
 

https://www.at-spectrosc.com/as/article/pdf/2026028 274                Atom. Spectrosc. 2026, 47(2), 274–283. 

Natural Garnet Reference Materials for the Electron Microprobe 

Flank Method to Determine the Fe3+/ΣFe of Unknown Garnets 

Wen-Tan Xu,a Di-Cheng Zhu,b, c,* Qing Wang,a Liang-Liang Zhang,b Jin-Cheng Xie,b Ze Liu,a and Si-Hua Yuan d 

a State Key Laboratory of Geological Processes and Mineral Resources, School of Earth Sciences and Resources, China University of Geosciences, Beijing 

100083, P. R. China 

b State Key Laboratory of Geological Processes and Mineral Resources, and Institute of Earth Sciences, China University of Geosciences, Beijing 100083, P. 

R. China 

c Frontiers Science Center for Deep time Digital Earth, China University of Geosciences, Beijing 100083, P. R. China 

d School of Earth sciences and Engineering, University of Emergency Management, Langfang 065201, P. R. China 

Received: February 26, 2026; Revised: March 30, 2026; Accepted: March 31, 2026; Available online: April 11, 2026.  

DOI: 10.46770/AS.2026.028 

 

ABSTRACT: The oxidation state of minerals enriched in ferrous or ferric irons is a direct proxy for magma oxygen fugacity. 

The electron probe microanalysis (EPMA) flank method is highly efficient and easily accessible in the determination of oxidation 

state of Fe-rich minerals. The determination of Fe Lα and Fe Lβ at flank positions is crucial to calibrate Fe oxidation state of garnets 

using EPMA flank method, which relies on pure Fe2+ and Fe3+ end-number garnets as references. However, the practical application 

of this method is restricted by the scarcity of natural reference materials. To address this limitation, this study investigates several 

natural garnets to evaluate their potential as reference materials for the EPMA flank method. EPMA major element analysis and 

mapping results revealed that samples XJ-3 and PJ-1 are compositionally homogeneous and can be classified as almandine. In 

contrast, sample XT-1, identified as andradite, exhibits compositional zoning. Mössbauer spectroscopy analysis further confirmed 

the iron valence states of these garnets: the Fe3+/ΣFe ratios of almandine samples XJ-3, PJ-1, and XJ-4 are 0.00±0.03, 0.00±0.03, and 

0.04±0.03, respectively, while the andradite sample XT-1 shows a Fe3+/ΣFe ratio of 1.00±0.03. These results demonstrate that XJ-3, 

PJ-1 (as Fe2+-dominant end-members) and XT-1 (as Fe3+-dominant end-member) are suitable for determining the flank positions of 

Fe Lα and Fe Lβ. This study further quantified the relationship between the Fe Lα/Lβ intensity ratio at the calibrated flank positions 

and the Fe2+ or Fe3+ content of garnets. A 

simple linear regression equation was 

established, and the method based on this 

equation yields an uncertainty of ±1 wt% for 

Fe2+ content and ±0.05 for the Fe3+/ΣFe ratio. 

In conclusion, the natural garnet samples of 

XJ-3, PJ-1, and XT-1 investigated in this 

study can serve as reliable reference materials 

for the EPMA flank method, enabling 

accurate determination of the Fe oxidation 

state in unknown garnet samples. 

INTRODUCTION  

Oxygen fugacity, a critically geochemical parameter 

characterizing magmatic conditions, exerts a profound influence 

on magmatic processes and mineralization,1,2 which achieves this 

by altering the solubility of valence-variable elements,3,4 

modifying the properties of subduction zone fluids,5,6 and 

changing mineral stability.7,8 During magmatic evolution, the 

accumulation and fractional crystallization of minerals enriched in 

Fe2+ (i.e., with low Fe3+/ΣFe ratios), such as garnet, amphibole, 

and phlogopite, result in increasing oxidation of the residual melt.9-

11 Accurate determination of the Fe oxidation state in Fe-rich 
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minerals is therefore a key prerequisite for unraveling variations in 

oxygen fugacity during magmatic and mineralization 

processes.2,12 Wet chemistry and Mössbauer spectroscopy are two 

conventional methods for quantifying Fe3+/ΣFe ratios in minerals. 

However, these techniques typically require powdered samples. 

