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ABSTRACT 28 

Mathematical relationships between unit-cell parameters and chemical composition were 29 

developed for selected mineral phases observed with the CheMin X-ray diffractometer onboard 30 

the Curiosity rover in Gale crater. This study presents algorithms for estimating the chemical 31 

composition of phases based solely on X-ray diffraction data. The mineral systems include 32 

plagioclase, alkali feldspar, Mg-Fe-Ca C2/c clinopyroxene, Mg-Fe-Ca P21/c clinopyroxene, Mg-33 

Fe-Ca orthopyroxene, Mg-Fe olivine, magnetite and other selected spinel oxides, and alunite-34 

jarosite. These methods assume compositions of Na-Ca for plagioclase, K-Na for alkali feldspar, 35 

Mg-Fe-Ca for pyroxene, and Mg-Fe for olivine; however, some other minor elements may occur 36 

and their impact on measured unit-cell parameters is discussed. These crystal-chemical 37 
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algorithms can be applied to material of any origin, whether that origin is Earth, Mars, an 38 

extraterrestrial body, or a laboratory. 39 

  40 
Keywords: X-ray diffraction, crystal chemistry, unit-cell parameters, plagioclase, olivine, 41 

pyroxene, magnetite, spinel, jarosite, alunite, Mars, Gale crater, Mars Science Laboratory, 42 
CheMin.   43 

 44 

INTRODUCTION 45 

The Chemistry and Mineralogy (CheMin) X-ray diffraction (XRD) instrument onboard the 46 

Mars Science Laboratory (MSL) rover, Curiosity, is employed by the MSL Science Team to 47 

analyze martian rock and sediment samples in Gale crater, Mars (Bish et al. 2013, 2014; Blake et 48 

al. 2013; Treiman et al. 2014, 2016; Vaniman et al. 2014; Bristow et al. 2015; Morris et al. 2016; 49 

Rampe et al. 2017; Yen et al. 2017; Achilles et al. 2017). XRD data obtained from CheMin allow 50 

mineral phase identification and refinement of unit-cell parameters and relative phase 51 

abundances. Information regarding phase chemical composition is useful in characterizing the 52 

geologic history of a rock unit, region, or planet. We studied the relationships between unit-cell 53 

parameters and chemical composition in order to constrain the composition of mineral phases 54 

observed in Gale crater. While these crystal-chemical algorithms were created with the purpose 55 

of studying Mars, they can be applied to any similar crystalline material regardless of origin.   56 

To develop these crystal-chemical algorithms, we exploited the systematic relationship 57 

between atomic radii and unit-cell dimensions. Unit-cell lengths vary with chemical composition 58 

due to corresponding changes in atomic radii; therefore, measured unit-cell parameters provide 59 

insight into mineral composition and, in many cases, can be used to provide accurate estimates of 60 

anion composition. These systematics have been the focus of many mineralogical and XRD 61 

studies of synthetic and natural rock-forming minerals (Yoder and Sahama 1957; Bambauer et al. 62 
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1967; Louisnathan and Smith 1968; Matsui and Syono 1968; Fisher and Medaris 1969; 63 

Jahanbagloo 1969; Nolan 1969; Rutstein and Yund 1969; Turnock et al. 1973; Smith 1974; 64 

Schwab and Kustner 1977; Kroll 1983; Kroll and Ribbe 1983; Angel et al. 1990, 1998). Some 65 

research, such as the work on olivine by Yoder and Sahama (1957) and Fisher and Medaris 66 

(1969), focused on the position of the single most prominent diffraction peak for determining the 67 

chemical composition of unidentified phases. The principal reasons for using a single-peak 68 

technique are the relative ease of measurement and the difficulty in calculating unit-cell 69 

parameters from diffraction data prior to the widespread use of computers and the adoption of 70 

full-pattern fitting methods such as Rietveld refinement. Some subsequent studies, such as the 71 

work on pyroxenes by Turnock et al. (1973) and Angel et al. (1998), used high-resolution 72 

diffraction patterns to estimate chemical composition based entirely on refined cell parameters.  73 

