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Abstract 29 
Green jadeite has been selectively mined and used by Mesoamerican Indigenous cultures for centuries, 30 

with the green hues resulting from interactions among various chromophores, including Cr3+, Fe3+, and 31 

Fe2+. This study employed Fe K-edge X-ray absorption near-edge structure (XANES) measurements using 32 

a mm-scale X-ray beam to estimate the iron-redox ratio in jadeitite, with scanning electron imaging and 33 

X-ray microanalysis employed to determine mineral compositions and proportions within the 34 

synchrotron analysis zones. Results for the XANES measurements were processed using two distinct 35 

approaches based on different underlying assumptions: peak fitting and machine learning. Despite their 36 

differences, both peak fitting and machine learning approaches yielded statistically consistent results, 37 

suggesting that the analysis assumptions were valid for this system and that XANES data can provide 38 

reliable Fe redox estimates for jadeites. The Fe3+/FeTotal range for the jadeites measured by XANES was 39 

estimated to be between 75% and 91% after accounting for phase mixing (omphacite with jadeite) 40 

within samples. Low Fe concentrations in jadeites precluded the use of quantitative compositional 41 

analysis to estimate Fe redox using the charge balance method. 42 

Introduction 43 

Mesoamerican indigenous peoples valued jadeite jade (aka pyroxene jade) from as early as the 2nd 44 

millennium BCE for its toughness, durability, and green color (Foshag, 1955; Foshag and Leslie, 1955). 45 

Green was a color of significance for early Mesoamerican cultures given its association with water, 46 

growth, life, and death (Figure 1, (Taube, 2005; Thompson, 1950)). Cultural green jadeite is 47 

predominantly found in carved sacred and funerary objects, although early European explorers noted 48 

utilitarian uses of the mineral (Hammond et al., 1977). The quality of the craftsmanship of excavated 49 

jadeite artifacts and their presence in elite burial sites suggest that the mineral was often reserved for 50 

use by high-ranking community members and/or during special events (Foshag and Leslie, 1955; Taube, 51 

2005).  52 
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Jadeite jade consists primarily of jadeite, with the chemical formula Na(AlxFe y
 3+/2+)Si2O6. It belongs to 53 

the pyroxene group and forms under high-pressure, low-temperature conditions at convergent plate 54 

boundaries. In this tectonic setting, fluids from the subducting plate led to the precipitation of jadeite 55 

within nearly monomineralic blocks, often as part of serpentinite mélanges (Harlow et al., 2012; 56 

Tsujimori and Harlow, 2012). In Guatemala, jadeite deposits are localized on both sides of the east-west 57 

trending Motagua Fault, which separates the North American and Caribbean tectonic plates (Harlow et 58 

al., 2015). Geochronological studies of zircons that precipitated from the same fluids as jadeite, along 59 

with accessory minerals such as omphacite, albite, and paragonite, suggest that Guatemalan jadeite 60 

formed between 80 and 95-98 million years ago (Flores et al., 2013; Yui et al., 2010). Previous research 61 

describes this region as containing intermixed areas of jadeite and omphacite, often found as inclusions 62 

within serpentinite (McBirney et al., 1967). The Motagua River Valley, which runs along this fault, is 63 

considered a likely source location of the green jadeite jade excavated by pre-Columbian communities 64 

(Bishop et al., 1991; Foshag, 1955; Foshag and Leslie, 1955; Harlow et al., 2006).  65 

Crystallographically, jadeite has a monoclinic structure, of the space group C2/c, with typical cell 66 

dimensions of a = 9.418 Å, b = 8.562 Å, c = 5.219 Å, and β = 107.58° (Prewitt and Burnham, 1966), as 67 

depicted in Figure 2. Being a member of the pyroxene group, its chemical structure can be described 68 

using the method developed by Morimoto et al. (Morimoto et al., 1988). The method describes the 69 

structure as a series of cations located in tetrahedral (T), octahedral (M1), and distorted 8-coordinated 70 

polyhedral (M2) sites, with a general formula of M2M1T2O6 (Figure 2). While jadeite’s Mohs hardness is 71 

approximately 7, the defining physical property of polycrystalline jadeite jade is its exceptional 72 

toughness, given its ability to resist penetrative fracturing (Bradt et al., 1973). The signature green colors 73 

of jadeite are hypothesized to occur due to variation in Fe3+/FeTotal (the Fe redox ratio) concentration, in 74 

addition to the presence of other minor and trace element impurities (e.g., Cr3+) or minority minerals in 75 

the assemblage (Harlow and Olds, 1987; Li et al., 2023; Rossman, 1974; White et al., 1971).  76 
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Iron (III) (Fe3+) serves as a chromophore and may substitute for Al3+ at the M1 sites. The M1 sites occur 77 

at the vertices of opposite tetrahedral chains, and the concentration of Fe3+ within these M1 sites may 78 

influence the observed color intensity via a non-linear relationship (White et al., 1971). Other transition-79 

metal chromophores capable of partitioning into the octahedral site include Cr3+, Fe2+, Mn2+, Co2+, Ti4+/3+, 80 

and V3+. Additionally, divalent cations such as Fe2+ and Mn2+ can occupy the larger, base-oriented M2 81 

polyhedral sites (Morimoto et al., 1988). The interplay of minor and trace impurities; specifically, Cr3+ 82 

yielding vibrant "Imperial Maya" greens, variations in the Fe3+/FeTotal redox ratio, and Fe2+\Ti4+ 83 

intervalence charge transfers is potentially the source of the diverse color palette found in 84 

Mesoamerican jadeite jades; including the translucent "Olmec" blues, native to the Motagua River 85 

Valley assemblages (Harlow and Olds, 1987; Li et al., 2023; Rossman, 1974; White et al., 1971).   86 

