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Abstract 7 

Numerous techniques are available to determine the amount of Fe2+ and Fe3+ in minerals. 8 

Calculating  Fe2+ and Fe3+ by charge-balance using electron probe microanalysis (EPMA) data 9 

is the most common method, but several studies question the usefulness and accuracy of this 10 

approach (McGuire et al., 1989; Dyar et al., 1993; Canil and O'Neill, 1996; Lalonde et al., 1998; 11 

Sobolev et al., 1999; Schmid et al., 2003; Li et al., 2005; Dyar et al., 2012; Schingaro et al., 12 

2016). We compile and compare data for natural garnets that have been analyzed by both EPMA 13 

and Mössbauer spectroscopy. Comparison of Fe3+/∑Fe determined by charge-balance vs. 14 

Mössbauer spectroscopy shows an approximate 1:1 correlation. The EPMA data set of Dyar et al. 15 

(2012) is reexamined and it is shown that disagreement between EPMA and Mössbauer for their 16 

data is not nearly as bad as reported. Data for charge-balance vs. Mössbauer spectroscopy are 17 

compared and show that the EPMA/charge-balance approach provides a suitable alternative 18 

when other methods are not practical.  19 
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  22 

Introduction 23 

The oxidation state of iron is important to many aspects of mineralogy and petrology 24 

including thermobarometry and determination of oxygen fugacity in rocks or melts. Several 25 

methods exist for determining the ratio of Fe3+ to Fe2+. Most commonly, it is either directly 26 
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measured by wet chemistry (Wilson, 1960; Johnson and Maxwell, 1981) or Mössbauer 27 

spectroscopy (Dyar et al., 2006), or calculated from electron probe microanalysis (EPMA; e.g. 28 

Valley et al., 1983; Droop, 1987; Essene, 1989; Grew et al., 2013). Other techniques including 29 

X-ray photoelectron spectroscopy (Raeburn et al., 1997a, b), electron energy loss spectroscopy 30 

(Garvie and Buseck, 1998), EPMA-based ‘flank method’ (Höfer and Brey, 2007), and 31 

synchrotron based X-ray absorption near-edge spectroscopy (Bajt et al., 1994) have been 32 

employed to explicitly measure the valence of iron. The EPMA/charge-balance technique is the 33 

most frequently employed because of widespread EPMA accessibility, small spot size (~ 3 µm), 34 

and speed of analysis. Furthermore, analysis is essentially non-destructive. However, the 35 

EPMA/charge-balance approach is, in some circumstances, less precise and requires accurate 36 

analysis while making some assumptions: no vacancies, no unmeasured elements (e.g. H, Li, B), 37 

and that Fe is the only element with more than one valence state. Fluorine should be measured 38 

by EPMA (Valley et al., 1983). These assumptions are not met for hydrous minerals, e.g. 39 

amphiboles, micas, chlorites, hydro-garnets, and staurolites; because H2O is not measured by 40 

EPMA (Essene, 1989).  It is well known that charge balance does not yield a unique result when 41 

the assumptions fail (Droop, 1987) and we will not discuss these minerals. Instead we focus on 42 

the garnet group (excluding hydrous species where H2O was unmeasured), where the authors 43 

believe charge-balance calculations to be a valuable tool after EPMA analysis.  44 

  45 

Methods 46 

We calculate Fe3+/∑Fe by charge-balance for garnets (Table 1) according to the following 47 

procedure: 48 

 1) calculate the formula from EPMA data normalized to 8 cations; 49 
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 2) calculate the total charge contribution from all cations assuming all Fe is Fe2+;  50 

3) a) if the total cation charge is greater than 24 (cation charge of an ideal formula), then 51 

all Fe is ferrous and there is no ferric Fe; 52 

b) if the cation charge is less than 24, calculate the amount of Fe3+ cations by            53 

subtracting the total cation charge from 24, i.e. 54 ݁ܨଷା ൌ 24 െ ∑ ௜ܥ ௜ܸ௜   (Eqn. 1) 55 

where C is the amount of the i th cation and V is the valence of the i th cation;  56 

4) a) if the amount of calculated Fe3+ is greater than total Fe, then enter zero for Fe2+ and 57 

set Fe3+ to equal total Fe, 58 

 b) if the amount of calculated Fe3+ is less than total Fe, subtract the calculated Fe3+ 59 

from the total Fe to determine amount of Fe2+.  60 

This procedure is slightly different than that of Droop (1987), but is preferred by the authors due 61 

to its simplicity. For each data set we back-calculated total Fe as FeO from reported FeO and/or 62 