In this study, we present algorithms to estimate the chemical composition of minerals based 74 

solely on unit-cell parameters. We developed algorithms for plagioclase, alkali feldspar, Mg-Fe-75 

Ca pyroxene, Fe-Mg olivine, magnetite and related spinel oxides, and alunite-jarosite group 76 

phases by least-squares regression of known unit-cell parameters and composition. Additionally, 77 

we employed minimization routines for the crystal-chemical relationships of Mg-Fe-Ca 78 

pyroxenes. These studies were conducted with mineralogical data from many literature sources, 79 

with special attention to previous crystal-chemical studies, and also from the RRUFF Project 80 

(Lafuente et al. 2015). These data are publicly available at rruff.info/ima, and are compiled in 81 

Appendix 1 and at github.com/shaunnamm/regression-and-minimization. The chemical variation 82 

and abundance of phases in this mineralogical database provide a comprehensive list of unit-cell 83 

parameters and associated composition, which can be harvested to produce robust chemical 84 
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relationships. Their application to refined CheMin unit-cell parameters of martian minerals is 85 

reported in Morrison et al. (2017) 86 

 87 

CRYSTAL CHEMISTRY 88 

This study incorporates unit-cell parameters and composition of minerals reported in 89 

previous studies as well as those documented in the RRUFF Project database (Lafuente et al. 90 

2015) (Appendix 1). The availability of large databases, such as RRUFF, to evaluate 91 

compositional systematics has increased the accuracy of estimated phase composition relative to 92 

previous studies. The following sections detail these crystal-chemical systematics and the 93 

resulting equations offer robust algorithms for estimating mineral composition from X-ray 94 

diffraction data. All calculations were performed in R; the R code is provided at 95 

github.com/shaunnamm/regression-and-minimization. The models selected in the sections below 96 

minimize the residual standard error, σSE, and contain only significant parameters (p-value > 97 

0.05). Where applicable, the residual standard error is given; the full error analysis procedure is 98 

detailed in Appendix 2. In order to limit bias in the models generated by least-squares regression, 99 

we averaged the unit-cell parameters of samples with identical compositions. However, the full 100 

(not averaged) datasets were used in error determinations. Where applicable, cross-validation 101 

was used in order to assess whether these algorithms can be generalized to other datasets, and to 102 

recognize any over-fitting. Cross-validation was performed by training the model on 80% of the 103 

data and testing on the remaining 20% with 1000 iterations. Errors reported from cross-104 

validation represent the average of the 1000 iterations. The coefficients in the equations listed 105 

throughout result in precision to the 4th decimal place for composition (apfu), the 5th decimal 106 

place for a, b, and c (Å), and the 3rd decimal place for  (); more digits can be obtained by 107 

specifying the number of desired digits in the R code.  108 
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Feldspar 109 

Feldspar, variety plagioclase, is the most abundant mineral detected in twelve of the thirteen 110 

Gale crater samples analyzed by CheMin as of June 2016. Alkali feldspar, variety sanidine, is 111 

found in significantly lower quantities than plagioclase in all but one of the thirteen CheMin 112 

samples. Substitutions of minor elements is relatively common in potassium feldspar and less so 113 

in the plagioclase system. In alkali feldspar, minor amounts of other components can be present 114 

in a sample without causing the b and c unit-cell parameters to deviate noticeably from the Na-K 115 

trend. For example, alkali feldspars with cell dimensions that correspond to pure Na-K feldspar 116 

have been shown to contain Ba and Cs up to 0.02 atoms per formula unit (apfu) (Angel et al. 117 