Provided with this background, a color analysis of jadeite heritage objects should include an assessment 87 

of the mineral’s Fe redox ratio (Fe3+/FeTotal). This ratio has been measured in high-temperature 88 

clinopyroxenes and associated silicate melts by X-ray absorption near-edge structure (XANES) and 89 

Mössbauer methods and provides oxygen fugacity f(O2) estimates of magmatic sources (McCanta et al., 90 

2004). Additionally, solid-state equilibria involving clinopyroxene and garnet Fe redox exchange 91 

measured using Mössbauer spectrometry have yielded ranges of f(O2) and temperature formation 92 

conditions for mantle xenoliths (Aulbach et al., 2022; Dyar et al., 1989; Li et al., 2005; Woodland, 2009).  93 

Applying these analytical approaches to jadeite-bearing heritage objects presents a challenge. For 94 

minerals with major-element iron concentrations (7% – 15%), Fe Lα and Fe Lβ X-ray lines can be 95 

measured by wavelength-dispersive X-ray spectrometry (WDS) and the flank- or peak position-methods  96 

used to estimate Fe3+/FeTotal (Borfecchia et al., 2012; Höfer and Brey, 2007; Lamb et al., 2012). 97 

Alternatively, Fe redox states can be estimated via quantitative compositional analysis via WD electron 98 

probe spectrometry using stoichiometric constraints, known as the charge balance method. The utility 99 

of the charge balance method depends on the concentration of iron in the samples, specifically, recent 100 
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studies demonstrate that uncertainties in pyroxene Fe3+/FeTotal estimations propagate rapidly as total 101 

iron concentrations decrease (Lamb et al., 2024; Neave et al., 2024). The charge balance method yields 102 

statistically resolvable results when total iron exceeds 4 wt% FeO* and reliable precision at 103 

concentrations greater than 6 wt% FeO* (Lamb et al., 2024; Neave et al., 2024). 104 

Such an iron threshold may limit the study of jadeite pyroxenites, as it is not uncommon for the iron 105 

content in jadeite to be < 2 wt% FeO* (Harlow, 1994; Harlow et al., 2011; Schertl et al., 2012; Sorensen 106 

et al., 2006). While historical bulk wet chemical analyses offered quantitative determination of iron 107 

redox states for jadeite sources in Guatemala and California during the mid-20th century (Coleman, 108 

1961; Foshag and Leslie, 1955; McBirney et al., 1967), these methods require destructive sampling. 109 

Unlike geological specimens where disaggregation, mineral separation, and mass loss are acceptable, 110 

heritage artifact handling typically requires non-destructive protocols. Consequently, because cultural 111 

jadeite jade may lack iron concentrations required for reliable flank-, peak position-, or  charge balance-112 

methods, coupled with restrictions regarding bulk chemical analysis, resolving the Fe redox states of 113 

jadeite heritage objects may require high sensitivity, non-destructive analysis, such as XANES. 114 

Materials & Methods 115 

Materials  116 

The five jadeite-rich specimens examined here were collected by Dr. Ron Bishop as part of a larger 117 

Mesoamerican study conducted in the 1980s to 1990s termed the “Maya Jade Project” (Samples shown 118 

in Figure 1, see (Bishop and Lange, 1993; Bishop et al., 1991)). Two geological specimens from 119 

Guatemala were obtained by Bishop, via: 1) purchase from Jade Maya (formerly JADES, S.A) (JS006: 120 

detailed sample locality is not available), and 2) field collection near San Agustín, Guatemala (JA301) 121 

(Bishop and Lange, 1993). Three artifacts complete the suite of specimens, including a celt (an ancient 122 

axe or chisel) from Cerros, Belize (JA423), and two bead fragments from a cenote within the Chichén Itzá 123 
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Archaeological Zone, Yucatan, Mexico (JA086 and JA092: published data shown in SI Table 3) (Bishop 124 

and Lange, 1993; Lange, 1993). 125 

XANES 126 

Iron K-edge XANES measurements were collected on the National Institute of Standards and Technology 127 

(NIST) beamline 6-BM at the National Synchrotron Light Source II (NSLS-II). A 3-pole wiggler source 128 

delivered X-rays to a Si (111) monochromator. The beam was focused, and the sample (same sample as 129 

used and described for the imaging analyses) was turned such that the full width at half maximum 130 

(FWHM) of the incident beam spanned 300 μm in the vertical and 450 μm in the horizontal. The tails of 131 

the beam were arranged to fit within the 1 mm × 1 mm areas on each sample, which were defined by 132 

horizontal and vertical strips of copper adhesive tape. These strips also served as fiducial marks for 133 

beam alignment (SI Figure 1). The orientation of each sample was chosen to facilitate reference to the 134 

fiducials referenced above, and without regard to the polarization of the incident beam. Such effects are 135 

known to influence the shape and intensity of pre-edge features (Dyar et al., 2002) and are an important 136 

consideration for pyroxene group minerals (Steven et al., 2022; Steven et al., 2023).  However, similar 137 

efforts were hindered for the current samples because they displayed small grain sizes with random 138 

orientations, causing the beam size to average over a wide range of these interactions. 139 

Measurements were collected in fluorescence mode with a metallic foil measured intermittently to 140 

verify a stable and consistent energy scale.  Repeated scans were collected on each spot to monitor for 141 

radiation-induced sample damage.  No such damage was observed, and consecutive scans were 142 

averaged for further analysis.  Several minerals were measured to provide empirical references, 143 

including olivine (peridot quality, San Carlos Reservation, Arizona, USA) and aegirine (Zomba, Malawi).  144 

These minerals were prepared for measurement according to previously published methods (Jahrman et 145 

al., 2022b).   146 
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Data processing and normalization were performed with the Demeter package (Ravel and Newville, 147 

2005). A common set of normalization and background removal parameters were applied to all spectra.  148 

