thin section was prepared for analysis. The sample was 130 

examined in plane-polarized transmitted light to select the area of interest and make an initial 131 

assessment of the apparent Fe-bearing phases and their likely redox state (based on mineral 132 

identification or color). To facilitate the precise alignment of maps collected with different 133 

microscale analytical techniques, a diamond scribe was used to etch fiducial marks into the 134 

sample surface. These marks were then filled with TiO2 powder by spreading a suspension of 135 

TiO2 in ethanol over the sample, allowing it to dry, and then wiping away the excess TiO2. TiO2 136 

was chosen because the Ti X-ray fluorescence can be detected when excited by X-rays at the Fe 137 

K-edge and because the crystal polymorphs anatase and rutile both produce intense, easy to 138 

detect Raman peaks. TiO2 fiducial marks can therefore be detected in both Raman and XRF 139 

maps, without interfering with those analyses since Ti-bearing minerals are not abundant in 140 

serpentinized peridotite rocks. The sample was subsequently re-polished, cleaned, and carbon-141 

coated prior to EMPA analyses, and this resulted in the removal of the TiO2 from the fiducial 142 

marks.  143 

 144 

Electron Probe Microanalysis  145 

Quantitative electron probe microanalysis (EPMA) maps were collected on a JEOL JXA-146 

8230 by stage mapping with a 1 µm beam size and step size, 15kV accelerating voltage, 20 nA 147 
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current, and 120 ms dwell time. Map collection was performed with ProbeImage software (Probe 148 

Software Inc.), and quantifications were determined using ZAF matrix correction 149 

(Armstrong/Love Scott algorithm) and mean atomic number background correction in 150 

CalcImage software (Probe Software Inc.).  Representative analyses of specific mineral phases 151 

were extracted from the quantitative maps by averaging over regions of the map containing each 152 

phase.  153 

 154 

Raman spectroscopy 155 

Raman spectroscopy is a fast, non-destructive technique that can provide insight into the 156 

molecular and crystal structures of materials also at the microscale. The responsiveness of the 157 

Raman spectra to crystal structure allows for phase identification as well as the discrimination of 158 

polymorphs (Hope et al. 2001). It is also sensitive to the presence of mineral-bound polyatomic 159 

ions such as carbonate (Griffith 1970). Raman spectroscopy can be applied to a petrographic thin 160 

section without any additional sample treatment or preparation, and each Raman spectrum 161 

provides a “fingerprint” which can often be unambiguously and uniquely matched to reference 162 

mineral spectra, even when phases are intimately intermixed (Carey et al. 2015). When fast, 163 

hyperspectral Raman mapping is combined with multivariate statistical analyses and a database 164 

of Raman mineral spectra such as the RRUFF database (Lafuente et al. 2015), maps of the 165 

distribution of mineral phases can be readily generated (e.g. Miller et al. 2016).  166 

Raman hyperspectral images were acquired using a Horiba LabRAM HR Evolution 167 

Raman spectrometer with a 100 mW 532 nm excitation laser. The laser was focused through a 168 

50x 0.75 NA dry objective onto the surface of the petrographic thin section. A 50% neutral 169 

density filter was used in order to attenuate the laser power and avoid damage to the sample, 170 
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resulting in approximately 14 mW of laser power at the sample surface focused to a ~2 µm spot. 171 

The sample was scanned under the ~2 µm laser spot with a 2 µm step size. At each pixel, two 172 

Raman spectra accumulated over 0.6 s were averaged. A 100 µm confocal pinhole and a 600 173 

lines/mm diffraction grating were used to acquire the Raman spectrum with a spectral resolution 174 

of ~4.5 cm-1. The confocal pinhole also limits the depth of Raman analysis to ~5 µm. Mapping in 175 

this way was repeated in order to acquire spectra for both the fingerprint region of the spectrum 176 

(85-1785 cm-1) and the OH region of the spectrum (2800-3800 cm-1). Each segment of the 177 

hyperspectral map dataset (fingerprint region and OH region) was individually area-normalized 178 

and corrected for instrumental artifacts before a polynomial baseline was subtracted using 179 

LabSpec 6 (Horiba Scientific). The datasets containing the two spectral regions, collected over 180 

the same map area, were then merged into a single hyperspectral dataset spanning the broader 181 

range of Raman shifts. Spectral endmembers were extracted from the map dataset using the 182 

multivariate curve resolution (MCR) feature of the software package SOLO-MIA (Eigenvector 183 

Research). MCR decomposes the hyperspectral map dataset into loading spectra and score maps. 184 

Non-negativity constraints on both the loadings and scores, appropriate for Raman hyperspectral 185 

data, help achieve a realistic solution where the loading spectra reflect actual mineral species 186 

present in the map (Andrew and Hancewicz 1998). Mineral phases were identified by searching 187 

the end-member spectra against the RRUFF database (Lafuente et al. 2015). 188 

 189 

Synchrotron X-ray analysis 190 

Fe redox calibration standards. Standards containing 100% octahedrally-coordinated 191 

Fe(II) (olivine and siderite), 100% octahedrally-coordinated Fe(III) (staurolite), 100% 192 

tetrahedrally-coordinated Fe(III) (sanidine), and a mixture of octahedrally coordinated Fe(II) and 193 
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Fe(III) (andradite) were generously provided by Manuel Muñoz (see Muñoz et al. 2013). These 194 

standards were used to calibrate the Fe redox variogram. We also used well-characterized 195 

materials (two chlorite specimens and one clintonite specimen), with known intermediate values 196 

of Fe(III)/∑Fe determined by Mossbauer, wet chemistry, and scanning transmission X-ray 197 

microscopy, as additional “standards” to validate the redox calibration and estimate calibration 198 

error (see error analysis section). These chlorite and clintonite samples were generously provided 199 

by Franck Bourdelle (Bourdelle et al. 2013).  200 

 201 

Beamline setup. X-ray analyses were conducted using Beamline 2-3 at the Stanford 202 

Synchrotron Radiation Lightsource. The SPEAR3 ring was operated at 3 GeV with a current of 203 

495-500 mA. Incident energy was selected using a water-cooled Si (111) ϕ = 0° double crystal 204 

monochromator. The Si(111) monochromator crystal was chosen to prioritize high flux for fast 205 

mapping (since we do not fit peak shapes to the pre-edge peak, high spectral resolution was not 206 

required). Kirkpatrick-Baez mirrors were used to microfocus the beam to an approximately 2.5 207 

µm spot at the sample surface. The thin section sample was scanned across the X-ray beam at a 208 

45° angle of incidence using a 2 µm step size.  X-ray fluorescence was detected perpendicular to 209 

the X-ray beam (and at a 45° angle to the sample surface) using a single-element Si drift 210 

detector. The detector has extremely high throughput, but all fluorescence counts were corrected 211 

for deadtime (measured deadtime 𝜏 = 85 ns using the paralyzable model, yielding a correction of 212 

< 5% for the highest count rates observed in the map). 213 

 214 

Map data collection. Fe XRF maps were collected at 9 excitation energies across the 215 

pre-edge peak, plus one energy above the K edge, in order to generate an Fe(III)/∑Fe map. These 216 
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10 energies (7109.00, 7110.10, 7111.20, 7112.30, 7113.40, 7114.20, 7114.80, 7115.80, 7117.20, 217 

and 7200.00 eV) were chosen by inspecting a suite of >100 XANES spectra collected from 218 

serpentinite rocks on BL 2-3 and selecting energies that would capture the variation of pre-edge 219 

peak features and provide consistent baseline subtraction results. At Beamline 2-3, each 220 

horizontal row of the map is scanned at all 10 energies before moving on to the next row, which 221 

helps to minimize beam drift between maps of different energies, and thus the registration of the 222 

maps at each energy did not need to be adjusted (cf. Marcus 2010).  The maps were collected 223 

with a 2 µm motor step size. A dwell time of 90 ms per pixel per energy was selected, which 224 

resulted in typical signal levels of 200 - 2000 counts on Fe per pixel in the pre-edge region and 225 

10,000 - 30,000 counts on Fe per pixel above the edge. In this way, an area of 582 µm x 340 µm 226 

on the sample could be mapped in approximately 11 hours (because the sample is mounted at a 227 

45° angle, motor steps of 2 µm give a pixel size of about 2 µm x 2.83 µm on the sample surface).  228 

 229 

XANES spectroscopy data collection. XANES spectra spanning the full Fe K-edge 230 

feature (6882 eV – 7505 eV) were collected on 12 points within the map area to provide 231 

additional information about the Fe-speciation in the sample. Full XANES spectra were also 232 

collected on 5 endmember redox standards and 3 intermediate redox standards to facilitate 233 

calibration and validation of the Fe redox map. Spectra were collected with 0.10 eV steps within 234 

the pre-edge region from 7108.00 eV to 7118.00 eV. The dwell time was 3 s per point within the 235 

pre-edge region (7108.00 eV-7118.00 eV) and 1 s across the rest of the spectrum, requiring more 236 

than 10 minutes per spectrum for acquisition.  Throughout the run, spectra were collected on Fe 237 

metal foil to monitor calibration drift. These spectra were collected with 5 s dwell time and 0.1 238 

eV steps to precisely measure the position of the first inflection point (defined as 7112.00 eV). 239 
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 240 

Energy Calibration. To correct for drift in the energy calibration of the beamline, maps 241 

and XANES spectra were calibrated using the first inflection point of Fe foil at 7112.00 eV. 242 