2013) and Rb up to 0.008 apfu (Dal Negro et al. 1978). In lunar K-feldspar, as much as 0.18 Ba 118 

apfu has been detected (Papike et al. 1998). However, Ba in martian meteorites has not been 119 

detected above 0.05 apfu and only 0.006% of the ~1000 martian meteorite feldspars contained 120 

any measurable Ba (Papike et al. 2009; Santos et al. 2015; Wittmann et al. 2015; Nyquist et al. 121 

2016; Hewins et al. 2017). Additionally, sanidine can incorporate significant Fe3+ in the 122 

tetrahedral site, up to 0.698 Fe3+ apfu (Kuehner and Joswiak 1996; Linthout and Lustenhouwer 123 

1993; Lebedeva et al. 2003). However, when the abundance of Fe3+ exceeds 0.1 apfu, the b unit-124 

cell parameter increases beyond 13.05 Å and noticeably deviates from the trends shown in the 125 

alkali feldspar section below (Best et al. 1968; Lebedeva et al. 2003). Hewins et al. (2017) 126 

reported as much as 0.09 Fe3+ apfu in martian meteorite feldspar, an abundance that is unlikely to 127 

be detectable by examination of unit-cell parameters. In the plagioclase system, Fe2+ has been 128 

reported in abundance of 0.01-0.02 apfu from localities in Mexico and Japan (rruff.info), with no 129 

noticeable deviation from Na-Ca plagioclase unit-cell parameter trends. Matsui and Kimata 130 

(1997) synthesized anorthite with 0.196 Mn apfu; the resulting unit-cell parameters are 131 
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significantly smaller than those of Na-Ca plagioclase and therefore such a composition can be 132 

easily distinguished from a pure Na-Ca phase. Of the martian meteorite feldspars with 133 

plagioclase composition (Papike et al. 2009; Santos et al. 2015; Wittmann et al. 2015; Nyquist et 134 

al. 2016; Hewins et al. 2017), 97.6% contain less than 2 wt% minor oxides (e.g., Fe2O3, K2O, 135 

MgO, MnO, TiO2, BaO). 136 

 137 

Plagioclase 138 

Previous plagioclase crystal-chemical studies reported trends in solid solution composition 139 

(NaAlSi3O8 - CaAl2Si2O8) with unit-cell parameters (Bambauer et al. 1967; Smith 1974; Kroll 140 

1983), and examined the relationship between composition and tetrahedral bond lengths to 141 

investigate ordering systematics (Angel et al. 1990). Here, we correlate unit-cell parameters and 142 

composition of Na-Ca plagioclase. We performed statistical analyses on 49 relatively pure (≤ 143 

0.042 K apfu) plagioclase samples (Table A1a), excluding the high-Ca plagioclase phases in 144 

which ordering results in a doubled c cell edge. We determined that Na-Ca plagioclase chemical 145 

composition can be estimated by a multivariate least-squares regression of the quadratic 146 

relationship between Ca- or Na-content and a, b, c, and β (Fig. A3a-d) with a residual standard 147 

error of 0.022 and 0.023 apfu for Ca and Na, respectively (Equations 1a-b). Note that only one of 148 

the equations below (1a and 1b) is needed to calculate the Ca-Na composition of plagioclase, the 149 

other component can be calculated by difference).  150 

 151 
 152 

Ca (apfu) = -2480.385933a + 152.3540556a
2 + 1505.941326b – 58.71571613b

2 – (1a) 
11.40375c – 0.003078067β2 – 10.4185945  +  0.0574444442 + 1034.7951  

  
Na (apfu) = 2025.35688a – 124.5278585a

2 – 1255.2328597b + 48.96341472b
2 + (1b) 

9.244327c + 0.0033346038β2 + 8.63542135  – 0.047651642 – 691.81443 
 

 

 153 
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Equations 1c and 1d result in correlated estimates of Al- and Si-content, respectively. 154 
 155 

Al (afpu) = 1 + Ca (apfu)     (1c)  156 
 Si (apfu) = 3 – Ca (apfu)     (1d)  157 