Fe2O3 and the above procedure was implemented to ensure consistency of charge balance 63 

calculations. If data for H2O, Li2O, or other oxides that are not typically measured by EPMA are 64 

available through another method e.g. secondary ion mass spectrometry (Schingaro et al., 2016) 65 

or Fourier transform infrared spectroscopy (Locock et al., 1995), then they can be combined with 66 

EPMA data and incorporated into charge balance calculations according to Grew et al. (2013). 67 

The accuracy of charge-balance calculations is dependent on several factors. Counting 68 

statistics during EPMA analysis provides an assessment of instrumental precision, but not of 69 

accuracy. Choice of analytical standards can make critical differences for EPMA of silicates and 70 

oxides, including garnets due to chemical peak shifts for Mg- and Al-Kα between non-garnet 71 

standards and sample garnets (Fournelle, 2007; Fournelle and Jonnard, 2011). Fournelle and 72 
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Geiger (2010) examined EPMA of synthetic grossular and pyrope, using non-garnet standards 73 

(e.g. wollastonite, corundum, Fo-rich olivine) and noted a range of errors (Al – 3% low; Mg – 1% 74 

high; Si – 1% high) and different possible analytical results that were dependent upon (1) which 75 

mass absorption coefficient and (2) which matrix correction were used. These results emphasize 76 

the need for garnets as standards, ideally for all elements, obviating any chemical peak shift and 77 

minimizing error in matrix correction.  78 

Conditions of EPMA analysis and the selected standards, mass absorption coefficients, 79 

and matrix correction are not always reported resulting in data that are difficult to evaluate (e.g. 80 

Li et al., 2005). Due to the vague nature of some reports, we estimate error bars by conducting a 81 

sensitivity analysis of Fe3+/∑Fe to SiO2. Data for Si are predicted to be the largest contribution 82 

to uncertainty in charge balance calculations because Si4+ is the most abundant cation and has the 83 

highest charge. For each sample, SiO2 was adjusted by ± 1%, then Fe3+/∑Fe  was calculated by 84 

charge-balance and these values were used as endpoints for the error bars along the x-axis (Fig. 85 

1). Note that in some cases the error bars are asymmetrical due to the fact that Fe3+/∑Fe can not 86 

be less than 0 or greater than 1. If calculation of Fe3+/∑Fe  after propagating both +1 and -1% 87 

SiO2 result in a Fe3+/∑Fe  value less than 0 (or both are greater than 1), then no error bar is 88 

shown because they do not encompass possible solutions. The uncertainty of Fe3+/∑Fe 89 

calculations varies with total Fe; at ~ 5 wt% FeO(total) error in Fe3+/∑Fe is more than triple that 90 

of garnets where FeO(total) is greater than 15 wt% (Fig. 2). 91 

 92 

Discussion 93 

 Several garnet studies have compared EPMA/charge-balance with other methods and in 94 

general imply that accuracy of Fe3+/∑Fe determination by charge-balance is questionable 95 
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(McGuire et al., 1989; Dyar et al., 1993; Canil and O'Neill, 1996; Sobolev et al., 1999; Li et al., 96 

2005; Dyar et al., 2012; Schingaro et al., 2016). Sobolev et al. (1999) state “…there is no direct 97 

(1:1) correlation between the two sets of data” in reference to charge-balance vs. Mössbauer, but 98 

base this on 4 data with Fe3+/∑Fe less than 0.20. Canil and O’Neill (1996) point out that charge 99 

balance errors are different between mineral species and increase in the relative order: spinel < 100 

garnet < pyroxene, due to differing amounts of Fe and SiO2. Spinel has the highest Fe content 101 

and no Si, which results in Fe3+/∑Fe values that are identical (with similar precisions) between 102 

charge balance and Mössbauer (Canil and O'Neill, 1996). 103 

In the Dyar et al. (2012) study, three samples (AHUN, G5183, and BBKG) showed 104 

particularly large differences in Fe3+/∑Fe (up to 0.93 vs. 0.00) when derived from Mössbauer 105 

spectroscopy vs. when calculated by charge-balance (asterisks in Fig. 1). However, we have 106 

recalculated the data in Table 2 of Dyar et al. (2012) and found errors. These errors are 107 

acknowledged in an erratum (Dyar et al., 2016; this volume) where all Fe is reported as total iron 108 

converted to FeO. Dyar et al. (2016) also correct sample localities and/or mineral identifications 109 

for 5 garnets from the Adirondack Mountains, N.Y. that we pointed out as unlikely based on 110 