Furthermore, the presence of mineral inclusions may induce 

significant deviations in experimental results. In-situ analytical 

techniques, including X-ray absorption near-edge structure 

(XANES) spectroscopy, electron energy loss spectroscopy 

(EELS), and X-ray photoelectron spectroscopy (XPS), have been 

employed for determining the Fe oxidation state in geological 

samples.13-17 Nevertheless, these techniques suffer from inherent 

limitations: for instance, XANES relies on a synchrotron X-ray 

source, while EELS and XPS are prone to beam damage, 

constraining their widespread application for Fe3+/ΣFe 

determination in Fe-rich minerals. Notably, EPMA flank method 

is a highly promising alternative. First applied by Höfer et al. 

(1994)18 to determine Fe3+/ΣFe ratios in iron oxides, the EPMA 

flank method has gained broader utility owing to its accessibility 

and efficiency. It has since been successfully applied to calcic 

pyroxene, 19-21 amphibole, 22-24 biotite,24 garnet, 10,25-28 and silicate 

glass. 29,30 

The EPMA flank method relies on the peak shifts and energy 

differences of the Fe Lα and Fe Lβ emission lines, which arise from 

the self-absorption effects of Fe2+ and Fe3+. 18,24 A core procedure 

of this method is to determine the flank positions of Fe Lα and Fe 

Lβ using reference garnets of pure Fe2+ end-member (almandine) 

and Fe3+ end-member (andradite). This is because Fe2+ content 

exhibits a linear correlation with the Fe Lα/Fe Lβ intensity ratio at 

the calibrated flank positions. For garnets with a total Fe content 

of 10 wt%, the EPMA flank method has a reported accuracy of ± 

0.04 for the Fe3+/ΣFe ratio.25 Previous studies have typically 

employed synthetic end-member garnets for EPMA flank 

measurements.25 Owing to the difference of ionic radius, synthetic 

end-member garnets always show potential lattice defects. In 

addition, complicated synthesis techniques and potential 

compositional inhomogeneity further hinder the application of 

EPMA flank method. In contrast to synthetic garnet materials, 

natural garnets are easily obtained and have similar matrix effect 

to testing samples, leading to an ideal choice for EPMA flank 

method. However, the availability of natural garnet standards is 

severely limited, hindering their broader application in this method. 

In this study, a suite of natural garnet grains was collected to 

identify potential reference materials for the EPMA flank method. 

EPMA major element analysis and elemental mapping were used 

to assess compositional homogeneity and chemical end-member 

characteristics, while Mössbauer spectroscopy was employed to 

quantify Fe3+/ΣFe ratios. Our results indicate that XJ-3, PJ-1, and 

XT-1 are suitable natural reference materials, and they can be used 

not only to determine the critical flank positions but also to 

calibrate the Fe3+/ΣFe ratio of unknown garnet samples. 

EXPERIMENTAL 

Sample description and preparation. A total of eight garnet 

samples were collected from Pakistan and China, consisting of 

both gem-quality crystals or small grains. These sample were first 

roughly crushed to 30-50 mesh, followed by careful examination 

under a binocular microscope to select inclusion-free garnet 

fragments. The examination results indicate that XJ-3, XJ-4 and 

XT-2 contain inclusions. These inclusion-bearing samples further 

crushed to 80 mesh, and are carefully examined under a binocular 

microscope to select inclusion-free garnet fragments. The step-by-

step crushing and precise examination garnet fragments can 

ensure that these garnet fragments do not contain inclusions. 

Approximately 30 fragments per sample were embedded in epoxy 

resin and polished using diamond paste to obtain mirror-like 

surfaces. Backscattered electron (BSE) imaging was subsequently 

employed to assess compositional zoning within the garnet grains 

(Fig. 1). 

 

 

Fig. 2
 
Backscattered electron images of selected garnet fragments. (a-b) almandite from Koktokay, Xinjiang Uygur Autonomous Region and (c) almandite 

from Pingjiang county, Hunan Province and (d-e) grossular from gilgit Baltistan, Pakistan and (f-g) andradite from Khyber Pakhtunkhwa Province, Pakistan 

and (h) from Hebei Province.
 

https://context.reverso.net/%E7%BF%BB%E8%AF%91/%E8%8B%B1%E8%AF%AD-%E4%B8%AD%E6%96%87/inhomogeneity
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Fig. 3 Garnet end-members (a) and chemical compositions of selected samples (b-f). 