Offsets were determined by calculating the first inflection point (maximum of the first 243 

derivative) of a smoothing spline fit to the measured foil spectrum and computing the difference 244 

from the defined value of 7112.00 eV. Fe foil offsets from foil measurements bracketing the data 245 

collection of maps and XANES were averaged, and the maps and XANES spectra were then 246 

shifted by this average offset. The calibrated centroid energy of Fe(II) and Fe(III) were measured 247 

as 7112.88 eV and 7114.53 eV, respectively, in good agreement with the values reported 248 

elsewhere (e.g. Giuli et al. 2012).  249 

 250 

Data Reduction 251 

Calculation of the Fe(III)/∑Fe maps was completed using in-house data analysis scripts 252 

written in R (R Core Team 2018). All of the data and analysis code has been made available (see 253 

Supplementary Information). These scripts handle the energy calibration, normalization, baseline 254 

subtraction, peak integration, and variogram calculations described below.  255 

 256 

Pre-edge peak analysis of multiple energy maps. We treated the fluorescence 257 

intensities measured in each pixel at 10 different energies analogously to a XANES spectrum in 258 

order to extract the pre-edge peak centroid position and integrated intensity. XRF maps were 259 

normalized to the incoming beam intensity measured by an ion chamber (I0), and then to the 260 

XRF map collected at 7200.00 eV, an approximation of the edge step height (Figure 1A). One 261 

point below 7112.00 eV and one point above 7112.00 eV were selected, such that an exponential 262 
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baseline fit through these points falls below all other measured pre-edge points. This exponential 263 

baseline was subtracted from the normalized intensities, and the points not falling between the 264 

two selected baseline points were excluded from further analyses since they are not a part of the 265 

pre-edge peak feature (Figure 1B). The remaining points representing the pre-edge peak were 266 

then integrated to determine the pre-edge peak intensity and centroid position (Figure 1C). 267 

Figure 1 A-C also show a full-resolution XANES spectrum collected at the same spot in the map 268 

for comparison. In order to reduce random errors in the estimates of the pre-edge peak centroid 269 

and intensity, the 2D maps of centroid and intensity were smoothed by a gaussian filter (𝜎 = 1 270 

pixel). 271 

 272 

Pre-edge peak analysis of XANES spectra. In order to construct an accurate calibration 273 

of the Fe(III)/∑Fe for the map dataset, the XANES spectra of the calibration standards are 274 

subjected to identical procedures for normalization, baseline subtraction, and integration. The 275 

full energy resolution of the XANES spectrum was used. Thus, fluorescence intensity was 276 

normalized to I0 and to the intensity at 7200.00 eV. Single points below and above 7112.00 eV 277 

were selected as baseline points so that an exponential baseline fit through these points falls 278 

below all other measurements between 7108.00 eV and 7118.00 eV. The exponential baseline 279 

was subtracted from the normalized pre-edge intensities, and the points falling between the 280 

baseline points were then integrated to determine the pre-edge peak intensity and centroid 281 

position. XANES spectra collected within the map area of the sample were also treated 282 

identically to the map in order to facilitate direct comparison.  283 

 284 
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Variogram Adjustment. We reproduced the pre-edge peak variogram of Andreani et al. 285 

(2013) (which itself is modified from Wilke et al. 2001) by collecting pre-edge spectra of the 286 

same siderite, olivine, staurolite, andradite, and sanidine standards. To correct for differences in 287 

beamline setup and energy calibration, a transformation was applied by computing a linear 288 

regression between the values measured by Andreani et al. (2013) and our own measurements of 289 

the standards, for both the centroid position and integrated intensity. The linear transformation 290 

was then applied to the variogram of Andreani et al. (2013) in order to adapt the variogram to 291 

our measurements. It should be noted that the position of the variogram corners, in terms of 292 

centroid position and integrated intensity, varies somewhat depending on the average site 293 

geometry and symmetry of the standards (c.f. Giuli et al. 2011) 294 

 295 

Variogram interpolation and redox estimation of maps. The Fe(III)/∑Fe tielines 296 

applicable for mixtures of VIFe(II), VIFe(III), and IVFe(III) were adjusted to fit our end-member 297 

measurements using the same transformations as the standards. To calculate the Fe(III)/∑Fe ratio 298 

at the measured centroid and integrated intensity, the Fe(III)/∑Fe ratio was interpolated between 299 

the tielines using bivariate interpolation functions in the Akima package (Akima and Gebhardt 300 

2016) and with the algorithm described by Renka (1996) (Figure 1D). 301 

This method assumes that no IVFe(II) is present in the sample, a reasonable assumption 302 

for  all of the minerals encountered within our map area. Normal spinel structures, such as 303 

chromite, would have been the most likely IVFe(II)-bearing mineral in this partially serpentinized 304 

peridotite, but this was not present within the map area. Minor amounts of IVFe(II) could cause 305 

Fe(III)/∑Fe to be somewhat underestimated. Significant amounts of IVFe(II) would result in the 306 

point falling above the VIFe(II)- IVFe(III) join on the variogram, preventing the estimation of 307 
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Fe(III)/∑Fe instead of resulting in a highly erroneous Fe(III)/∑Fe estimate.  We do not attempt to 308 

quantify the average coordination number, which could be complicated by the possible presence 309 

of 5-fold coordinated Fe. 310 

 311 

Co-registration 312 

In order to explore the relationships between Fe redox state and mineral components, the 313 

Raman map and the pre-edge peak multiple-energy XRF maps were co-registered to each other. 314 

A transformation linking the two coordinate systems was found so that pixels in one map were 315 

matched to corresponding pixels at the same location on the sample in the other map. Four 316 

control points were selected using the TiO2 (anatase) Raman map and the Ti XRF map. An affine 317 

transformation, allowing for translation, rotation, stretching, and shearing between the two maps 318 

was calculated from the control points. Bicubic interpolation was then used to resample the 319 

Raman map onto a grid in the coordinate system of the XRF Fe redox map. While the hard X-320 

rays used in the XRF mapping (and the resulting Fe Kα fluorescence) likely penetrate the whole 321 

thickness of the thin section (~30 µm) (Lanzirotti et al. 2017), the confocal Raman map has an 322 

analysis depth limited to ~5 µm, which also varies according to the optical transparency of the 323 

minerals at the laser wavelength. In addition, the 45° geometry of the beamline introduces some 324 

mixing in the x direction. Still, it was possible to use co-registration to identify separate 325 

distributions of Fe(III)/∑Fe in different mineral phases.   326 
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Results 327 

Characterization of Sample OM14-07 328 

Mantle rocks currently exposed at the surface in the Samail ophiolite in the Sultanate of 329 

Oman have experienced multiple stages of hydration at variable temperatures and fluid 330 

compositions (Mayhew et al., 2018). In this study, optical examination of the partially-331 

serpentinized harzburgite OM14-07 that was sampled from a surface outcrop suggests that there 332 

is an intriguing mixture of primary and alteration phases with a potentially wide range of Fe 333 

redox states (Figure 2). Relict olivine is rimmed by an orange phase that appears likely to 334 

incorporate Fe(III), all in a matrix of serpentine with a small amount of magnetite. The Raman 335 

hyperspectral map corroborates these observations (Figure 3). Relict olivine is present with 336 

lizardite and chrysotile (two polymorphs of serpentine) in a mesh texture. Pyroaurite, an Fe(III)-337 

bearing layered double hydroxide mineral (Mg6Fe2
3+(OH)16(CO3)  ∙  4 H2O), was also detected 338 

rimming some of the olivine crystals and filling mesh cores in association with a hydroxide 339 

phase. The hydroxide phase exhibits the Raman peaks of brucite around 280 cm-1, 440 cm-1, and 340 

3630 cm-1, but it also has a doublet peak around 550-600 cm-1, which is not attributable to 341 

brucite, and this Raman spectrum extracted from the map could not be matched to any mineral 342 

Raman spectra in the RRUFF database. Finally, titanium dioxide (anatase) is shown in the 343 

fiducial marks and epoxy from thin section preparation is also detected. The observed mineral 344 

assemblage (i.e. olivine, pyroaurite) is suggestive of a strong redox contrast in this map area. 345 

Yet, no information could be gleaned as to the distribution of oxidation states of Fe in serpentine 346 

or the hydroxide phase from the Raman map alone.  347 

Quantitative electron microprobe imaging reveals the elemental composition of the 348 

mineral phases identified by optical petrography and Raman spectroscopy (Figure 4). Olivine 349 
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and serpentine are silicate minerals, whereas the areas identified as pyroaurite and the hydroxide 350 

phase are clearly SiO2-free. The Fe map shows the distribution of mostly fine-grained magnetite 351 

within serpentine, and shows that pyroaurite and the hydroxide phase are Fe-rich relative to 352 

serpentine and olivine. Minor Ni and Cl are associated with the pyroaurite and hydroxide phase. 353 

The Mg map illustrates that the hydroxide phase is associated with significantly higher Mg than 354 

pyroaurite, whereas the Fe contents are similar. Thus, a map of the Mg# (molar proportion 355 

Mg/(Mg+Fe)) shows a higher Mg# for hydroxide than for pyroaurite. The approximate end-356 

member compositions of these phases, extracted from regions of the EPMA map by averaging 357 

pixels, are summarized in Table 1.  358 

Microscale synchrotron-based XRF mapping revealed a clear contrast in Fe pre-edge 359 

peak centroid and integrated intensity between different minerals in the sample.  Calculations 360 

after normalization and baseline subtraction yield a centroid position and integrated intensity of 361 

the Fe pre-edge peak for every pixel in the map (Figure 5). Fe pre-edge peaks for olivine pixels 362 

have much lower centroid positions than serpentine, the hydroxide phase, or pyroaurite. Olivine 363 

Fe pre-edge features also have a relatively low integrated intensity. Small spinel grains 364 