EPMA estimates of Fe3+/∑Fe. Our recalculated Fe3+/∑Fe values are plotted as white squares 111 

(Fig. 1). After recalculation, samples AHUN, G5183, and BBKG show greatly improved 112 

agreement between the EPMA/charge-balance and Mössbauer spectroscopic methods (Fig. 1). 113 

The difference in Fe3+/∑Fe between the charge-balance and Mössbauer methods for the 114 

recalculated dataset is on average 0.06 and the largest is 0.38 (Table 1; Fig 1). To our knowledge, 115 

none of the EPMA data employed garnet standards and we predict that the agreement in Fig. 1 116 

could be enhanced if good garnet standards are developed. 117 
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Several studies measure Fe3+/∑Fe in natural garnet by Mössbauer and report EPMA data, 118 

but do not calculate Fe3+/∑Fe by charge-balance (Kühberger et al.; Locock et al., 1995; 119 

McCammon et al., 1998; Chakhmouradian and McCammon, 2005). Many other M˜ssbauer 120 

studies of Fe3+/∑Fe in garnets exist, but mostly investigate synthetic rare-earth-element garnets 121 

(e.g. yttrium-aluminum-garnet), which are considerably different than natural garnets and are not 122 

compared here. We have calculated Fe3+/∑Fe from the natural garnets using reported EPMA 123 

values (in some cases back calculating total Fe from FeO and Fe2O3) and compare the results to 124 

their reported M˜ssbauer determinations of Fe3+/∑Fe (Fig. 1). For this suite of garnets there is a 125 

general 1:1 correlation between charge-balance and Mössbauer spectroscopy.  126 

There is no reason to expect charge-balance to be more accurate than Mössbauer 127 

spectroscopy. However, if Mössbauer (or a comparable technique) is not available, then charge-128 

balance calculations are a significant improvement over assuming all Fe to be ferric or ferrous.  129 

  130 

Implications  131 

 We conclude that Fe3+/∑Fe estimates in garnet by charge-balance from high-quality 132 

EPMA data provide a suitable alternative to direct measurement of Fe3+/∑Fe when Mössbauer 133 

spectroscopy or other comparable techniques are not practical, particularly for Fe-rich species 134 

such as almandine and andradite. These results support the utility of charge balance calculations 135 

for other anhydrous minerals that meet the criteria described here for garnets. 136 

  137 
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 219 

Figure and Table captions: 220 

Figure 1. Comparison of Fe3+/∑Fe ratios in garnets derived from electron probe microanalysis 221 

(EPMA) and charge-balance vs. Mössbauer spectroscopy (MS). The error bar size was 222 

calculated by propagating ± 1% of the SiO2 wt% value through charge balance calculations. 223 

Two data with error bar width of 0 result from the constriction that Fe3+/∑Fe can not be 224 

negative or greater than 1. If both the maximum and minimum ends of the error bar 225 

calculation are less than 0 or greater then 1, an error bar of width = 0 results. Error bars for 226 

MS values are approximately the size of the data points (± 0.01). The Fe3+/∑Fe cation ratios 227 
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calculated from the oxide data in Table 2 of Dyar et al. (2012; “reported”) are compared to the 228 

recalculated values in Table 1. Samples AHUN, G5183 and BBKG are labeled.  229 

Figure 2. Correlation between Fe3+/∑Fe error and wt% total Fe in garnets. The magnitude of 230 

error in Fe3+/∑Fe calculations (y-axis values) were calculated by propagating ± 1% of the 231 

SiO2 wt% value through charge balance calculations. Two data with error bar width of 0 (i.e. y 232 

= 0) result from the constriction that Fe3+/∑Fe can not be negative or greater than 1. If both 233 

the maximum and minimum ends of the error bar calculation are less than 0 or greater then 1, 234 

an error bar of width = 0 results.  235 

Table 1. Comparison of Fe3+/∑Fe determined by electron probe microanalysis (EPMA) and 236 

charge-balance vs. Mössbauer spectroscopy (MS). 237 

 238 
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Sample
SiO2 

(wt%)
Total Fe as 
FeO (wt%)