 

EPMA analysis of major elements. Major element analyses were 

performed using a JEOL JXA-8230 electron probe microanalyzer 

(EPMA) equipped with four wavelength-dispersive spectrometers 

(WDS) at the Hebei Key Laboratory of Earthquake Dynamics 

(HKLED), University of Emergency Management, China. 

Consistent analytical conditions were employed for all elements: 

accelerating voltage of 15 kV, beam current of 20 nA, and beam 

diameter of 5 μm. Peak counting times and background counting 

times (upper and lower backgrounds) were optimized for different 

elements: 20 s (peak) and 10 s (background) for Si, Al, Fe, Mg, 

and Ca; 40 s (peak) and 20 s (background) for Mn, Cr, Ni, and Ti; 

and 10 s (peak) and 5 s (background) for Na and K. Calibration 

was conducted using the following reference standards: chrome-

diopside (for Si and Ca), almandine (Al), jadeite (Na), olivine 

(Mg), orthoclase (K), rutile (Ti), magnetite (Fe), bustamite (Mn), 

chromium oxide (Cr2O3, for Cr), and pentlandite (Ni). Analytical 

accuracy was verified: major element contents deviated by ≤ ± 2% 

from preferred values, while minor element contents showed 

deviations within 10% of preferred values. All elemental data were 

processed with ZAF correction (atomic number, absorption, and 

fluorescence corrections) using proprietary Shimadzu software. 

EPMA mapping analysis. To evaluate the compositional 

homogeneity of the studied garnet samples, major elemental 

distribution mapping was performed using a JEOL JXA-8230 

electron probe microanalyzer (EPMA) located at the HKLED, 

University of Emergency Management, China. The analyses were 

conducted under the following optimized conditions: accelerating 

voltage of 15 kV, beam current of 50 nA, and an electron beam 

defocused to a 1 μm diameter. For high-resolution mapping results, 

a pixel size of 1 μm × 1 μm was adopted, consistent with the 

defocused beam diameter. The dwell time per pixel was set to 200 

ms to ensure sufficient signal-to-noise ratio for accurate elemental 

distribution characterization. 

Mössbauer analysis of the Fe3+/ΣFe ratio. Fe3+/ΣFe ratios of the 

selected garnet samples were determined using Mössbauer 

spectroscopy. The crushed garnet fragments were cleaned in an 

ultrasonic bath with ethanol, followed by Milli-Q water, for 5 

minutes each to remove surface impurities. The garnet fragments 

were then ground to 200 mesh powder using an agate mortar 

before Mössbauer analyses. All samples were analyzed using a 

WSS-10 Mössbauer spectrometer at Guangzhou Institute of 

Geochemistry, Chinese Academy of Sciences. A 57Co source with 

an activity of 25 mCi in a rhodium matrix was employed during 

all analyses. Mössbauer spectra of the garnet powder were 

collected using a moving absorber at room temperature. A 

standard absorber, α-Fe foil with a thickness of 25 μm, was used 

to calibrate the velocity scale. MossWinn 4.0 software was utilized 

to analyze the Mössbauer spectra, which were fitted using a 

Lorentzian linear distribution through the least squares method. 

The quality of the fits to the Mössbauer spectra of the samples 

indicates that the 1σ uncertainty of Fe3+/ΣFe ranges from 0.01 to 0.05. 

RESULTS AND DISCUSSION 

Major element composition of garnet. Eight garnet samples 

were selected for EPMA major element analysis. To monitor the  
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Fig. 3 Mössbauer spectra of the garnet samples. 

 

 

 

 

 

Fig. 4 Backscattered electron images and mapping results. 

 

accuracy of the EPMA analytical conditions, one standard garnet 

sample was additionally analyzed. The raw analytical results are 

summarized in Table S1, while the mean major element 

compositions of all nine samples are listed in Table S2. Samples 

PJ-1, XJ-3, XJ-4, and XT-3 belong to the almandine–pyrope–

grossular (Alm-Py-Gro) series (Fig. 2a) and show variable 

contents of FeO, MgO, and MnO (Fig. 2b–2f). Samples PK-1 and 

PK-2 belong to the grossular (Gro) series, distinguished by high 

Al2O3 (18.97–20.96 wt%) and CaO (33.54–35.91 wt%) contents, 

as well as low total FeO (TFeO; 3.60–7.39 wt%) (Fig. 2a–2c). 