(magnetite) have relatively high integrated Fe pre-edge peak intensity, while serpentine, 365 

pyroaurite, and the hydroxide phase exhibit intermediate intensities. Errors in the estimation of 366 

the centroid (0.1 eV) and intensity (0.007) of the Fe pre-edge peak were greatly improved by 367 

applying a gaussian smoothing filter to these maps (0.03 eV for the centroid and 0.003 for the 368 

intensity), and while this smoothing slightly degrades the effective spatial resolution of the 369 

image, it is an important step for improving the Fe redox quantification. The unsmoothed 370 

centroid and intensity maps are provided in Supplementary Information Figure 1.   371 
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The distribution of the pixel density that results from plotting the centroid and intensity 372 

calculated at every pixel on the Fe variogram illustrates that four end-member Fe valence and 373 

coordination states exist in the sample (Figure 6): (1) an octahedral Fe(II) endmember, which 374 

likely corresponds to olivine; (2) a mixed-valence endmember containing significant [IV]Fe(III) 375 

having low abundance that likely corresponds to magnetite; (3) a mostly-octahedral Fe(III) 376 

phase; and (4) a mostly octahedral endmember centered around 85% Fe(III)/∑Fe. Serpentine, the 377 

hydroxide phase, and pyroaurite are likely associated with endmembers 3 and 4, but the correct 378 

assignment of these minerals is not evident based on Figures 5 and 6 alone.  379 

While magnetite contains equal parts [6]Fe(II), [6]Fe(III), and [4]Fe(III), it typically plots 380 

above the [6]Fe(II)-[4]Fe(III) join on the Fe variogram (c.f. Wilke et al. 2001). This anomalously 381 

high integrated intensity associated with magnetite could potentially be caused by a combination 382 

of several effects: (a) cation substitution by Cr and/or Ti leading to displacement of Fe(II) into 383 

the tetrahedral sites (Wilke et al. 2001; Pearce et al. 2010), (b) overabsorption due to the high 384 

density of Fe in magnetite (see below, “Analysis of Fe(III)/∑Fe Quantification Errors” for a 385 

discussion of the effect of overabsorption), and (c) additional contributions to the pre-edge peak 386 

caused by longer-range interactions of the photoelectron with surrounding atoms which can 387 

occur in Fe oxides (Wilke et al. 2001). The exact Fe(III)/∑Fe, which is likely very close to 67%, 388 

is not of particular interest in this study. Any error in the determination of Fe(III)/∑Fe that might 389 

be introduced by these factors is mitigated by the fact that the calculation is invalidated when the 390 

integrated intensity increases above the [6]Fe(II)-[4]Fe(III) join on the Fe variogram. 391 

The Fe(III)/∑Fe ratio was calculated for every pixel based on where it plots relative to 392 

the tielines on the variogram. These values are then depicted in a spatially resolved manner, 393 

resulting in a map of the Fe redox state in terms of Fe(III)/∑Fe (Figure 7A). This map illustrates 394 

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA) 
Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2020-7359

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



  Revision 1 

 19 

the reduced nature of the relict olivine especially near the cores of the olivine crystals, with a 395 

transition to more intermediate redox at the olivine rim. The areas of the map that contain spinel 396 

phases and serpentine are also intermediate in Fe redox. Finally, the most oxidized areas of the 397 

map are the mesh cores containing pyroaurite and the hydroxide phase.  398 

The Fe fluorescence map excited above the Fe K-edge at 7200 eV (shown in Figure 5A) 399 

is a proxy for the Fe concentration. Thus, it is possible to multiply this fluorescence signal by the 400 

Fe(III)/∑Fe to determine the amount of fluorescence due to Fe(III), and by 1-(Fe(III)/∑Fe) for 401 

the amount of fluorescence due to Fe(II). These values can then be mapped to green and red 402 

color intensities in order to construct a composite map of Fe(II) and Fe(III) distribution (Figure 403 

7B). Phases which contain a relatively high concentration of Fe(II) appear in bright green, and 404 

this map demonstrates clearly that olivine is the dominant host of Fe(II). In contrast, the 405 

pyroaurite and hydroxide phase in the mesh cores appear to incorporate the majority of Fe(III) 406 

present in the sample, as shown in bright red. This map also underscores that while serpentine 407 

contains both Fe(II) and Fe(III), it is not Fe-rich (the low Fe concentration is represented by the 408 

dark color), and hence it is not a major host of either Fe(II) or Fe(III).  409 

While visually correlating the Fe redox maps with the Raman mineralogy maps gives 410 

helpful insight into the distribution of Fe(II) and Fe(III) among the mineral phases, it is possible 411 

to combine these datasets in order to quantify the Fe redox of each mineral phase by merging the 412 

Fe redox and the Raman mineralogy maps. The two maps were projected into the same 413 

coordinate system by matching features of the TiO2 fiducial marks in both maps and calculating 414 

an appropriate transformation (Supplementary Information Figure 3). This allows the Raman 415 

mineralogy map to be interpolated onto the Fe redox map grid, resulting in paired Raman-416 

Fe(III)/∑Fe data at each pixel. Information from one map (mineral identification from the Raman 417 
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map) can be layered onto the data in the other (Fe(III)/∑Fe in the Fe redox map). Pixels 418 

representative of distinct mineral phases can then be individually identified on the Fe variogram 419 

(Figure 8A). The minerals separate into different regions of the variogram, reflecting their 420 

unique Fe speciation. The spread in the distributions reflect the uncertainty in the Fe(III)/∑Fe 421 

quantification, mixed analyses, and miscategorization of the minerals, as well as any natural 422 

variation that may exist within each mineral phase (Figure 8B). Pixels dominated by an olivine 423 

signal in the Raman map, and thus classified as olivine, span a wide range in Fe(III)/∑Fe, from 424 

0% to ~60%, which is likely due to a combination of mixed-phase analyses, particularly in pixels 425 

that include fine-scale olivine weathering products, and/or small errors in the co-registration 426 

process.  Serpentine is concentrated between 65% and 85% Fe(III)/∑Fe. The hydroxide phase is 427 

the most oxidized phase in the map, with Fe(III)/∑Fe ranging from 90 to 100%. Finally, 428 

pyroaurite separates into two populations of pixels, with the majority ranging from 70% to 100% 429 

Fe(III)/∑Fe, overlapping with serpentine and the hydroxide phase. A smaller portion of the 430 

pixels overlaps with the most oxidized olivine pixels (45% to 60% Fe(III)/∑Fe). The larger 431 

population of more oxidized pyroaurite pixels are associated with mesh cores containing 432 

pyroaurite and hydroxide phase, while the more reduced pyroaurite pixels were found in the 433 

pyroaurite rim around olivine.   434 

 435 

Analysis of Fe(III)/∑Fe Quantification Errors 436 

The error associated with the Fe redox quantifications shown in Figures 6 and 7 was 437 

estimated as a combination of errors from several sources. The underlying Fe variogram method 438 

of Wilke et al. (2001), which was applied to mineral powders, has an inherent error of ±10% 439 

Fe(III)/∑Fe, which accounts for errors and uncertainties associated with the different mineral 440 
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structures, extraction of the centroid and intensity through peak fitting, variogram calibration, 441 

and energy drift of the beam.  442 

An additional source of error is necessarily introduced when this technique is applied at 443 

the microscale, since the observed XANES spectrum and pre-edge peak shapes of anisotropic 444 

minerals depend on crystallographic orientation relative to the polarization direction of the X-ray 445 

beam (Dyar et al. 2001, 2002a; Muñoz et al. 2013; Evans et al. 2014; Dyar et al. 2016b). Since 446 

we cannot control for these orientation effects when mapping across many mineral grains in a 447 

thin section, these effects manifest as errors in our Fe(III)/∑Fe measurement. The magnitude of 448 

the orientation error is mineral-dependent, but data is available for only a few minerals. Muñoz 449 

et al. (2013) showed that orientation effects could cause Fe(III)/∑Fe to be underestimated by up 450 

to 10% or overestimated by up to 5% for antigorite, which is probably a good approximation for 451 

the serpentine-group minerals, chrysotile and lizardite, we observed. Since the magnitude of the 452 

orientation effects for olivine, pyroaurite, hydroxide phase, etc. are not known, we have extended 453 

the measurements of Muñoz et al. (2013) for antigorite to all of the minerals in our sample, 454 

acknowledging that there may be additional error in those measurements. We discuss the 455 

sensitivity of the overall error to stronger orientation effects below. Muñoz et al. (2013) shows 456 

that the error follows a sine function with the orientation angle, and it is important to note that 457 

for a random uniform distribution of orientations, this leads to error with an arcsine probability 458 

distribution between -10% and 5%, so that the more extreme errors near -10% and 5% are 459 

somewhat more probable than smaller absolute errors (Supplementary Information Figure 4).  460 

The error due to the coarse sampling of the XANES spectrum and our background fitting 461 

and pre-edge peak integration techniques was determined by comparing the results of these 462 

procedures to those of the classical approaches (e.g. Bajt et al. 1994; Galoisy et al. 2001; Wilke 463 
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et al. 2001) on 12 full XANES spectra collected within the OM14-07 sample plus three replicate 464 

spectra collected on each of a set of 3 well-characterized materials provided by F. Bourdelle (two 465 

chlorite specimens and one clintonite specimen which were not used in calibrating the 466 

variogram). Manual peak fitting was performed using Athena (Ravel and Newville 2005) with 467 

the background modelled by a smoothing spline fit through the data several eV below and above 468 

the pre-edge peak. The pre-edge peak was fit with gaussian peak shapes, and the heights, widths, 469 

and centroid positions were allowed to float. A separate variogram was calibrated for this 470 

approach, based on standard spectra treated analogously. The spectra were then also down-471 

sampled to the 10 energies used in mapping, and treated analogously to the redox map including 472 

the baseline fitting and centroid/integrated intensity calculation approaches. The treatment of 473 

variogram calibration standards differed only in that the spectra were not down-sampled to the 474 