 158 
The accuracy of Equations 1a-b is demonstrated by comparing the observed Ca- and Na-content 159 

versus calculated Ca- and Na-content (Fig. 1a-b) and calculating the root-mean-square error 160 

(RMSE = 0.022 Ca apfu and 0.024 Na apfu; cross-validation RMSE = 0.024 Ca apfu and 0.027 161 

Na apfu). Plagioclase regression data are shown in Table A1a.  162 

 163 

Alkali Feldspar 164 

Previous alkali feldspar studies extensively examined and characterized the relationship 165 

between composition, site ordering, and unit-cell parameters (Kroll and Ribbe 1983). Kroll and 166 

Ribbe (1983) primarily focused on the effects of composition and Al/Si ordering in the 167 

tetrahedral sites. In this study, we followed the same principles and similar techniques, while 168 

focusing strictly on unit-cell parameters and their direct relationship to composition and 169 

fractional order-disorder. In order to characterize fully the composition and ordering of Ca-free 170 

alkali feldspars, we constructed a quadrilateral (Fig. 2) similar to that of Kroll and Ribbe (1983). 171 

We used well-characterized alkali feldspar end-members (Kroll and Ribbe 1983), low 172 

microcline, high sanidine, low albite, and high albite (Table A1b), to assemble the quadrilateral 173 

diagram; these end-members were also used to derive the algorithm (Equations 2a-b) for 174 

computing composition and ordering (1 = fully ordered; 0 = fully disordered). Note that this 175 

model assumes a composition along the Na-K solid solution and does not account for any 176 

potential celsian (BaAl2Si2O8) component. 177 

 178 

[
−3.76223 −5.76875 90.42789
−5.76875 13.37681 −20.8328

0 0 1
] [

𝑏
𝑐
1

 ] = [
Na (apfu)

ordering
1

]          (2a) 179 
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 180 
K (apfu) = 1 – Na (apfu)     (2b) 181 

 182 

Pyroxene 183 

To date, three distinct pyroxene phases have been detected in Gale crater by CheMin: Augite, 184 

ideally (Ca,Mg,Fe)2Si2O6, with C2/c symmetry; pigeonite, ideally (Mg,Fe,Ca)2Si2O6, with P21/c 185 

symmetry; and orthopyroxene, ideally (Mg,Fe)2Si2O6, with Pbca symmetry (Bish et al. 2013, 186 

2014; Blake et al. 2013; Treiman et al. 2014, 2016; Vaniman et al. 2014; Morris et al. 2016; 187 

Rampe et al. 2017; Yen et al. 2017; Achilles et al. 2017). 188 

In previous studies of pyroxenes, two approaches were used to correlate X-ray diffraction 189 

data with chemical composition. The first approach focused on correlations between lattice 190 

spacings and composition (Rutstein and Yund 1969). The second approach used the relationships 191 

between unit-cell parameters and composition (Nolan 1969; Rutstein and Yund 1969; Turnock et 192 

al. 1973; Angel et al. 1998). Here, we use the latter approach in conjunction with minimization to 193 

characterize systematic relationships between unit-cell parameters and Mg-Fe-Ca composition 194 

(Fig. A3e-ab). When applied to our dataset, our algorithms yield decreased uncertainty relative to 195 

previous studies (Table 1).  196 

Martian high-Ca pyroxenes (Ca mole fraction > 0.2, based on Ca, Fe, Mg and Mn) generally 197 

have relatively low abundances of non-quadrilateral components (e.g., Papike et al. 2009) 198 

compared to terrestrial high-Ca pyroxenes (e.g., Robinson 1980; Papike 1980). Given that the 199 

main focus of the current work is on inferring pyroxene chemistry from XRD data acquired by 200 

the Curiosity rover in Gale crater, Mars, we limit our discussion of non-quadrilateral components 201 

to martian pyroxenes. Of the 876 high-Ca pyroxene analyses from martian meteorites reported in 202 