The energy scale was established by shifting all spectra such that the first derivative peak of the metallic 149 

foil was at 7110.75 eV; consistent with Kraft et al. (Kraft et al., 1996).  Self-absorption corrections were 150 

applied according to the Fluo algorithm (Haskell, 1999). This method required knowledge of the 151 

chemical formula corresponding to each spectrum. This data was acquired by a Bruker M4 Tornado 152 

scanning µXRF (SI Table 3). Note that this correction made little impact on the shape of the spectra 153 

herein reported. 154 

Peak fitting utilized the LMFIT package (Newville et al., 2014) to model the features and background in 155 

the pre-edge region of each XANES spectrum. The background shape was modeled with two Gaussian 156 

functions, a practice consistent with other studies in the literature (Wilke et al., 2005). This choice is 157 

further supported by an earlier study which modeled the background shape of spectra from related 158 

minerals with two Gaussian functions (Jahrman et al., 2022b), though it should be noted that this choice 159 

is not universal and alternative functions are sometimes recommended (Boubnov et al., 2015; Farges et 160 

al., 2004; Wilke et al., 2001). The pre-edge features were modeled by four Gaussian functions: two 161 

representing Fe2+ and two representing Fe3+.  This was similar to the methodology described by Galdenzi 162 

et al. (Galdenzi et al., 2020), with the exception that, because the divalent and trivalent Fe endpoints 163 

were known to be six-fold coordinated, the parameters of the divalent and trivalent sets of Gaussian 164 

functions were initially set to those for olivine and aegirine, respectively. Note that the fits of those 165 

minerals were performed using spectra reported in (Jahrman et al., 2022b). The resulting fit parameters 166 

were then obtained via an iterative process.  First, an approximate model was achieved by allowing the 167 

background functions to vary freely while the pre-edge features were set to a fixed width, allowed to 168 

shift uniformly to eliminate any slight differences in energy scales, and then each redox group was 169 

scaled in amplitude by an appropriate term representing the Fe redox distribution in the sample. 170 
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Second, this fit was refined by holding all parameters fixed, except the pre-edge feature amplitudes, 171 

which were allowed to vary within the error estimated in the fits of olivine and aegirine, and the peak 172 

positions of the pre-edge features, for which the relative spacing of the divalent and trivalent peaks was 173 

varied. Third, the background functions and the pre-edge feature amplitudes were held fixed while the 174 

widths and peak positions of the latter were allowed to vary within the errors estimated for the 175 

corresponding parameters in the fits of olivine and aegirine. Finally, all parameters were held fixed 176 

except for the scalar representing the Fe redox distribution described in part one. Examples of the fits to 177 

spectra collected on mostly pure jadeite and omphacite regions are shown in Figure 3. 178 

An alternate set of Fe redox ratios were predicted using a multivariate analysis tool developed by Dyar 179 

and collaborators (Dyar et al., 2016) and is referred to hereinafter as the Machine Learning  method. 180 

Specifically, Dyar et al. curated a software package and Fe K-edge XANES data, including several hundred 181 

pyroxene spectra collected at widely varying orientations with respect to the polarization direction of 182 

the synchrotron beam. A model was trained for this work by selecting the partial least squares method 183 

(Wegelin, 2000), setting the number of folds to the square root of the number of spectra, selecting the 184 

amount of ferric iron as the predicted variable, and determining an optimal number of components via 185 

cross-validation. The spectra in this work were then fit using this model after placing them on the same 186 

energy grid and applying the same normalization methods applied to the reference spectra. 187 

Phase mixing corrections were applied to the XANES Fe redox ratio results due to the large sampling 188 

region for the XANES measurements and the known presence of more than one mineral phase (often 189 

jadeite + omphacite). The corrections used the following information: 1) the measured jadeite 190 

Fe3+/FeTotal ratio, 2) the jadeite and omphacite area fractions estimates from backscattered electron 191 

(BSE) and electron beam compositional mapping, and finally 3) an assumption that the Fe3+/FeTotal ratio 192 

estimated for JS006 omphacite (the only occurrence of sufficient size to isolate during the XANES 193 
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measurement) is relevant to all omphacite phases in the other samples. The equation for this phase 194 

mixing correction is reported in the SI (note 1). 195 

Scanning Electron Microscopy and X-ray Microanalysis 196 

Jadeite samples were cut, embedded, and polished using progressively finer SiC abrasive papers, 197 

followed by diamond abrasive polishing steps down to a 1 μm finish. Polished samples were coated 198 

using a Cressington 108 Auto/SE carbon evaporator. Scanning electron microscopy (SEM) was 199 

performed using a JEOL JSM-IT710HR scanning electron microscope equipped with an in-column 200 

Faraday cup for probe current measurement via a Keithley 6485 picoammeter. Compositional imaging 201 

and X-ray microanalysis were performed using a Bruker XFlash 6-60 energy dispersive spectrometry 202 

(EDS) system. Backscattered electron images (BSE) were collected using an Hitachi S3700N Gatan, Inc. 203 

DigiScan II and the Gatan Microscopy Suite v3.2 software platform (Figure 4). 204 

Modal proportions of minerals were determined via two independent image segmentation approaches 205 

using compositional X-ray maps and BSE images. Both methods utilized manual thresholding of image 206 

histograms. Elemental images were processed and exported from the Bruker Esprit v2.2 software 207 

platform. Five elemental maps of 2 mm × 1.5 mm areas, larger than the regions of interest, were 208 

collected by stage scanning in the SEM performed using constant velocity mapping with a Bruker Rapid 209 

Stage. The 1 mm × 1 mm areas of interest were then extracted for modal analysis. X-ray imaging modal 210 

analysis was performed using FIJI (Schindelin et al., 2012), where single-element maps used an applied 211 

threshold to calculate area fraction (SI Figure 2). Sodium maps were used to estimate the area fraction 212 

of jadeite, Ca maps were used to calculate area fractions of omphacite, and Si maps were used to 213 

calculate area fractions of albite. The BSE image histograms were segmented within Digital Surf’s 214 