Samples XT-1 and XT-2 are identified as andradite (Adr) end-

members, featuring relatively high CaO and TFeO contents 

coupled with low Al2O3 (Fig. 2a–2c). 

Fe3+/ΣFe ratio of garnet obtained by Mössbauer spectroscopy. 

Mössbauer spectroscopy results are presented in Fig. 3. The 

spectra results indicate that samples XJ-3 and PJ-1 contain pure 

ferrous iron (Fe2+), with a Fe2+/ΣFe ratio of 1.00 ± 0.03 for both. 

Sample XJ-4 is also enriched in Fe2+, exhibiting a low Fe3+/ΣFe 

ratio of 0.04 ± 0.03. In contrast, the grossular (Gro) series samples 

XT-1 and XT-2 are enriched in ferric iron (Fe3+). XT-1 has a 

Fe3+/ΣFe ratio of 1.00 ± 0.03, while XT-2 shows a Fe3+/ΣFe ratio 

of 0.73 ± 0.03. Additionally, the low TFeO PK-2 sample yielded 

Fe3+/ΣFe ratios of 0.65 ± 0.03. 

Selection of standard samples. The key to calculating the 

Fe2+/ΣFe ratio of garnets lies in determining the flank positions of 

Fe Lα and Fe Lβ emission lines, which are defined using pure Fe2+ 

end-member (almandine) and Fe3+ end-member (andradite) 

reference materials. The principle of garnet reference materials 

selection using to determine Fe flank method positions are 

homogeneity, inclusion-free, pure Fe2+ and Fe3+ end-member, and 

relatively high TFeO. PK-1 and PK-2 are grossular with TFeO 

contents less than 10 wt% (Fig. 2b-2c). Although, XT-3 belongs to 

Alm-Py-Sp-Uv series, it has high MnO and significantly low 

TFeO and belongs to spessartine. Previous study suggested that 

the flank method can yield an accuracy of Fe3+/ΣFe at ±0.04 for 

garnets with the total Fe content more than 10wt%. 31 Therefore, 

garnets with TFeO contents less than 10 wt% can yield larger 

accuracy. XT-2 is andradite with relatively high TFeO. However, 

this sample has complex compositionally zoning with Fe3+/ΣFe 

ratio of 0.73±0.03, leading to a complexity between Fe content and 

Fe valence. Therefore, only XJ-3, PJ-1, and XT-1 were discussed 

in the subsequent research. 

As demonstrated earlier, samples XJ-3 and PJ-1 qualify as natural 

pure Fe2+ end-members, with a Fe2+/ΣFe ratio of 1.00 ± 0.03 for 

both. To further verify the compositional homogeneity of these 

two samples, EPMA elemental mapping analyses were conducted. 

The mapping results confirm that both garnet samples are 

compositionally homogeneous (Fig. 4a and 4b). Sample XT-1 is a 

potential pure Fe3+ end-member (andradite). Nevertheless, its 

backscattered electron (BSE) image reveals alternating dark and 

bright compositional bands (Fig. 4c and 5a). A linear 

compositional profile across one XT-1 garnet grain exhibits an 

inverse correlation between total FeO and Al2O3 contents (Fig. 5b), 

which is consistent with the elemental mapping results (Fig. 4c). 

Based on the molar proportions of garnet end-members calculated 

following Locock (2008), 32 XT-1 is predominantly composed of 

74–80% andradite and 17–25% grossular, with almost no 

almandine component (Fig. 5c). Additionally, a clear negative 

correlation is observed between octahedral Fe3+, Al, and Mn atoms 

per formula unit (Fig. 5d). Combined with the Mössbauer 

spectroscopy results (Fe3+/ΣFe = 1.00 ± 0.03), we suggest that XT-

1 qualifies as a pure Fe3+ end-member. It can be used together with 

XJ-3 and PJ-1 (pure Fe2+ end-members) to define the flank 

positions of Fe Lα and Fe Lβ emission lines. 
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Fig. 5 Compositional profile across the XT-1 fragment (a) backscattered electron image showing chemically compositional bands and test positions (white 

circles) (b) variations of total FeO and Al2O3 contents and (c) calculated mole percentage (%) of andradite and grossular end-members across the XT-1 

fragment and (d) Fe3+ versus (Al+Mn)Ⅵ atoms per formula unit (apfu) calculated on the basis of 8 cations per 12 oxygens. 

 

Spectrometer calibration before EMPA flank method analysis. 