10 mapped energies as the “sample” spectra were, since the full resolution of the standard spectra 475 

is also used to calibrate the variogram applied to the Fe(III)/∑Fe redox map. The Fe(III)/∑Fe 476 

determined for these spectra are compared in Figure 9a. Our approach to determining the 477 

Fe(III)/∑Fe, applied to spectra that were down-sampled to the energies measured in the map 478 

dataset, was able to reproduce the Fe(III)/∑Fe measured from the full resolution spectrum with a 479 

complex baseline and peak-fitting, with an error of ± 6.2%. Furthermore, while only three known 480 

“standards” were evaluated, the Fe(III)/∑Fe measured using our approach on the down-sampled 481 

spectra of the chlorite and clintonite specimens was close to the known value, with a root mean 482 

squared error (RMSE) of ± 9.8% (Figure 9b), consistent with the ±10% error associated with the 483 

original variogram method (Wilke et al. 2001). 484 

We used Monte Carlo simulations to propagate the uncertainty associated with the 485 

counting statistics of our short dwell time through to the centroid position, integrated intensity, 486 
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and Fe(III)/∑Fe  quantification. For every fluorescence measurement (i.e. at every pixel and 487 

every excitation energy), we simulated 200 new fluorescence measurements by randomly 488 

sampling a Poisson distribution with parameter λ equal to the fluorescence that was actually 489 

observed. We then repeated the whole procedure for determining the Fe(III)/∑Fe on the 490 

simulated maps, which resulted in a simulated distribution composed of 200 Fe(III)/∑Fe 491 

estimates at each pixel. This error due to shot noise led to errors of ±0.10 eV on the pre-edge 492 

peak centroid and ±0.0067 on the pre-edge peak intensity (note that these error estimates for shot 493 

noise should not be interpreted as the total uncertainty on the centroid or integrated intensity). 494 

However, this was significantly reduced, to ±0.03 eV and ± 0.0026 on the centroid energy and 495 

intensity respectively, by the gaussian smoothing filter applied to the centroid and intensity maps 496 

prior to the Fe(III)/∑Fe determination. Thus, the Fe(III)/∑Fe error due to shot noise was ±3.2% 497 

overall. These errors are a function of the Fe fluorescence counts, and are therefore greater for 498 

Fe-poor minerals or pixels.  499 

When XANES spectra are collected in fluorescence, overabsorption (often called self-500 

absorption) can occur if the sample is thick or relatively concentrated in the element being 501 

measured. The main effect of overabsorption in the context of our dataset would be to decrease 502 

the fluorescence measured above the edge at 7200 eV. Upon normalization to this value, the 503 

fluorescence along the pre-edge region would appear higher than it would for an appropriately 504 

thin or dilute sample, and this would cause the measured integrated intensity of the pre-edge 505 

peak to increase.  506 

We modeled the effects of overabsorption on the map using theoretical equations for 507 

overabsorption in samples of finite thickness (Haskel 1999; Booth and Bridges 2005) and the 508 

tables of absorption coefficients of Hubbell and Seltzer (2009). The equations account for the 509 
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beamline geometry (45° angle between the beam and the sample, 45° between the sample and 510 

the detector), sample composition, and sample thickness. We considered four different chemical 511 

compositions:  serpentine (Mg# 0.96 based on the EPMA results), olivine (Mg# 0.90), pyroaurite 512 

(ideal formula; Mg6Fe2(OH)16CO3  4 H2O), and magnetite (ideal formula; Fe3O4). For 513 

serpentine, olivine, and pyroaurite, we assumed the thickness of the sample was 30 µm. Due to 514 

the high density of Fe in magnetite, this phase has the potential to cause strong overabsorption. 515 

Magnetite is present mostly as fine, dispersed grains, thus we assumed a typical thickness for 516 

magnetite of 3 µm, for which the over-absorption would be smaller. Since the over absorption 517 

estimates for each mineral composition considered for this sample were similar, they were 518 

pooled to estimate the overall error from over absorption.  519 

The results of the simulation show that overabsorption was minimal in the sample we 520 

studied. Because of the density of Fe, magnetite would have been the phase most affected by 521 

overabsorption. While one larger grain of magnetite was present in the map area, and the 522 

overabsorption effect was large enough to push the integrated intensity of those pixels above the 523 

[VI]Fe(II)-[IV]Fe(III) join, this was isolated to a small number of pixels (shown in magenta in 524 

Figure 7). Since the Fe(III)/∑Fe values were invalidated for those pixels, it did cause erroneous 525 

Fe(III)/∑Fe estimates. Calculations for olivine, serpentine, and pyroaurite with a thickness of 30 526 

µm, and for magnetite with a thickness of 3 µm, indicate that overabsorption could have caused 527 

the integrated intensity to increase by 0.01 ± 0.005, whereas the centroid energy would have 528 

been unchanged (0.000 ± 0.002 eV). The over-estimated intensity, in turn, would have caused 529 

Fe(III)/∑Fe to be underestimated by 1% ± 1%. Thus, overabsorption contributes negligible error 530 

compared to the other factors we considered. 531 
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The error on the Fe(III)/∑Fe measurement of each pixel in our map is a combination of 532 

the errors from the various sources discussed above, but because they are not all normally 533 

distributed (especially the error due to orientation effects, which is asymmetric and has a 534 

complex arcsine distribution), they cannot be simply added in quadrature. Monte Carlo 535 

simulation of the total error based on random sampling of the component error distributions leads 536 

to a total uncertainty of ±14% Fe(III)/∑Fe (RMSE). The mean error is -2%, due to a slight 537 

systematic bias introduced by the asymmetry of the errors from orientation and overabsorption. 538 

Using the more severe orientation effects measured for biotite, which are associated with an error 539 

with a total range of -15% to 10% Fe(III)/∑Fe (Muñoz et al. 2013; in general agreement with 540 

Dyar et al. 2001, 2002a), increases the total RMSE to ±15% Fe(III)/∑Fe (the systematic bias 541 

increases to -3%). Finally, we note that this error analysis gives the uncertainty of the 542 

Fe(III)/∑Fe value derived for a single pixel in the map. A portion of this error can be averaged 543 

out when considering larger groups of pixels, such as those belonging to various minerals as 544 

shown in Figure 8.   545 
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Discussion 546 

Characterization of Oman serpentinite using Fe redox mapping 547 

Understanding the evolution of Fe redox state in hydrated peridotites is key to unraveling 548 

the sequence of Fe transformations that have occurred and determining the timing, temperature, 549 

and probability of H2 production. The oxidation of Fe(II) derived from primary minerals to form 550 

Fe(III)-bearing secondary minerals can be coupled to the reduction of water and the release of 551 

H2, with important implications for habitability (e.g. Sleep et al. 2004; McCollom and Bach 552 

2009). Fe(II) originally released during hydration of olivine (or other primary minerals such as 553 

pyroxene) is partitioned among a variety of Fe-bearing secondary minerals with a wide range of 554 

Fe redox states, including awaruite (Fe0), brucite (Fe2+), serpentine minerals (variable Fe2+ and 555 

Fe3+), magnetite (1 Fe2+ : 2 Fe3+), and a variety of Fe(II-III)-(hydr)oxides (variable Fe2+ and 556 

Fe3+). These reactions often occur over several episodes of alteration and are responsive to many 557 

aspects of the evolving mineral assemblage and fluid chemistry. Determining how Fe has been 558 

partitioned among the various extant mineral phases is a key step to deciphering the sequence of 559 

mineral transformations and variety of reaction conditions (including temperature, oxygen 560 

fugacity, and water:rock ratio), particularly with respect to Fe redox behavior during mineral 561 

alteration and hydration (Andreani et al. 2013; McCollom et al. 2016; Mayhew et al. 2018). The 562 

finely intergrown textures of several of the Fe-bearing minerals such as serpentine and brucite 563 

necessitates a microscale approach to quantifying Fe redox state, because the presence of Fe(III) 564 

in the serpentine structure is an important signal that H2 production could have occurred, 565 

whereas the diversion of Fe(II) for the formation of brucite is not associated with H2 production 566 

(McCollom and Bach 2009; Klein et al. 2014).  567 
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Application of the Fe redox mapping approach we developed has enabled us to identify 568 

key changes in Fe speciation and valence during serpentinization and weathering reactions in the 569 

Oman ophiolite. Surface outcrop sample OM14-07 from the Oman ophiolite is a partially 570 

serpentinized peridotite that has likely undergone multiple episodes of water/rock interaction, 571 

including during hydrothermal circulation on the seafloor and during obduction (Neal and 572 

Stanger 1985; Streit et al. 2012; Bonnemains et al. 2016). Each of the mineral phases observed in 573 

OM14-07 can incorporate Fe in one or more of its valence states. The mesh-textured serpentine 574 

hosts cores of relict olivine rimmed by pyroaurite. However, many of the mesh cores lack olivine 575 

and are completely replaced by a mixture of pyroaurite and a hydroxide phase. The close 576 

association of pyroaurite with olivine is suggestive of a sharp redox gradient within this sample 577 

because pyroaurite is Fe(III)-rich while olivine is a primary Fe(II)-bearing mineral. Still, without 578 

making direct measurements of Fe(III)/∑Fe it is difficult to infer the redox state of Fe in many of 579 

the multi-valent phases present in this sample, especially serpentine and the hydroxide phase.  580 