Mountains v9.1 (SI Figures 3 and 4). Given the 1σ overlap for nearly all phase area fractions using the 215 
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two independent systems with 2σ agreement for all measurements, mean values for the methods were 216 

then averaged to obtain an overall mean modal proportion for each mineral. 217 

Quantitative point spectra were collected using a 15 kV beam with a current of 1 nA for 60 live seconds. 218 

The electron beam current was measured prior to each set of points specified for a region of the 219 

specimen by way of the in-column Faraday cup. Standards-based quantification of X-ray spectra was 220 

obtained using a phi-rho Z matrix correction performed within Bruker Esprit software v2.2, where 221 

analytical uncertainties reported include Poisson statistics, peak fitting error, systematic matrix 222 

correction errors, estimated uncertainties for atomic data, e.g., mass absorption coefficients, and 223 

Gaussian error propagation. Primary calibrant materials from SPI Supplies, Inc., included: synthetic MgO 224 

for Mg (Atomergic Chemetals Corp.), albite (NaAlSi3O8) for Na (Amelia, VA, USA), orthoclase (KAlSi3O8) 225 

for K and Si (Madagascar), wollastonite (CaSiO3) for Ca (Jensen Quarry, Crestmore, CA, USA), hematite 226 

(Fe2O3) for Fe (Elba, Italy). A measure of the standard materials’ homogeneity is shown by variance in 227 

net X-ray count values for all elements (Si, Al, Fe, Mg, and Ca) at ≤1 % relative standard deviation (RSD), 228 

except for Na at 2.2 % RSD (SI Table 4).  A reference jadeite (locality “China”) was also obtained from SPI 229 

Supplies and served as a secondary standard. Standards-based EDS, as executed in this study, can have 230 

detection limits for select elements down to 100s of ppm-level as described in (Newbury and Ritchie, 231 

2019; Ritchie et al., 2012). The amount of Fe3+/FeTotal in each sample was calculated using the (Morimoto 232 

et al., 1988) oxidation state estimation methods for microprobe data collected on pyroxenes as outlined 233 

in Figure 2 (Droop, 1987; Morimoto et al., 1988). 234 

Fe state values and pyroxene end-member fractions were computed using the MinPlot application 235 

(Walters, 2022; Walters and Gies, 2025). For the charge balance calculations, structural formulae were 236 

calculated from mass fractions based on 6 oxygen per formula unit following Morimoto et al. (1988). 237 

Cations were allocated to structural sites based on an ideal occupancy of 2 for the T site, 1 for the M1 238 

site, and 1 for M2 site, yielding an ideal total of 4 cations/atoms per formula unit (apfu) with a balancing 239 
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cation charge total of +12. Initial site assignments allocated Si4+ to the T site, with any remaining T 240 

deficiencies filled by Al3+ and, if necessary, Fe3+. For the M2 site, the large size cations of Na+ and Ca2+ 241 

were assigned first, with any remaining M2 vacancy filled by divalent cations (e.g., Mn2+, Fe2+, Mg2+). The 242 

remaining cations (Al3+, Fe3+, Ti4+, Cr3+, Mg2+, Fe2+, Mn2+) were allocated to the M1 site, assuming an 243 

identical Fe2+/Mg2+ ratio between the M1 and M2 sites during final data assessment. 244 

To estimate the iron oxidation states, all iron was initially calculated as Fe2+. Following the criteria 245 

outlined in (Droop, 1987), if this calculation results in an observed cation sum greater than the ideal 246 

value of 4.000 apfu, a portion of the iron is converted to Fe3+ using Droop’s general 247 

orthopyroxene/clinopyroxene equation to bring the total cation sum to 4.000. Conversely, if the initial 248 

calculation results in an observed cation sum less than or equal to 4.000 apfu, it is conservatively 249 

assumed that Fe redox values cannot be mathematically resolved, and the Fe3+/FeTotal value is set to 0. 250 

The literature described charge balance approach does not inherently quantify analytical uncertainties 251 

Uncertainty Estimations 252 

Uncertainties herein reported are a reference to measurement precision, with lower uncertainties 253 

suggesting higher precision. Uncertainties for the Fe redox distributions determined for each spot using 254 

the XANES peak fitting approach were estimated by a method inspired by a bootstrap procedure 255 

reported in (Jahrman et al., 2022a). This step was necessary because a simple estimate from the 256 

covariance matrix does not have the flexibility to accurately reflect the correlations between parameters 257 

that were sometimes frozen or constrained during the iterative fitting process described above. As an 258 

alternative, the parameters describing the pre-edge features of the olivine and aegirine standards were 259 

assigned randomly based on a normal distribution. This assumed the centers and widths determined for 260 

those parameters based on previous work ((Jahrman et al., 2022b), see SI Table 5 for the resulting fit 261 

parameters). The fitting process was repeated 30 times for each spot, and the standard deviation was 262 

calculated. In some cases, an unphysical fit was achieved, resulting in a chi-squared value orders of 263 
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magnitude greater than typical. This was observed to occur because the Gaussian functions representing 264 