Fe3+

(EPMA) a
Fe3+

(MS)
Fe3+

(EPMA-MS)
Reference

236-4 40.39 11.30 0.11 0.06 0.05 Sobolev et al. (1999)
237-2 40.39 11.70 0.11 0.07 0.04 Sobolev et al. (1999)
281-2 40.39 12.10 0.20 0.16 0.04 Sobolev et al. (1999)
281-4 40.10 12.20 0.25 0.15 0.10 Sobolev et al. (1999)
97h03 38.16 25.25 0.07 0.06 0.01 Li et al. (2005)
97h06 39.34 22.83 0.00 0.03 -0.03 Li et al. (2005)
97h32 37.39 27.15 0.09 0.03 0.07 Li et al. (2005)
94m44 38.66 21.32 0.02 0.04 -0.03 Li et al. (2005)
94m55 39.15 21.94 0.02 0.07 -0.04 Li et al. (2005)
94m67 37.90 19.80 0.03 0.07 -0.04 Li et al. (2005)
94m80 36.59 23.98 0.12 0.07 0.05 Li et al. (2005)

944010-2 37.48 18.62 0.19 0.07 0.12 Li et al. (2005)
944012-11 38.84 11.88 0.14 0.08 0.06 Li et al. (2005)

97m30 36.71 23.39 0.13 0.07 0.06 Li et al. (2005)
A32W 38.05 6.72 0.99 0.76 0.23 Dyar et al. (2012)
9710 37.32 28.44 0.04 0.09 -0.05 Dyar et al. (2012)
9723 36.58 25.90 0.11 0.07 0.04 Dyar et al. (2012)
9729 36.07 33.04 0.07 0.00 0.07 Dyar et al. (2012)
2A 39.31 19.91 0.07 0.00 0.07 Dyar et al. (2012)
2B 38.86 21.59 0.07 0.06 0.01 Dyar et al. (2012)
8A 38.75 25.20 0.06 0.00 0.06 Dyar et al. (2012)
9B 37.75 10.56 0.59 0.48 0.11 Dyar et al. (2012)

HE1 38.95 21.61 0.09 0.03 0.06 Dyar et al. (2012)
HRM1 36.71 18.19 0.97 0.95 0.02 Dyar et al. (2012)
AHUN 36.52 13.56 0.94 0.93 0.01 Dyar et al. (2012)
G5183 37.58 8.87 0.94 0.81 0.13 Dyar et al. (2012)
ALM 37.01 32.71 0.03 0.00 0.03 Dyar et al. (2012)
G89 38.36 5.43 0.61 0.41 0.20 Dyar et al. (2012)
G17 38.38 5.14 0.61 0.23 0.38 Dyar et al. (2012)
AND 34.52 30.66 1.00 1.00 0.00 Dyar et al. (2012)
1251 41.22 6.84 0.20 0.08 0.12 Dyar et al. (2012)
129 42.00 9.30 0.15 0.03 0.12 Dyar et al. (2012)

BBKG 29.14 20.00 0.83 0.76 0.07 Dyar et al. (2012)
7 39.09 18.59 0.03 0.00 0.03 McCammon et al. (1998)

20 39.11 18.18 0.06 0.03 0.03 McCammon et al. (1998)
55 38.78 18.85 0.07 0.07 0.00 McCammon et al. (1998)
w6 26.73 19.30 0.79 0.90 -0.11 Schingaro et al. (2016)
w12 29.60 20.10 0.96 1.00 -0.04 Schingaro et al. (2016)
w16 27.62 19.70 0.79 0.78 0.01 Schingaro et al. (2016)

nzala 30.10 20.80 0.92 0.91 0.01 Schingaro et al. (2016)
zer2 34.16 20.90 0.86 1.00 -0.14 Schingaro et al. (2016)

AF-05 26.84 18.41 0.83 0.81 0.02 Chakhmouradian & McCammon (2005)
MC-04 25.96 18.56 0.83 0.82 0.01 Chakhmouradian & McCammon (2005)

Ice River 
Schorlomite

27.15 18.67 0.78 0.73 0.05 Locock et al. (1995)

Schorlomite 28.41 19.95 0.82 0.84 -0.02 Kühberger et al. (1989)

Table 1: Comparison of Fe3+ össbauer 
spectroscopy (MS).

a Ratio calculated based on charge-balance calculations.
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