Olivine was the most reduced mineral phase in the map area. The quantification of 581 

Fe(III)/∑Fe values in pixels where the Raman spectrum shows olivine to be the dominant phase 582 

spans a broad range of 0-60%. Olivine is known to accommodate very little Fe(III), therefore the 583 

oxidized pixels observed here must not reflect Fe within primary olivine. Some of this spread 584 

likely represents an overlap of olivine and Fe(III) bearing minerals in the XRF analysis volume 585 

(especially given the presence of pyroaurite immediately rimming the olivine). The beamline 586 

geometry is such that the incident X-ray beam encounters the sample at a 45° angle, and the 587 

analysis depth of the XRF Fe(III)/∑Fe dataset is much greater than that of the confocal Raman 588 

mineralogy dataset, all of which could create situations where mixed analyses are collected even 589 

in locations where the Raman spectrum is very pure. Additionally, inaccuracies in the co-590 
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registration of the redox and Raman maps and/or miscategorization of mixed pixels as olivine in 591 

the Raman map could contribute to the wide distribution of observed Fe(III)/∑Fe in olivine. 592 

Areas of the map containing olivine appear to have strongly reduced cores and more oxidized 593 

rims, which would be consistent with mixed analyses near the edges of the olivine grains causing 594 

the more oxidized values. Finally, it is also possible that additional oxidized weathering products 595 

of olivine have formed and were not detected except through their oxidized Fe signature (perhaps 596 

in submicrometer channels within the olivine, e.g. Banfield et al., 1990). 597 

Serpentine minerals are known to incorporate significant amounts of Fe(II) and/or Fe(III) 598 

(Evans et al. 2009; Andreani et al. 2013; Beard and Frost 2016). Using only optical and Raman 599 

observations, the Fe(III)/∑Fe of serpentine in this sample was entirely unconstrained, however 600 

the accommodation of Fe(III) into serpentine could play an important role in facilitating H2 601 

production (Andreani et al. 2013; Klein et al. 2014) in the magnetite-poor rocks typical of the 602 

Oman ophiolite (Bonnemains et al. 2016). Additionally, it is of interest to know the range and 603 

distribution of Fe(III)/∑Fe for serpentine, since multiple generations of serpentine might occur 604 

with Fe redox (Andreani et al. 2013). Our results demonstrate that although the lizardite and 605 

chrysotile in this sample are Fe-poor compared to olivine, pyroaurite, and the hydroxide phase, 606 

they have a distinct intermediate Fe redox composition, around 65-85% Fe(III)/∑Fe. The 607 

observed Fe(III)/∑Fe of the chrysotile/lizardite mixture is consistent with measurements of 608 

Fe(III)/∑Fe of lizardite and/or chrysotile from other settings determined by Mössbauer 609 

spectroscopy (O’Hanley and Dyar 1993, 1998; Votyakov et al. 1993; O’Hanley and Wicks 1995; 610 

Klein et al. 2009; Evans et al. 2012; Greenberger et al. 2015; Mayhew and Ellison 2020). In 611 

general, lizardite tends to accommodate a greater proportion of Fe(III) than chrysotile does 612 

(O’Hanley 1996; O’Hanley and Dyar 1998; Mayhew and Ellison 2020), but there is no clear 613 
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relationship between the dominant serpentine polymorph and Fe(III)/∑Fe within the map area, at 614 

least at the resolution of the Raman and redox maps (Figures 3 and 7). Small grains of magnetite 615 

are present within serpentine in the map area in some places, and can be seen as opaque minerals 616 

in Figure 2 and as small regions with elevated Fe fluorescence and integrated intensity in Figure 617 

5. Since the nominal Fe(III)/∑Fe of magnetite is 67%, it is possible that Fe in magnetite is 618 

responsible for some of the lower Fe(III)/∑Fe pixels in the distribution of serpentine; however, 619 

we expect the number of affected pixels to be small.   620 

We detected a Fe-bearing hydroxide phase which we have not been able to further 621 

identify. Its Raman spectrum includes the major peaks observed in Raman spectra of brucite 622 

(278 cm-1, 444 cm-1, and 3640 cm-1) and indicates the presence of hydroxyl groups (Lutz et al. 623 

1994). EPMA analyses show that this phase contains major Mg and Fe and no appreciable Si, 624 

while the low analytical total suggests major H2O, CO2, or other volatiles. The EPMA analysis 625 

was most consistent with Fe-bearing brucite, although the total is lower than would be expected 626 

for Fe(II)-substituted brucite (for example, Mg0.82Fe0.18(OH)2 would contain 28.1% H2O and 627 

would be expected to give an analytical total of 71.9%, but this phase has a total of only 64.6%, 628 

suggesting that it contains up to 35.4% H2O). However, the Raman spectrum could not be 629 

matched to any mineral in the RRUFF database due to the presence of additional Raman peaks 630 

not found in the spectrum of brucite (doublet between 540 cm-1 and 620 cm-1), nor could it be 631 

modeled as a mixture of multiple Raman spectra such as brucite and an Fe(III)-(hydr)oxide 632 

mineral. Since the identity of this phase was unknown, so too was its Fe redox state. 633 

Understanding the redox state is likely valuable information to aid in elucidating the structure 634 

and origin of this puzzling mineral phase. Since this phase was intimately mixed with pyroaurite, 635 
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it would have been difficult to select locations to collect pure individual XANES spectra or know 636 

which spectra were most representative of this phase.  637 

The Fe redox mapping approach revealed that the hydroxide phase is quite Fe(III)-rich, 638 

having a high normalized Fe fluorescence signal and Fe(III)/∑Fe > 90%. Brucite is a common 639 

product of serpentinization of olivine, and significant Fe(II) is known to substitute for Mg in the 640 

brucite structure, but much less Fe(III) (perhaps up to ~10% Fe(III)/∑Fe; Beard and Frost 2016). 641 

Thus, the high Fe(III) content supports our conclusion that the hydroxide phase is 642 

mineralogically distinct from brucite. However, the Fe(III) does not seem to be incorporated in 643 

an Fe(III)-(hydr)oxide structure, based on the Raman spectrum (Faria et al. 1997; Hanesch 644 

2009). We infer that it is likely a Mg-Fe(III)-hydroxide phase, perhaps with a layered double 645 

hydroxide structure composed of trioctahedral brucite-like sheets bearing net positive charge, 646 

which is balanced by interlayer anions. Many of the Raman peaks in the hydroxide phase 647 

spectrum could be explained by such a layered double hydroxide structure, with the feature at 648 

620 cm-1 remaining notably unexplained. Unlike pyroaurite, it does not appear to contain any 649 

carbonate since no C-O stretch band is observed around 1070 cm-1 in the Raman spectrum. Since 650 

there is little Cl or S associated with this phase, the interlayer anion might possibly be OH-, such 651 

as in the layered double hydroxide mineral muskoxite (approximate formula Mg7Fe4
3+(OH)26 ∙652 

4H2O), which remains incompletely characterized in general and for which we are not aware of a 653 

published Raman spectrum (Jambor 1969; Mills et al. 2012). 654 

Pyroaurite is an important host of Fe(III) in the observed alteration assemblage. The 655 

structure of pyroaurite (as well as the related Mg-Fe-CO3 hydrotalcite-group minerals 656 

brugnatellite and coalingite) is composed of brucite sheets, substituted with Fe(III), with 657 

intercalated carbonate ions balancing the excess positive charge of the brucite sheets (Hansen 658 
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and Koch 1995). On the basis of this structural similarity, pyroaurite could be thought of as an 659 

oxidized and partially carbonated form of brucite. Pyroaurite has been described associated with 660 

serpentinite from Oman, and is often associated with near-surface weathering of brucite-bearing 661 

serpentinites (Mumpton and Thompson 1975; Taylor et al. 1991; Boschi et al. 2017). Pyroaurite 662 

is likely able to incorporate some Fe(II) through substitution for Mg2+ in the brucite sheets 663 

corresponding to a solid solution with a green rust carbonate end-member, which has an 664 

analogous layered double hydroxide structure and is known to incorporate Mg2+ (Refait et al. 665 

2001; Feder et al. 2005).  666 

While Fe(III)/∑Fe of pixels dominated by pyroaurite span a wide range from 45% to 667 

100%, much of this variation could be due to mixed analyses. The most reduced values are 668 

associated with pyroaurite rims around olivine and therefore could be influenced by Fe(II) in 669 

olivine. Most of the pyroaurite was not associated with olivine, but instead was associated with 670 

the more oxidized hydroxide phase, and was therefore unlikely to be significantly influenced by 671 

Fe(II) in neighboring phases. This pyroaurite was found to contain around 75% - 95% 672 

Fe(III)/∑Fe, suggesting the presence of minor Fe(II) in the pyroaurite structure.  673 

 674 

Insights into serpentinization processes in the Oman ophiolite 675 

The sample we examined is partially serpentinized, and has likely been subjected to 676 

multiple stages of serpentinization. One or more earlier stages of serpentinization may have 677 

produced the chrysotile veins throughout the investigated area, which include minor magnetite. 678 