1s-4d electronic transitions and the edge jump often drifted to erroneous values, resulting in 265 

unsuccessful attempts to fit the background. These failed fits were excluded, and the process repeated 266 

until 30 successful fits were achieved. These uncertainty estimates do not include uncertainties arising 267 

from the choice of underlying divalent and trivalent standards. For the machine learning estimates, 268 

uncertainties were estimated by calculating the root mean square error (RMSE) from the actual and 269 

predicted values of the training data. These uncertainties were calculated based on the population 270 

statistics formula due to the n = 30. 271 

Compositional site occupancy-based calculations were conducted, and final uncertainties were 272 

estimated from the calculated standard deviations of the means for each measured region, with each 273 

region consisting of spectra from five separate spots (see SI for details). The formula for the standard 274 

deviation of a small sample size (n < 30) was utilized when appropriate. All uncertainties were 275 

propagated, when applicable, from region assessments to summed sample data using general 276 

propagation methods. Additional uncertainty calculations were completed assuming a 1% measurement 277 

uncertainty for the EDS data and were found to be comparable to the uncertainties estimated for the 278 

standard deviations of the means. 279 

Results & Discussion 280 

Mineralogy 281 

Mineral assemblages are dominated by jadeite (jd) modally (Figures 4 and 5, Table 1). Other minority 282 

minerals included omphacite (omp) and albite (ab). Of the samples, JA423 included the largest fraction 283 

of jadeite, >98% and JA301 the smallest fraction of jadeite at ≈86%. The largest omphacite mineral 284 

fraction observed in JS006–omp where the matrix is essentially monomineralic omphacite with a cross-285 

cutting jadeite-rich vein (analyzed and labeled JS006-jd) where JS006-jd had a significant fraction of 286 
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omphacite at ≈10% relative to the jadeite-rich specimens. JA301 contained the largest fraction of albite 287 

≈ 8%. These modal values and accessory mineral assemblages are consistent with other jadeite jades 288 

sourced from Mesoamerica (Harlow and Sorensen, 2005; Harlow et al., 2006) and meet the lithological 289 

criterion for jadeitite (> 90 %) for all specimens with the exception of JA301, a jadeite-rich (86.1 %) 290 

pyroxenite (Harlow, 1994; Harlow et al., 2015). 291 

Fe3+/FeTotal Estimates by XANES 292 

The measured Fe K-edge XANES data enabled the calculation of Fe3+/FeTotal values using both peak fitting 293 

and machine learning methodologies.  These results are summarized in Table 2 and show good 294 

agreement between the two XANES data analysis methods for the samples, typically within ≈5%, for 295 

samples JA086, JA423, and much of the remaining jadeite-rich samples’ regions.  These agreements 296 

coincide with the peak fitting method reproducing the pre-edge features’ shapes with high fidelity (SI 297 

Figures 5-10).  298 

Agreement between peak fitting and machine learning methods diverged for areas with more Fe2+, 299 

which includes the two areas with the most Fe2+ in JA092 and JA301.  These fits had the most difficulty 300 

reproducing the spectral features due to the elevated intensity of the central peak (SI Figure 5 and 8, 301 

JA092 and JA301). This may be due to the orientation in which the XANES data was collected, as 302 

described in (Steven et al., 2022; Steven et al., 2023).  This highlights a shortcoming of the peak fitting 303 

approach.  While more conventional, it required a preselected number of features to be assumed in a 304 

spectral region prone to multiple transitions, thus limiting its flexibility for more complex electronic 305 

structures (Wilke et al., 2001). Moreover, varying grain orientation with respect to the incident beam’s 306 

polarization can dramatically affect the intensities and shapes of pre-edge features (Steven et al., 2022) 307 

(Steven et al., 2023).  While the present materials are all polycrystalline, it remains notable that the 308 

Fe3+/FeTotal values calculated from the two methods for the jadeite samples were generally within 2σ and 309 

ranged from 67% to 85% Fe3+/FeTotal. 310 
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In contrast, large differences in all data sets appear to be related to the sampling sites, including higher 311 

fractions of omphacite. For example, JS006-omp showed the largest discrepancy for calculated 312 

Fe3+/FeTotal values in omphacite with a peak fitting mean of 29% (± 2%, 1σ) as opposed to a value of 40% 313 

(± 4%, 1σ) for data analysis using the machine learning algorithm.  While it is tempting to attribute this 314 

difference to the same causes as above, it should be noted that the agreement between the measured 315 

spectra and the result produced by peak fitting is excellent for the omphacite spots. The disagreement 316 

could be due to a lack of diversity in the divalent empirical standards considered, which is discussed in 317 

greater detail in recent articles investigating the type of regularized linear analyses considered here 318 

(Jahrman et al., 2022a). 319 

Regardless of these challenges, both methods were able to provide information that enabled 320 

independent confirmation of the samples consisting predominantly of jadeite or omphacite (Figure 6). It 321 

is observed, as expected, that the omphacite spots are reduced relative to the jadeite phase, yet they 322 

bear a statistically significant oxidized component. Furthermore, the calculated values using both 323 

methods fell within the range of Fe3+/FeTotal values reported in the literature of jadeite and omphacite-324 

containing materials (SI Tables 1 and 2).   325 

Beyond a coarse assessment of the accuracy of these methods by comparing to literature reports, some 326 

discussion of their individual data sets is warranted.  This is accomplished by first comparing the 327 

uncertainties associated with machine learning and peak fitting results for individual spots and then 328 

comparing the uncertainties reported across multiple spots on the same sample.  Even when analyzing 329 

the same spectrum corresponding to a single spot, the uncertainties being compared for the two 330 

methods are not strictly equivalent.  Variability due to the selection of the underlying divalent and 331 

trivalent standards is not considered in the peak fitting method.  Therefore, the corresponding reported 332 

uncertainties herein serve as a lower bound and are likely underestimating the uncertainties by several 333 

percent.  In contrast, the approach of assigning the RMSE from the training set to the uncertainty of 334 
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each  machine learning-derived result does not consider regions where the precision of the model may 335 

vary due to overfitting or other considerations.  Both above shortcomings have been addressed in other 336 

manuscripts through intensive bootstrap or related methods (Jahrman et al., 2022a; Pierna et al., 2003).  337 