The accuracy of the EPMA flank method is strongly governed by 

the long-term stability of the TAP crystal in the JEOL JXA-8230 

electron probe microanalyzer. This stability is influenced by 

laboratory environmental factors, including electromagnetic 

interference, temperature, humidity, and air pressure, which may 

induce shifts in spectral positions. Therefore, daily spectrometer 

calibration is a prerequisite for conducting flank method 

analyses.25 Two calibration procedures have been proposed to 

correct the mentioned spectrometer position offsets.25,28 Prior to 

calibration, the detector slit of the TAP spectrometer was adjusted 

to 300 μm to obtain sharp peaks. Firstly, the calibration procedure 

proposed by Höfer and Brey (2007)25 was implemented. 

Specifically, we used a Fe metal standard to search the FeKα1 9th 

order peak with the operation conditions of 25 kV, 80 nA, and a 1 

μm beam in TAP crystal. The FeKα1 9th order peak (fe0) is 189.300 

mm. Subsequently, we performed a 50 μm interval on both sides 

(fe1 and fe2) of fe0 peak to measure the counts of these two 

positions. And then measured counts from four positions shifted 

by ±5 μm from fe1 and fe2 positions. The above six positions were 

measured with a duration of 180 seconds, and repeated three times. 

The measured results were plotted against the regression line to 

determine the offset values. The above procedure always takes 1 

hours in our laboratory. On the next day, we performed a 

spectrometer initialization (SPI) procedure with the operation 

conditions of 20 kV, 20 nA, using a metal Mg as the internal 

standard.28 The overall SPI procedure always takes 20 min. After 

the spectrometer initialization, we repeated the spectrometer 

calibration procedure performed in the first day. And we also 

conducted a 14 μm spectrometer calibration procedure after SPI to 

compare the influence of offset distance.26   

Höfer and Brey (2007) 25 noted that a fe₁/fe₂ ratio of 1 indicates 

peak symmetry in the measured region. Otherwise, correction of 

the spectrometer position is necessary. Our results showed that 

fe₁/fe₂ ratios before SPI ranged from 0.858 to 0.866, indicating a 

relatively large spectral shift. In contrast, fe₁/fe₂ ratios after SPI 

ranged from 0.977 to 1.02, which are close to the "true" peak 

position (Fig. 6a). The 14 μm offset calibration yielded fe₁/fe₂ 

ratios of 0.985 to 1.013, which were similar with those obtained 

with the 50 μm offset (Fig. 6b). This result suggests that long-

distance offsets do not significantly affect the spectrometer 

position correction efficiency. Therefore, the SPI procedure can be 

implemented as a daily routine to correct spectrometer positional 

shifts for EPMA flank method analyses. 

Identifying the flank positon of Fe Lα and Fe Lβ. Owing to the 

difference in self-absorption between Fe2+ and Fe3+, the ferrous 

iron (Fe2+) content exhibits a systematic correlation with the 

intensities of Fe Lα and Fe Lβ emission lines at their flank 

positions.25 These flank positions of Fe Lα and Fe Lβ can be 

determined using pure Fe2+ end-member (almandine) and Fe3+ 

end-member (andradite) garnets. Sample XJ-3 was selected as the 

pure Fe2+ end-member garnet because its TFeO content (32.46 wt%) 
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Fig. 6 Comparison of the spectrometer position before and after the operation of spectrometer initialization (a) a 50 μm spectrometer shift before and after 

spectrometer initialization and (b) a 14 μm spectrometer shift after spectrometer initialization. 

 

 

 

Fig. 7 Determination of Fe Lα and Fe Lβ flank positions based on andradite and almandine reference samples (a and c) raw spectra of the Fe L-line of XJ-3 

with XT-2 band1 and band 2, which were collected at 15 kV, 80 nA, and 10 μm probe diameter and (b and d) difference spectra between XJ-3 with XT-2 

band1 and band 2, which were normalized by using their Fe content, respectively. The flank positions of Fe Lα and Lβ were located using the maximum and 

minimum intensities on the difference spectrums. 