The most recent stage of serpentinization likely occurred at relatively low temperatures, and 679 

produced lizardite and Fe-rich brucite (which was consumed by subsequent reactions) in rims 680 

around olivine and in mesh cores lacking olivine. The mesh-rim zonation with brucite forming a 681 
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rim between the olivine core and the serpentine of the outer rim has been described by Klein et 682 

al. (2009), who concluded that this indicated a strong gradient in silica activity from the olivine-683 

brucite reaction front to the intergranular fluid with a higher SiO2 activity derived from 684 

serpentinization of orthopyroxene.  685 

We suggest that Fe(II)-brucite, first produced from the hydration of olivine, later became 686 

oxidized during reaction in the near-surface environment with an oxidizing, carbonate-bearing 687 

fluid, producing both pyroaurite and the Fe(III)-bearing hydroxide phase. This oxidation could 688 

have occurred in the shallow aquifer observed in the Oman ophiolite (Neal and Stanger 1983, 689 

1985; Miller et al. 2016; Rempfert et al. 2017), or during subaerial weathering by meteoric water 690 

when the sample was exposed at the outcrop. This two-stage reaction sequence is consistent with 691 

interpretations of layered double hydroxide mineral occurrence after Fe-rich brucite in other 692 

serpentinized rocks (Heling and Schwarz 1992; Bach et al. 2004; Boschi et al. 2017), and with 693 

the well-known reaction producing Fe-rich brucite during olivine hydration (Frost and Beard 694 

2007; McCollom and Bach 2009). However, we cannot rule out the possibility that the hydration 695 

of olivine occurred under oxidizing conditions, directly producing pyroaurite and the oxidized 696 

hydroxide phase. 697 

If Fe(II)-rich brucite was initially formed as we suggest, this implies that it would have 698 

occurred under reducing conditions. At least a portion of the serpentine in the sample would have 699 

formed contemporaneously with the brucite to accommodate SiO2 released by olivine, and we 700 

assume that the serpentine within our map area is representative of the Fe(III)/∑Fe of this 701 

relatively recent generation of serpentine. Thus, oxidation of Fe incorporated into that serpentine 702 

may have occurred via reduction of water and production of H2.  703 
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Measurements of Fe(III)/∑Fe have allowed us to identify two main stages of reaction that 704 

have led to the Fe speciation observed in sample OM14-07.  Serpentinization of primary olivine, 705 

potentially in multiple stages, lead to the concurrent formation of serpentine and abundant, Fe-706 

rich brucite. We infer that this reaction occurred under reducing conditions because a large 707 

proportion of Fe(II) liberated from olivine was sequestered into Fe(II)-brucite. This Fe(II) played 708 

no role in H2 production. However, approximately 70% of the Fe incorporated into the serpentine 709 

was oxidized to Fe(III), and this oxidation of Fe could have contributed to the formation of H2. 710 

Subsequently, upon exhumation and weathering by oxidizing, CO2-bearing shallow groundwater 711 

and/or meteoric fluids, the Fe-rich brucite further reacted to form a mixture of pyroaurite and an 712 

oxidized hydroxide phase. If O2 or other oxidants other than water were present and participated 713 

by oxidizing the Fe, these reactions would not result in the production of H2.  714 

  715 

Comparison to other methods for measuring microscale Fe(III)/∑Fe 716 

While there are several other approaches available for the microscale determination of Fe 717 

redox state, no other approach would have allowed us to access all of the information contained 718 

in the Fe redox image. Electron energy loss spectroscopy (EELS) (van Aken and Liebscher 719 

2002; Cavé et al. 2006; Kim and Dong 2011) and scanning transmission X-ray microscopy 720 

(STXM) (Bourdelle et al. 2013; Elmaleh et al. 2015) have nanoscale spatial resolution, which is 721 

required in certain systems where nanoscale mineral intergrowths and redox variations are under 722 

investigation. However, both require sample preparation for a transmission-mode experiment, 723 

and the area that is interrogated is limited to a few square micrometers or less. X-ray photo-724 

emission electron microscopy (XPEEM) allows qualitative Fe(III)/∑Fe mapping, and can be 725 

combined with quantitative microscale spot analyses on thin section samples (De Stasio et al. 726 
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2001; Schofield et al. 2014), but we are not yet aware of any demonstration of truly quantitative 727 

Fe redox mapping with XPEEM. Conventional Mössbauer spectroscopy has allowed spot 728 

analyses of Fe redox at the milliscale (McCammon 1994; McCammon et al. 2001), while recent 729 

advances in synchrotron Mössbauer spectroscopy have permitted microscale analyses of Fe 730 

redox (Potapkin et al. 2012; Yan et al. 2012), but neither technique has yet been optimized for 731 

mapping Fe redox state. Similarly, a method of determining Fe redox state by analyzing the Fe 732 

L2,3 edges by electron microprobe (e.g. Höfer et al. 1994) requires a wavelength scan that is 733 

time-consuming and has not been adapted to mapping.  734 

Electron microprobe analysis (EMPA) can be used to quantify redox state by assuming a 735 

specific mineral stoichiometry to calculate charge-balance (e.g. Droop 1987). The EMPA charge 736 

balance approach has been adapted to quantitative mapping of Fe redox in some geological 737 

samples by focusing on a single mineral for which stoichiometric charge balance is well-738 

constrained (Vidal et al. 2006), but this approach would be difficult to apply to a complex 739 

mineral assemblage, especially one that includes minerals without rigid stoichiometric 740 

constraints for Fe substitution, such as serpentine (Beard and Frost 2016).  741 

Fe redox mapping has previously been achieved using XANES approaches related to the 742 

method we have described. Multiple energy mapping at the Fe K-edge has been applied with 743 

excellent precision to garnets in a peridotite xenolith by Berry et al. (2013). The excitation 744 

energies they selected and the intensity ratio they calculated for quantitative Fe(III)/∑Fe 745 

mapping was specifically designed for garnets and is not applicable to other minerals. Using a 746 

synchrotron beamline equipped with dispersive optics that allow a full XANES spectrum to be 747 

quickly collected at each mapping pixel, the position of the main Fe K-edge has been mapped as 748 

a proxy for Fe(III)/∑Fe (Muñoz et al. 2006). Though their hyperspectral datasets do include the 749 
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pre-edge peak, these authors focus on the position of the main-edge position to generate a 750 

qualitative Fe redox map, which they compare to a second quantitative map derived from EMPA 751 

and charge-balance calculations. A similar approach based on a dispersive setup and the main-752 

edge position was used by Andreani et al. (2013) to qualitatively image Fe redox and applied to a 753 

serpentinite with complex Fe chemistry.  754 

The multiple energy mapping approach using the Fe pre-edge peak that we present here 755 

fills a critical gap in our current capabilities. Each alternative method has provided valuable 756 

information in the studies in which they have been applied and there is certainly the potential for 757 

further improvements and development. However, none of these techniques could have provided 758 

the quantitative Fe(III)/∑Fe map of a microscale area containing a diversity of Fe-bearing 759 

minerals in a standard petrographic thin section.   760 

 761 

Limitations of method 762 

The technique for determining Fe redox based on the Fe pre-edge peak has been the 763 

subject of many developments since it was first applied by Bajt et al. (1994). One important 764 

contribution was the introduction of the Fe variogram by Wilke et al. (2001), accounting for 765 

varying pre-edge peak intensity depending on coordination number, which affects the relative 766 

contribution to the pre-edge peak centroid. Other important developments include the 767 

development of mineral-specific calibrations (e.g. Dyar et al., 2012), studies of the crystal 768 

orientation effects on the pre-edge peak and redox estimate (e.g. Dyar et al. 2002a; Muñoz et al. 769 

2013), and the application of new multivariate statistical approaches (e.g. Dyar et al. 2016a, 770 

2016b; Marcus et al. 2008).  771 
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As with any X-ray based technique, there is potential for photo-oxidation of Fe caused by 772 

heating under the X-ray beam (Brown and Sturchio 2002). Debret et al. (2014) characterized the 773 

effect of beam damage on the pre-edge peak centroid position of serpentine, and found a shift of 774 

the centroid to higher energies of ~0.13 eV and ~0.07 eV, resulting in an over-estimation of 775 

Fe(III)/∑Fe of less than 10% and 5% for antigorite and lizardite respectively over a period of 25 776 

minutes of exposure. Cottrell et al. (2018) showed that beam damage can occur quickly in 777 

hydrous glasses, over timescales of just a few minutes, and depend on the X-ray photon flux. 778 

Though these characterizations were performed on different beamlines with different beam 779 

characteristics, we expect the effect of beam damage on the redox mapping results to be 780 

insignificant because of the way the maps are collected. Each pixel receives a series of 10 781 

exposures lasting only 90 ms each, with several seconds between the exposures, as one row of 782 

the map is scanned at each excitation energy before advancing to the next row. Still, it is 783 

important to be aware of this potential complication because the sensitivities of other minerals to 784 

beam damage are unknown.  785 

Since our method relies on the variogram calibration of Wilke et al. (2001), our method is 786 

subject to the constraints of that method. The variogram allows mixtures of three Fe 787 

redox/coordination endmembers to be calibrated, and the version of the Fe variogram we applied 788 

is calibrated for mixtures of VIFe(II), VIFe(III), and IVFe(III) only. This assumption is valid for all 789 

of the phases detected in our sample. Fe(III)/∑Fe quantification using the variogram approach 790 

may be impossible if more than three Fe redox-coordination combinations are present in the 791 

phases of interest in a given sample (Wilke et al. 2001).  792 

We have shown that an appropriate baseline can be fit to the pre-edge peak, and the entire 793 

pre-edge peak can be integrated to determine the centroid and integrated intensity required for 794 
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the redox determination. However, because our approach does not involve the least-squares 795 

fitting of peak shapes to the pre-edge peak (e.g. with software such as ATHENA, Ravel and 796 