Yet, as the core results of Tables 2 and 3 do not depend on these uncertainties, it is simply stated that 338 

the peak fitting uncertainty for a given spot is likely underestimated, and a more detailed analysis is 339 

required for a robust comparison to the machine learning uncertainty. Now, comparing the 340 

uncertainties associated with the analysis of multiple spots across a single sample, it should be noted 341 

that some of the uncertainties in Table 3 are smaller than those corresponding to a single spot discussed 342 

above and observed in Figure 6. This is because only a rather limited number of spots were included in 343 

each dataset. Therefore, such a small sampling of points can potentially return a handful of points closer 344 

in proximity than may be representative of a distribution corresponding to the full variability of spots 345 

across a sample.  While many independent measurements would be preferable, the limited availability 346 

of samples and beamtime made this impractical. 347 

Impact of XANES Mineral Mixing 348 

While the XANES Fe redox measurement is primarily influenced by jadeite Fe K-edge data, the smaller 349 

omphacite grains play a secondary, lesser role (Figure 4). As a result, an effort was made to estimate the 350 

end-member value for jadeite (Table 3) via a mixing calculation by weighting for the Fe concentration of 351 

jadeite and omphacite (Table 4, and SI Tables 6 and 7), as well as the area fraction of each pyroxene 352 

(Table 1). Estimates of the “true” jadeite Fe3+/FeTotal ratios increase the mixed value by a mean correction 353 

of +11.5 %. Yet, JS006 represents an outlier at +36.1 %, which is consistent with the texture and 354 

mineralogy, given the specimen comprises a jadeite vein within a pure omphacite matrix. In the absence 355 

of such an outlier, the mixing correction is reduced to a mean correction of only +5 % ± 2 %. 356 
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Pyroxene Compositions and Estimates of Iron Redox by Stoichiometry 357 

A reference jadeite served as a secondary standard to validate the quality of the compositions 358 

determined by standards-based EDS (Table 5). Minor differences between the measured and provided 359 

compositions are attributed to elevated Mg, Ca, and Fe, along with associated coupled substitutions, in 360 

a veinlet first detected in the reference material by cathodoluminescence imaging (Lam et al., 2024). 361 

The sum of all specimen jadeite compositions (n=264) yielded a mean analytical total of 100.0 ± 0.6 362 

mass % (median = 100.1 mass %), and a cation total of 3.991 ± 0.009 (median = 3.992) (SI Figure 11). 363 

Taken together, these figures of merit demonstrate standards-based EDS results can approach the 364 

quality of conventionally configured (e.g., column conditions and spectrometer settings) WDS-electron 365 

probe output for major and minor elements in this compositional system. 366 

Pyroxenes examined fall almost exclusively within the nomenclature field defined for jadeite (> 80 % 367 

end-member jadeite; Figure 5 A-E, Table 4, and SI Table 6) with less than a handful of compositions from 368 

JA301 defined as jadeite-rich omphacite. The largest component of the distribution of jadeite values in 369 

Figure 5 likely represents the diopside substitution (Na+Al3+→Ca2+Mg2+). Four of the five specimens’ 370 

mean compositions contain less than 1.1% aegirine (NaFe3+) component while JA092 is devoid of end-371 

member aegirine. The composition of the only omphacite-rich material in JS006-omp (see above) falls 372 

midway along the jadeite (NaAl)-quad pyroxene (CaFeMg) axis with < 2 % aegirine (NaFe) end-member 373 

component (Figure 5 F). 374 

Despite the indicators of analysis quality for the pyroxene compositions described above, determining 375 

Fe³⁺/FeTotal values from their stoichiometry via the charge balance method proved unreliable owing to 376 

total iron (FeO*) values of uniformly < 1 mass % for jadeites. As demonstrated by (Neave et al., 2024) 377 

and (Lamb et al., 2024), uncertainty associated with major element analyses is amplified during 378 

stoichiometric charge balance calculations as total iron decreases. In the near-end-member jadeite 379 

compositions examined here, a 1σ analytical uncertainty of approximately ± 0.15 mass % SiO₂ 380 
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propagates to a shift of ~ 0.005 apfu in the stoichiometric iron allocation, impacting more than 60% of 381 

the available iron. Consequently, propagated uncertainty in individual analyses exceeds the resolving 382 

power required to partition iron between Fe²⁺ and Fe³⁺, causing calculated Fe³⁺/ FeTotal values to span 383 

nearly the full compositional range between complete reduction (0.00) and complete oxidation (1.00) 384 

for most specimens’ jadeites (Figure 7). Neave et al. (2024) demonstrated that stoichiometric charge 385 

balance calculations can approach the precision of bulk spectroscopic techniques when analytical 386 

precision is high and total iron concentrations are sufficient but also showed that propagated 387 

uncertainty increases as iron abundance decreases, consistent with results obtained by Lamb et al. 388 

(2024). The compositions examined here fall within the low-iron regime, where quantitative estimates 389 

of Fe³⁺/FeTotal in jadeite have been shown to be unreliable (Figure 7 A-E), even for a modestly Fe-390 

enriched omphacite (Figure 7F). 391 

We note that to obtain the highest quality results for the charge balance redox measurement, we 392 

independently sampled compositional regions, which were evaluated statistically to confirm they 393 

represented internally homogeneous compositional populations (SI note 2). These statistically validated 394 

domains were then treated as the fundamental unit of analysis. Averaging compositions within each 395 

domain reduced random analytical variance while preserving mineralogical heterogeneity and producing 396 

mean compositions with improved analytical precision. 397 

 398 

Evaluation of Methods 399 

Data reliability, ease of analysis, minimum sample manipulation/preparation and instrument availability 400 

should be considered in the selection of a method by which to estimate Fe3+/FeTotal in jadeite jade 401 

heritage objects. High fidelity data were achieved by XANES analysis given it directly measures the Fe 402 

species in the samples, requires little to no sample preparation, does not result in sample alteration, and 403 
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none of the collected data had to be discarded. This is a non-trivial finding because the peak fitting and 404 

machine learning methods each possess several prerequisites to their successful implementation. 405 