 

is relatively higher than that of PJ-1 (20.08 wt%). To evaluate the 

potential influence of chemical composition variations on the 

determination of Fe Lα and Fe Lβ flank positions, wavelength scans 

were performed on two bands (Band 1 and Band 2) of the pure 

Fe3+ end-member garnet XT-1, which have different TFeO 

contents (Fig. 5b). We used an accelerating voltage of 15 kV, 80 

nA probe current, and a beam current of 10 μm operation 

conditions to conducted the wave scan with the L value for TAP 

spectrometer ranging from 186 to 193 mm. The wavelength scan 

results are presented in Fig. 7. The results show a tendency of Fe 

Lα and Lβ of XT-1 shifted to higher wavelength compared to 

andradite samples due to self-absorption (Fig. 7a and 7c). We 

defined the maximum and minimum values of the intensity 

difference between Fe Lα and Fe Lβ as the Lα flank position and Lβ 

flank position, respectively (Fig. 7b and 7d). XT-1 band 1 and band 

2 exhibit identical Fe Lα and Fe Lβ flank positions, suggesting that 
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chemical composition differences do not affect the determination 

of flank positions. The flank method for the determination of Fe 

Lα and Lβ is related to the L2,3 absorption.33 The similarity between 

L2,3-edge absorption energy and the L line emission energy trigger 

an X-ray resonant process involving both X-ray absorption and X-

ray emission. Lα in flank position is close to L3-edge absorption, 

whose absorption coefficient is significantly larger than Lβ. Lβ in 

flank position is far from L2-edge absorption, and is nearly keep a 

certain position.34 Thus, the intensity of Lα in flank position is 

related to the Fe2+ contents, and independent of Fe3+ content. 

Therefore, chemical compositional differences may not affect the 

determination of flank positions. 

Considering the high TFeO content of XT-1 Band 1, XJ-3 (pure 

Fe2+ end-member) and XT-1 Band 1 (pure Fe3+ end-member) were 

used to determine the target flank positions. The Fe Lα and Fe Lβ 

flank positions obtained in this study (190.700 mm and 188.110 

mm, respectively) are nearly identical to the theoretical flank 

positions (190.720 mm and 188.095 mm, respectively). 

Analyses of Fe Lα and Fe Lβ at flank positions. In this study, the 

Fe Lα and Fe Lβ flank positions determined using XJ-3 and XT-1 

Band 1 were employed to acquire the spectral intensities at these 

two positions. The analyses were conducted under operating 

conditions of 15 kV accelerating voltage, 60 nA beam current, and 

5 μm beam diameter. To improve counting statistics, 16 flank 

method analyses per sample were performed.32 We added two 

“fake” elements of As and Br at one TAP spectrometer to represent 

the Fe Lα and Lβ flank positions, respectively. A counting time of 

180 s was applied at each of these two flank positions to ensure 

sufficiently high counts. To verify the reliability of the flank 

method in our laboratory, a set of standard garnet samples (AND1, 

FRA1, Damknolle, Mir1, Mir2, Mir13, Mir23, and UA5) with 

known Fe3+/ΣFe ratios were also analyzed.27,28 The EPMA major 

element compositions and Fe Lβ/Lα intensity ratios at the flank 

positions of these eight standard garnet samples are provided in 

Table S5. 

The Fe Lβ/Lα intensity ratios measured by EPMA at the flank 

positions exhibit a strong positive correlation with the Fe2+ contents 

of the standard garnets (Fig. 8). Based on this correlation, a linear 

regression equation was established for the standard garnet samples: 

Lβ/Lα = 0.0400 × Fe2+ + 0.5811 (R² = 0.9899). This equation is 

highly consistent with those reported by previous study.27,28 

Therefore, the flank method established in this study is 

applicable for determining the Fe oxidation state of unknown 

garnet samples, and XJ-3 and XT-1 are reliable reference materials 

for defining the Fe Lα and Fe Lβ flank positions. 

Calculation of garnet Fe2+ content and the Fe3+/ΣFe ratio. 

Using the validated analytical parameters described above, we 

measured the spectral intensities at the Fe Lα and Fe Lβ flank positions 

 

 

 

 

Fig. 8 Simple linear regression of Fe Lβ/Lα intensity ratios (flank position 

ratios) against Fe2+ contents for reference standard garnets. (The simple 

linear regression of blue dotted line and grey dotted line for these standard 

garnets are from Tao et al. 27 and Cao et al. 28). 