Newville 2005), which is not feasible with the small number of points that can be measured 797 

during mapping, it is limited to materials that do not contain additional pre-edge peak 798 

components. This includes phases like hematite and ferrihydrite, Fe(III) phases with pre-edge 799 

peak features falling at higher energies than those used in the Fe(III)/∑Fe calibration. These 800 

peaks would interfere with the baseline fitting and Fe(III)/∑Fe determination in our method. It 801 

may be possible to apply the Fe(III)/∑Fe mapping approach in samples containing such phases if 802 

they are assumed to contain only Fe(III) and are not the phases of interest. However, care must 803 

be taken to ensure that these phases are not intergrown with the phases of interest since they 804 

would significantly bias the Fe(III)/∑Fe measurement.  805 

For the highest accuracy in Fe(III)/∑Fe quantification, it is clear that mineral-specific 806 

calibrations should be performed; in other words, samples should be compared to a set of 807 

standards of the same mineral phase with a range of Fe(III)/∑Fe. Studies that have compared the 808 

calibrations determined for different mineral groups (or chemical compositions of glasses), or 809 

compared mineral specific calibrations to general calibrations like those of Bajt et al. (1994), 810 

have shown that differences do exist (Dyar et al. 2001; Cottrell et al. 2009; Speicher et al. 2011). 811 

However, the more general calibrations allow multiple minerals (or mixtures) to be examined 812 

simultaneously, which is required for the type of mapping demonstrated in the current work. 813 

Thus, it is appropriate to apply the general calibration of Wilke et al. (2001) in this method, with 814 

appropriate care for its limitations and to account for its inherent uncertainty.  815 

Recently, more precision in Fe(III)/∑Fe quantification has been achieved using redox 816 

information contained in the regions of the spectrum at and above the main Fe K-edge (as 817 
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opposed to the pre-edge peak). Berry et al. (2010) reported a calibration for garnets (which are 818 

isotropic, and thus do not suffer from orientation effects) based on the post-edge intensity ratio at 819 

7138.4 eV and 7161.7, with stated errors of ±1% Fe(II)/∑Fe. Dyar et al. (2016a) used 820 

multivariate statistical models trained on the whole XANES spectrum to predict Fe(III)/∑Fe of 821 

silicate glasses with stated errors of ±3.4%. A similar multivariate approach applied to garnets 822 

(Dyar et al. 2012) yielded a model with a stated error of ±6.9% Fe(III)/∑Fe and performed better 823 

than the intensity ratio technique of Berry et al. (2010). When applied to anisotropic minerals, 824 

these multivariate statistical techniques taking into account the full spectrum have also been 825 

shown to perform better than techniques using the pre-edge peak. By collecting spectra from 826 

oriented single crystals of amphibole, it was possible to predict the Fe(III)/∑Fe of crystals with 827 

the same orientation with errors better than ±1% (depending on orientation and model type); 828 

when predicting randomly oriented crystals the error was ±5.5-6.2% (Dyar et al. 2016b). Clearly, 829 

the edge and post edge regions contain additional information on Fe valence state that cannot be 830 

extracted via the traditional pre-edge peak techniques. These studies show great promise for 831 

developing mineral-specific Fe(III)/∑Fe calibrations with increased accuracy with applicability 832 

to quantitative mapping. Still, these techniques are currently only applicable to individual 833 

mineral groups due to the strong confounding effects of mineral species on XANES spectrum 834 

structure; no such model is available that can be applied to a range of several mineral phases 835 

within a map area as shown here.  836 

Crystal orientation relative to the propagation and polarization directions of the X-ray 837 

beam is known to affect both the observed XANES spectrum structure as well as the pre-edge 838 

peak centroid and intensity, and is a significant source of error in the Fe(III)/∑Fe quantification 839 

reported here. Orientation effects on Fe redox estimates have been studied for a variety of 840 
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minerals (Dyar et al. 2001, 2002a; Muñoz et al. 2013; Evans et al. 2014; Dyar et al. 2016b). In 841 

the case of antigorite, Fe(III)/∑Fe could be underestimated by 10% or overestimated by 5%, an 842 

effect that is somewhat smaller than other phyllosilicate minerals such as talc and biotite (Muñoz 843 

et al. 2013). Serpentine crystallites in thin-section may be poorly-oriented to well-oriented on the 844 

scale of the X-ray spot size (Boudier et al. 2010; Andreani et al. 2013), which potentially reduces 845 

the magnitude of errors due to orientation within serpentine. Dyar et al. (2002b) noted changes in 846 

pre-edge peak shape for olivine but did not elaborate on orientation dependence of the centroid 847 

or intensity of the feature. Other minerals, including pyroaurite and the hydroxide phase, are 848 

likely impacted by orientation effects of unknown magnitude. For thin section samples, 849 

crystallographic orientation will be difficult to control when undertaking redox mapping. 850 

Through mapping, we interrogate many different crystals, some of which may have different 851 

orientations, which would have the effect of partially averaging out orientation effects in the 852 

sample overall. It may be possible to mitigate the errors associated with orientation through 853 

future method development. Evans et al. (2014) attempted to use electron back-scatter diffraction 854 

(EBSD) to measure the crystallographic orientation of biotite in thin section in order to apply a 855 

correction to Fe(III)/∑Fe measured by µXANES but encountered difficulty producing an 856 

effective correction model; still, this approach seems very promising. Multivariate statistical 857 

models trained on oriented single crystal standards (Dyar et al. 2016b) may also provide a means 858 

of eliminating this error source.  859 

 860 

Pre-edge redox mapping as a powerful tool to discern Fe valence state 861 

We combined the existing techniques of multiple energy X-ray fluorescence mapping and 862 

Fe-redox quantification with the Fe variogram to develop a method for microscale Fe redox 863 
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mapping. By collecting XRF maps at multiple energies across the pre-edge peak, we were able to 864 

reconstruct the shape and size of the pre-edge peak across more than 34,000 pixels. We 865 

developed an algorithm for finding a suitable baseline using this small number of measurements 866 

per pixel and were able to determine the centroid and integrated intensity at every pixel in the 867 

map. Based on a carefully calibrated Fe variogram and the centroid and intensity measurements, 868 

we quantified the Fe redox state in each pixel, expressed as the Fe(III)/∑Fe ratio. We also 869 

combined the Fe fluorescence map collected above the edge which qualitatively measures the 870 

distribution of total Fe within the map area to depict the relative amount of Fe(II) and Fe(III) 871 

among the various mineral phases present in the map area. Finally, we combined the Fe redox 872 

map dataset with a hyperspectral Raman mineralogical map to assess the oxidation state 873 

variability of each distinct mineral identified, even when some of these phases were intimately 874 

mixed at the microscale.  875 

Extending Fe redox quantification beyond microscale selected spot-analyses to generate 876 

fully quantitative maps provides a detailed rendering of the complex spatial variation of Fe 877 

valence state. Images provide spatially continuous information in two dimensions. Locations 878 

within the area of interest that contain spectral, mineralogical, redox, or atomic-coordination 879 

endmembers are inevitably captured in the dataset, whereas the identification and analysis of 880 

endmembers is a primary challenge for discrete-point datasets (Mayhew et al. 2011).  881 

The redox mapping technique we have developed allows the pre-edge feature to be 882 

reconstructed with sufficient fidelity to provide a quantitative Fe(III)/∑Fe measurement without 883 

a major sacrifice of precision, despite the high speed of analysis per pixel. We propagated error 884 

due to measurement noise through each of the required steps for constructing the Fe redox map, 885 

and showed that the Fe(III)/∑Fe can be determined with a precision of ± 3.2% Fe(III)/∑Fe. The 886 
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largest source of imprecision originates from the down-sampling of the pre-edge feature 887 

(fluorescence only measured at nine energies), and this could potentially be improved by 888 

mapping at additional energies. The workflow we describe includes the collection of full 889 

XANES spectra with high-resolution and relatively low signal:noise across the pre-edge peak, 890 

which provides an element of “ground truthing” to verify the accuracy of Fe(III)/∑Fe 891 

quantification. We estimate the overall uncertainty from all sources to be ± 14% absolute 892 

Fe(III)/∑Fe. 893 

The spatially continuous Fe redox map datasets are readily combined with maps derived 894 

from complementary techniques by co-registering maps collected over the same sample region. 895 

We demonstrated that a complementary mineralogy map derived from Raman hyperspectral 896 

imaging could be leveraged to extract the distribution of Fe(III)/∑Fe measurements associated 897 

with each mineral phase. This allowed the unique Fe(III)/∑Fe signatures of serpentine and the 898 

hydroxide phase to be identified, which allow us to interpret a sequence of Fe transformations 899 

associated with serpentinization and weathering. 900 

The value of the method we have described is enhanced because it will be relatively 901 

simple to implement at a variety of microfocused hard X-ray beamlines available at many 902 

synchrotron facilities worldwide. Dispersive X-ray optics have been used to generate qualitative 903 

Fe redox maps (e.g. Muñoz et al., 2006; Andreani et al., 2013), but these setups are uncommon 904 

and therefore more difficult to access. The simplicity of implementing our method on a variety of 905 

beamlines is likely to facilitate its application to a wide variety of scientific applications by a 906 

larger group of researchers.  907 

Important Considerations for Method Implementation 908 
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This method should provide researchers with an accessible way to image and elucidate 909 

redox gradients in complex materials. Several brief suggestions are provided to help facilitate the 910 

implementation of this approach. First, it is critical to consider whether the information this 911 

method is able to provide is appropriate to the question under investigation. The spatial scale and 912 

achievable spatial resolution, uncertainty of quantification, and the scale of the expected redox 913 

contrasts in the samples are all important factors to take into account. With respect to the 914 

practical implementation of the methods, it is important to acquire high-quality standards both 915 

for calibration of the variogram, and ideally also for subsequent verification of the calibration. 916 