Namely, peak fitting analysis was made possible by excluding the possibility of additional features due to 406 

multi-electronic transitions, relying on a limited sampling of divalent and trivalent standards to fix 407 

several pre-edge feature parameters, and requiring initial parameter guesses that can introduce bias. 408 

Additionally, the peak fitting approach can be affected by the dependence of the grain’s orientation with 409 

respect to the polarization of the incident X-rays.  This is an especially important consideration for large 410 

grain or monocrystalline samples. In contrast, machine learning requires a large, accurate spectral 411 

database of relevant materials, experimental spectra robustly aligned to the database, and similar 412 

experimental artefacts, including broadening, between the two datasets. Here, analysis with peak fitting 413 

or machine learning produced statistically consistent results. This suggests that the different potential 414 

pitfalls of the peak fitting and machine learning methods did not lead to statistically significant issues in 415 

the corresponding Fe redox estimates here; rather, the methods yielded reliable results.  416 

However, bulk XANES measurements require a relatively large measurement sample area (300 μm in the 417 

vertical × 450 μm in the horizontal for the present work), which could result in the inclusion of 418 

unwanted Fe-bearing mineral phases (e.g., omphacite). This issue can be overcome through μXANES 419 

measurements, which enable spot size analyses from < 1 μm to 50 μm (Dyar et al., 2023; Munoz et al., 420 

2006; Schmid et al., 2003), with the actual dimensions and feasibility dependent upon Fe concentration, 421 

beamline characteristics, and the implementation of Kirkpatrick-Baez mirrors or polycapillary focusing 422 

optics.  Therefore, μXANES is indeed the most suitable tool for non-destructively determining Fe redox, 423 

particularly for low Fe concentration phases such as jadeites in this study that coexist with minority fine-424 

scale Fe-bearing minerals within the assemblage. 425 

Disadvantages of μXANES include limited instrument availability and the logistical realities of 426 

synchrotron studies regarding “proposal to approval” timelines, travel expenses, and more limited total 427 
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measurements. The last item may be a significant barrier to these studies, as the small sampling area for 428 

μXANES may require the acquisition of more data sets at different sample locations to obtain enough 429 

representative data sets from which whole sample conclusions can be drawn. XANES also does not 430 

provide additional compositional data that may be required for full material color analysis studies (e.g., 431 

total Fe, and Cr concentration). Moreover, polarization-orientation effects are still being studied and 432 

may contribute significantly to the errors of synchrotron techniques. Therefore, prior to XANES 433 

measurement, site identification, phase validation and estimation of the total transition metal 434 

concentrations should be completed by reliable X-ray microanalytical methods such as backscattered 435 

electron imaging, compositional mapping, coupled with standards-based X-ray microanalysis or 436 

fundamental parameters-based µXRF spectrometry. 437 

Implications 438 

Given that the electronic transitions for Fe3+ are spin-forbidden for weak field ligands, the probability of 439 

such a transition is reduced, thereby accounting for the weak absorption and the associated pale green 440 

color of jadeites (Rossman, 1974; Rossman, 2014). Understanding the magnitude of  Cr3+, Fe3+, and Fe2+ 441 

is therefore required to account for each color mechanism responsible for imparting green hues in 442 

Mesoamerican jadeite jades (Harlow and Olds, 1987; Li et al., 2023). High-fidelity color measurements 443 

have recently been correlated to Cr3+ in jadeite jade (Vicenzi et al., 2024), and future efforts should 444 

include accurate knowledge of the concentration of Fe3+ and Fe2+ to complete a more rigorous mineral 445 

color analysis assessment. 446 
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specimen 
image 
type areas jadeite omphacite albite 

    (n) x̄  σ x̄  σ x̄  σ 
A1 JA092 X-ray 5 91.4 5.0 1.6 0.3 7.0 5.0 

  BSE 5 91.6 3.2 2.1 1.1 6.3 2.3 

  x̄   91.5 3.0 1.9 0.6 6.7  
          

A2 JA086 X-ray 5 97.4 1.8 2.6 1.8   
  BSE 5 95.8 3.2 4.2 3.2   
  x̄   96.6 1.8 3.4 1.8   
          

A3 JA423† X-ray 5 99.0 0.6 1.0 0.6   
  BSE 5 97.8 0.5 2.1 0.5   
  x̄   98.4 0.4 1.6 0.4   
          

G1 JS006-jd꙳ X-ray 5 88.0 4.2 12.1 4.2   
  BSE 5 91.7 3.5 8.3 3.5   
  x̄   89.8 2.7 10.2 2.7   
          

G2 JA301 X-ray 5 88.6 10.2 4.1 2.1 7.3 8.4 

  BSE 5 83.5 8.1 7.6 3.8 8.8 4.6 

  x̄   86.1 6.5 5.9 2.2 8.1 4.8 

          
G1 JS006-omp BSE 4 0.7 0.2 99.3 0.2     
†trace quartz and titanite        
꙳jadeite vein         

 643 

 644 

Table-1 645 

 646 

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America. 
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2025-10045.  https://msaweb.org/MSA/AmMin/

Always consult and cite the final, published document. See https://msaweb.org/MSA/AmMin/ or GeoscienceWorld 
 



  Fe3+/FeTotal 

 Peak Fitting  Machine Learning 
Sample ID x̄  σ (±)   x̄  σ (±) 

JA092 0.73 0.11  0.73 0.01 
JA086 0.76 0.10  0.77 0.09 
JA423 0.85 0.03  0.82 0.03 

JS006-jd* 0.67 0.04  0.72 0.03 

JS006-omp** 0.29 0.03  0.40 0.05 
JA301 0.70 0.09   0.75 0.04 

*n = 4 owing to one spot's proximity to the jadeite vein-omphacite interface 
** omphacite region of JS006     