 

for the garnet samples whose Fe2+ contents were calculated from 

the total FeO and Mössbauer Fe3+/ΣFe ratios, ranging from 0 to 

25.23 wt.%. The plot of Lβ/Lα ratio against the Fe2+ contents of 

samples determined by Mössbauer is shown in Fig. 9a. A simple 

linear regression analysis yields an equation: 

Lβ/Lα = 0.0431 × Fe2+ + 0.5014 (R² = 0.9977)         (1) 

Based on linear regression Equation (1), we calculated the Fe2+ 

contents and Fe3+/ΣFe ratios of the garnet samples. The results are 

provided in Table S6, indicating that the deviation of the Fe2+ and 

Fe3+/ΣFe ratios for most garnets samples are within 1 wt.% and 

0.05, respectively, compared to the results obtained by Mössbauer 

(Fig. 10). 

Höfer and Brey (2007) 25 demonstrated that for garnet samples 

with unknown Fe3+ content but known total Fe content, their Lβ/Lα 

ratio plots below the calibration curve for Fe3+/ΣFe = 0. The 

magnitude of this deviation from the calibration curve (denoted as 

Δratio) serves as an indicator of the sample’s Fe3+ content. Thus, a 

linear equation relating ΔLβ/Lα to Fe3+ content can be used to 

calculate the Fe3+ content of unknown garnet samples. The 

calculated ΔLβ/Lα results are provided in Table S6. As shown in 

Fig. 10b, ΔLβ/Lα exhibits a strong positive linear correlation with 

the Fe3+ content, where the latter was calculated from Mössbauer 

spectroscopy results and EPMA TFeO contents. We thus 

established a second simple linear regression equation 2, which is 

consistent with that reported by Cao et al. (2025)28 : 

Fe3+ = 23.74 × ΔLβ/Lα - 0.2800 (R² = 0.9947)       (2) 
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Fig. 9 Simple linear regression of Fe Lβ/Lα intensity ratios (flank position ratios) against Fe2+ contents (a) and ΔLβ/Lα versus Fe3+ contents (b) of garnet samples 

from this study. 

 

Fig. 10 Comparison of Fe2+ content and Fe3+/ΣFe of garnet samples determined by the flank method using Eqn 1 and by Mössbauer spectroscopy. 

 

The flank positions of Fe Lα and Lβ determined by pure Fe2+ and 

Fe3+ end-number garnets are not only suitable for garnet, but in 

calcic amphibole, calcic pyroxene, and silicate glasses. In fact, 

minerals with the same crystal structure are the perfect candidate 

for the determination of the flank positions of Fe Lα and Lβ. 

However, the difference spectrum obtained by minerals with the 

same crystal structure may show less significant than that obtained 

by the garnet pairs due to the variations in coordination polyhedral 

for Fe and the total Fe content.21 The flank positions determined 

by different pure Fe2+ and Fe3+ end-member minerals are 

similar.21,24 Therefore, pure Fe2+ and Fe3+ end-member garnets are 

the considerable material references to determine Fe Lα and Lβ 

flank positions for silicate minerals enrichment in Fe. A simple 

linear regression equation is necessary using a series of the same 

group minerals with different Fe2+ content. However, the slope of 

the simple linear regression equation obtained by garnets and other 

minerals show significant difference.21-22, 24-25 This difference is 

attribute to the bonding environments and coordination numbers 

of Fe in garnet and other minerals.24-25 In addition, accelerating 

voltage, beam current, and beam diameter are prerequisite in 

minerals with different crystal structures during a long-time signal 

acquisition.22, 24 To sum up, natural pure end-member garnets are 

potential reference materials for the determination of Fe flank 

positions, and further research about standard minerals with 

different crystal structures is necessary. 

CONCLUSIONS 

In this study, we present a series of garnet samples as natural 

reference materials to determine the Fe oxidation state of garnet 

using EPMA flank method. The conclusions of this study are as 

follows. 

(1) XJ-3 and PJ-1 are two pure Fe2+ end-member (almandine) 

garnets. The XT-1 is pure Fe3+ end-member (andradite) 

garnet. XJ-3, PJ-4, and XT-1 are reliable natural reference 

materials to define Fe Lα and Lβ at flank positions. 

(2) The simple linear regressions to calibrate Fe3+/ΣFe ratio of 

unknown garnets is established. The method based on this 

equation yields an uncertainty of ±1 wt% for Fe2+ content and 

±0.05 for the Fe3+/ΣFe ratio. 

(3) Spectrometer initialization can act as a daily calibration 

procedure to correct spectrometer shift for its easily 

exercisable and convenience. 
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