Researchers should aim to match the mineral structure and chemical composition of “internal 917 

standards” with known Fe(III)/∑Fe to phases expected to be present in the samples, if possible. 918 

Finally, it is important that researchers reconsider the errors quantified in the present work, and 919 

any other sources that may be important for a particular application, to determine whether their 920 

contributions to the overall uncertainty might differ significantly from what was evaluated here.  921 

Temporal beamline drift can be very problematic. If the energy of the beam drifts, even 922 

by small fractions of an eV, it will severely hamper the Fe(III)/∑Fe. Measurements of an energy 923 

standard such as Fe foil many times throughout a run is critical to correcting for energy drift. 924 

Similarly, if the focal point of the beam moves relative to the sample, it could necessitate 925 

additional co-registration of the XRF maps. 926 

The fluorescence signal needs to be sufficient for good counting statistics; good results 927 

were obtained in this study with approximately 100,000 counts per second on Fe above the edge. 928 

The dynamic range of the fluorescence detector should also be considered, since some detectors 929 

will have much larger deadtime corrections. Additionally, the sample should be evaluated for the 930 
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severity of potential overabsorption. If there are phases with high densities of the element of 931 

interest, a very thin sample may be required for best results. 932 

Collecting high-resolution XANES spectra, especially on end-member phases identified 933 

through mapping, can help in deciphering the variation in the map. These spectra can also be 934 

utilized to “ground-truth” the observed Fe(III)/∑Fe in the map. 935 

  936 
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Implications 937 

Redox reactions involving Fe are integral to biogeochemical processes, including in soil, 938 

freshwater, and marine, sediment, hard-rock, and engineered environments. These Fe redox 939 

reactions often occur at interfaces such as mineral surfaces, and the reaction products can be 940 

heterogeneous on the microscale. A method for determining the redox state of Fe of natural 941 

materials are required to interrogate these processes. This analysis must be conducted at the 942 

spatial scale of the individual phases present in a solid sample, and is most useful if the analysis 943 

can be done on a standard petrographic thin section or grain mount, which can also be analyzed 944 

with numerous other optical and spectroscopic techniques. The spatially continuous information 945 

contained in a Fe redox image provides additional insight that spot analyses of Fe redox cannot. 946 

While several methods exist for probing Fe redox on the microscale, the methods that are 947 

capable of image-mode analysis of redox are limited and may require involved sample 948 

preparation and/or uncommon experimental setups. Our method can be applied to a standard 949 

petrographic thin section, and the resulting maps can be merged with map datasets derived from 950 

Raman spectroscopy, EMPA chemical mapping, or other microscale imaging techniques. Our 951 

method can be used at any synchrotron beamline set up for microfocused hard X-ray 952 

fluorescence spectroscopy and mapping, of which there are many worldwide, which should 953 

allow Fe redox imaging to become a relevant technique on a wide variety of geological and 954 

environmental samples.  955 

  956 
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Figure Captions 1299 

Figure 1 1300 

Schematic illustrating the steps for collecting and processing Fe K-edge XANES data to 1301 

derive Fe(III)/∑Fe. (A) Fe fluorescence yield data is collected at nine discrete energies along the 1302 

pre-edge peak (7108 - 7118 eV), and one additional energy above the edge (7200 eV) (blue 1303 

points). A full XANES spectrum collected at the same spot in the map, is also shown for 1304 

comparison (black curve). (B) After normalizing the pre-edge points to the Fe fluorescence 1305 

above the edge, an exponential baseline is fit through two points such that all other points fall 1306 

above the baseline. (C) The baseline is subtracted, and the points falling between the selected 1307 

baseline points are integrated in order to calculate the centroid and intensity. (D) The extracted 1308 

centroid and intensity values are plotted onto the calibrated Fe redox variogram, and the 1309 

Fe(III)/∑Fe can be read off of the variogram tielines (errors bars represent uncertainty on the 1310 

centroid and intensity due to shot noise prior to smoothing; the error on the actual Fe(III)/∑Fe is 1311 

±14%). 1312 

 1313 

Figure 2 1314 

Plane-polarized light photomicrograph of OM14-07. The area selected for Raman 1315 

hyperspectral mapping is outlined in blue, and corresponds to the approximate area of the Fe 1316 

XRF maps. 1317 

 1318 

Figure 3 1319 

Raman hyperspectral score map (A) and component spectra (B). Raman components and 1320 

scores are derived from multivariate curve resolution (MCR). The intensities of some spectra 1321 
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were multiplied to emphasize their peaks (x5, x20). Colors in the map (A) indicate the 1322 

contribution of the spectral end-members to the fit of each pixel’s Raman spectrum (B). 1323 

 1324 

Figure 4 1325 

Quantitative elemental maps derived from EPMA mapping, shown in elemental weight 1326 

%. The mapped region is larger than and encompasses the areas of the Raman and Fe redox XRF 1327 

maps.  Pixels shown in white have concentrations higher than the indicated color scale, or are 1328 

otherwise invalid. 1329 

 1330 

Figure 5 1331 

Synchrotron-based µXRF-derived images of OM14-07. Fe fluorescence excited at 7200 1332 

eV (A), illustrates the qualitative variations in Fe concentration. Energy position of the centroid 1333 

of the pre-edge feature after gaussian smoothing (B) which is mostly affected by variation in 1334 

Fe(III)/∑Fe. Integrated intensity of the pre-edge feature after gaussian smoothing (C) which 1335 

mainly illustrates variation in Fe-coordination. Raw/unsmoothed centroid and intensity maps are 1336 

shown in Supplementary Information Figure 1.  Abbreviations: Ol = olivine, Srp = serpentine, 1337 

Pra = pyroaurite, Hdx = hydroxide phase, Mgt = magnetite.  1338 

 1339 

Figure 6 1340 

Fe redox variogram, showing kernel density of pixels after gaussian smoothing applied to 1341 

the centroid and intensity maps. Fe(III)/∑Fe is given by the variogram tielines at 10% intervals. 1342 

Contour line envelopes that encompass 50%, 75%, and 90% of the total pixel kernel density are 1343 
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also shown. The unsmoothed centroid and intensity values are plotted on the variogram in the 1344 

Supplementary Information Figure 2. 1345 

 1346 

Figure 7 1347 

(A) Map of the Fe(III)/∑Fe ratio. (B) Map showing Fe(II) and Fe(III) abundance, varying 1348 

from green to red as shown in the legend. This map is constructed by combining the Fe 1349 

fluorescence signal (collected above the Fe K edge at 7200 eV, Figure 4A) which represents the 1350 

Fe concentration with the Fe(III)/∑Fe map. Bright pixels represent areas rich in Fe(II) and/or 1351 

Fe(III), while dark pixels are Fe-poor. In both (A) and (B), pixels without valid redox estimates 1352 

are shown in black (to the right of the VIFe(III)- IVFe(III) join), white (below the VIFe(II)- 1353 

VIFe(III) join), and magenta (above the VIFe(II)- IVFe(III) join), according to where they plot 1354 

relative to the Fe redox variogram. Abbreviations: Ol = olivine, Srp = serpentine, Pra = 1355 

pyroaurite, Hdx = hydroxide phase, Mgt = magnetite. 1356 

 1357 

Figure 8 1358 

Fe redox state of mineral phases identified by Raman spectroscopy. (A) Fe redox 1359 

variogram with envelopes for major mineral phases. Envelopes are drawn to encompass 90% of 1360 

the kernel density of the 500 purest pixels of each phase in terms of their Raman spectra, and are 1361 

shown with transparency in order to show areas where multiple envelopes overlap. (B) 1362 

Fe(III)/∑Fe kernel density plot showing the distribution of values observed for the major Fe-1363 

bearing minerals identified by Raman spectroscopy.  1364 

 1365 

Figure 9 1366 
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A: Fe(III)/∑Fe determined using full-resolution XANES spectra, collected within the 1367 

sample or from three Fe-bearing phyllosilicate standards with intermediate Fe(III)/∑Fe that were 1368 

not used in the variogram calibration, using traditional peak-fitting approach versus the down-1369 

sampled map quantification approach. The 1:1 line ± 6.2% root mean squared error is also 1370 

shown. B: Fe(III) determined from the down-sampled map quantification versus the known 1371 

Fe(III)/∑Fe (from wet chemical analysis, Mössbauer spectroscopy, and EPMA) of three Fe-1372 

bearing phyllosilicate standards with intermediate Fe(III)/∑Fe that were not used in the 1373 

variogram calibration. Horizontal error bars represent the analytical uncertainty reported in 1374 

Bourdelle et al. (2013), while vertical error bars represent the standard deviation of three 1375 

replicate spot XANES per standard. 1376 
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Table 1: Elemental compositions of mineral end-members from EPMA
wt % Olivine Serpentine Magnetite Pyroaurite Hydroxide Phase

SiO2 40.34 40.77 6.73 0.92 0.85
MgO 48.59 40.26 7.52 33.95 45.47
FeOT 9.29 2.71 73.48 19.32 17.57
Al2O3 0.02 0.03 0.25 0.02 0.04
Cr2O3 0.03 0.02 0.02 0.01 0.01
NiO 0.36 0.10 0.17 0.56 0.32
CaO 0.05 0.05 0.05 0.02 0.28
Na2O 0.02 0.03 0.05 0.01 0.01
Cl- 0.01 0.07 0.03 0.16 0.06
S2- 0.02 0.05 0.01 0.03 0.03

Total 98.73 84.09 88.31 54.99 64.63
XMg 0.90 0.96 0.15 0.76 0.82

1
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