 647 
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Sample 
ID 

XANES values  Area fractions from X-ray data  
  

(unitless or otherwise stated) (unitless) 

From Table 2 From Table 1  

Fe3+/Fetotal   Fe3+/Fetotal          
 

 

(mix, PF)  (1σ) (omp, ML)  (1σ) jadeite  (1σ) omphacite  (1σ) albite (1σ) 

JA092 0.73 0.11 0.4 0.05 0.92 0.03 0.02 0.01 0.00 0.00 
JA086 0.76 0.1 0.4 0.05 0.97 0.02 0.03 0.02 0.00 0.00 
JA423 0.85 0.03 0.4 0.05 0.98 0.00 0.01 0.00 0.00 0.00 

JS006-jd 0.67 0.04 0.4 0.05 0.9 0.03 0.1 0.03 0.00 0.00 
JA301 0.7 0.09 0.4 0.05 0.86 0.07 0.06 0.02 0.08 0.05 

           

Sample 
ID 

FeO/mix  FeO/omp  Phase Fraction Corrected   
    

 

(mass fraction) (mass fraction) Fe3+/FeTotal values for Jadeite   
    

 

From Table 4 From SI Table 7  (unitless unless otherwise stated)  
    

 

Value  (1σ) Value  (1σ) Fe3+(jd)/ 
Fetotal (jd) (1σ) 

Relative 
Change in 
Value (%) 

  

    
JA092 0.00 0.00 0.03 0 0.78 0.13 6.2   

    
JA086 0.01 0.00 0.02 0 0.80 0.12 5.4   

    
JA423 0.01 0.00 0.05 0.01 0.87 0.01 2.1   

    
JS006-jd 0.00 0.00 0.04 0.01 0.91 0.17 36.1   

    
JA301 0.01 0.00 0.02 0 0.75 0.11 7.9   

    
 652 
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  A1   A2   A3   G1    
JA092  JA086  JA423  JS006-jd  JS006-omp   

 jadeite  jadeite  jadeite  jadeite  omphacite   
n= 38  46  66  60  44   

oxide X̿ uc(x̄)   X̿ uc(x̄)   X̿ uc(x̄)   X̿ uc(x̄)   X̿ uc(x̄)     

SiO2 58.73 0.15  58.71 0.15  59.16 0.19  59.03 0.2  56.28 0.3    

Al2O3 23.64 0.3  22.69 0.4  23.93 0.4  24.75 0.4  11.81 0.4    
FeO* 0.38 0.04  0.63 0.05  0.91 0.18  0.48 0.15  3.64 0.5    

Cr2O3    0.12 0.08        0.03 0.03    
MgO 1.14 0.19  1.79 0.2  0.73 0.2  0.33 0.2  7.57 0.3    
CaO 1.71 0.3  2.60 0.3  1.24 0.3  0.64 0.3  12.98 0.4    

Na2O 13.91 0.17  13.67 0.17  14.35 0.2  14.65 0.18  7.38 0.2    
Mass 
Sum 99.51 0.07  100.21 0.08  100.32 0.09  99.88 0.09  99.69 0.13                      
 cations on the basis of 6 oxygens                   

Si 1.992 0.002  1.988 0.002  1.993 0.002  1.992 0.002  1.982 0.002    
Al 0.945 0.019  0.906 0.012  0.950 0.012  0.985 0.015  0.491 0.011    

Fe3+ 0.000 0.001  0.011 0.004  0.009 0.004  0.003 0.003  0.020 0.005    
Cr 0.000 0.000  0.003 0.003  0.000 0.000  0.000 0.000  0.001 0.0009    

Fe2+ 0.011 0.002  0.007 0.002  0.017 0.002  0.010 0.004  0.088 0.011    
Mg 0.057 0.016  0.090 0.012  0.037 0.010  0.017 0.009  0.397 0.017    
Ca 0.062 0.015  0.094 0.012  0.045 0.011  0.023 0.009  0.490 0.012    
Na 0.915 0.010  0.898 0.011  0.937 0.009  0.959 0.008  0.504 0.012    

Cation 
Total 3.986 0.006  3.998 0.002  3.988 0.004  3.989 0.004  3.971 0.004                      

 fraction:                  
jadeite 0.935 0.017  0.892 0.013  0.942 0.013  0.972 0.013  0.491 0.011    

aegirine 0.000 0.001  0.011 0.003  0.009 0.004  0.003 0.003  0.020 0.005    
quad pyx 0.065 0.016  0.094 0.011  0.049 0.011  0.025 0.010  0.488 0.012    

Fe3+/Fetotal  0.02 0.03   0.59 0.15   0.27 0.12   0.10 0.09   0.19 0.05     
* Total Fe expressed as FeO.              

Table-4 656 
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n=49 Grp Mean Std Dev analytical provided difference 

oxide/cation X�  uc(x)̄ 1 s comp. 
(mean-
provided) 

SiO2 59.41 0.2 0.05 59.45 -0.04 

Al2O3 25.27 0.16 0.04 25.04 0.23 

FeO* 0.11 0.04 0.02 0.15 -0.04 

MgO 0.09 0.08 0.010 0.26 -0.17 

CaO 0.22 0.11 0.010 0.39 -0.17 

Na2O 14.77 0.09 0.04 14.77 0.00 

Sum 99.87 
  

100.06 
       

cations on the basis of 6 oxygens 
      
Si 1.999 0.002 

   
Al 1.002 0.003 

   
Fe3+ 0.000 0.000 

   
Fe2+ 0.003 0.001 

   
Mg 0.004 0.003 

   
Ca 0.008 0.003 

   
Na 0.963 0.005 

   
Total 3.980 0.004 

         
fraction: 

     
jadeite 0.992 0.003 

   
aegirine 0.000 0.000 

   
quad 
pyroxene 0.008 0.003       
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