Papike et al. (2009), Santos et al. (2015), Wittmann et al. (2015), Nyquist et al. (2016), and 203 
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Hewins et al. (2017), only 0.2% contain more than 10% non-quadrilateral components (as 204 

defined in Cameron and Papike, 1981). None of the 1680 low-Ca pyroxene analyses of martian 205 

meteorites (Papike et al. 2009; Santos et al. 2015; Wittmann et al. 2015; Nyquist et al. 2016; 206 

Hewins et al. 2017) contain more than 10% non-quadrilateral components and only 1.4% contain 207 

more than 5% non-quadrilateral cations. Due to the fact that non-quadrilateral components can 208 

have ionic radii (and, consequently, unit-cell parameters) both greater than and less than Mg, Fe, 209 

and Ca (Baker and Beckett 1999), it is difficult to determine a unique chemistry based strictly on 210 

unit-cell parameters. Therefore, we limit our algorithms below to the Mg-Fe-Ca pyroxene 211 

system, with the understanding that there may be small amounts of non-quadrilateral cations that 212 

remain undetected by this method. To help the reader determine if their samples lie significantly 213 

outside of the Mg-Fe-Ca system, we have determined the maximum chi-squared value (2
max) for 214 

the a, b, and  unit-cell parameters in each pyroxene dataset based on Eq. 4a-b, 4d, 5a-b, 5d, and 215 

6a-b below (2
max: C2/c = 0.00026; P21/c = 0.00043; Pbca = 0.000028) and recommend 216 

exercising caution when the 2 value of a dataset exceeds ~ 3  2
max because there is a possibility 217 

of non-quadrilateral components.  218 

This study incorporated three datasets containing a total 140 pyroxene compositions and 219 

corresponding unit-cell parameters (86 C2/c, 52 P21/c, and 41 Pbca) (Table A1c-e). Although 220 

the compositions of Fe-Mg-Ca pyroxenes are roughly a linear function of select unit-cell 221 

parameters, the relationships between composition and cell parameters are more accurately 222 

characterized by accounting for non-linearity. In order to determine the best relationship between 223 

the unit-cell parameters and composition, we began with the functional form presented in 224 

Turnock et al. (1973):  225 

Clinopyroxene: z = c0 + c1Mg + c2Ca + c3Mg2 + c4MgCa + c5Ca2 + c6Mg3 + c7Mg2Ca + 226 
c8MgCa2 + c9Ca3         (3a) 227 
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 228 
Orthopyroxene: z = c0 + c1Mg + c2Ca + c3Mg2 + c4Ca2 + ... + cnMgn + cn+1Can       (3b) 229 

 230 
 231 

Where z is the unit-cell parameter (either a, b, c, or β), ci (i = 0 to 9) are the coefficients, and n is 232 

3, 2, and 2 for a, b, and c, respectively (note that Mg and Ca apfu are used in place of the molar 233 

compositional parameters, Fe/(Fe+Mg) and Ca/(Ca+Fe+Mg), that were used by Turnock et al. 234 

1973; additionally, Eq. 3b is expanded to include Ca whereas Turnock et al. 1973 used Ca-free 235 

orthopyroxene).  236 

We then tested the accuracy of reproducing the measured unit-cell parameters with Eq. 3a-b 237 

and every permutation of variables to determine the most accurate functions of z. The resulting 238 

functions are given below (Eq. 4a-d, 5a-d, and 6a-c) 239 

Augite - C2/c: 240 

a (Å) = -0.106429Mg + 0.074932Ca + 0.016032Mg2 + 0.1206MgCa + 0.03144Ca3– 241 
0.129102MgCa2

 + 9.74681     (4a) 242 

b (Å) = -0.25789Mg – 0.212528Ca + 0.040693Mg2 + 0.08659Ca2 + 0.16962MgCa – 243 
0.055575MgCa2 + 9.16081     (4b) 244 

c (Å) = -0.142494Ca – 0.0421695Mg2 + 0.107222Ca2 + 0.109804MgCa + 245 
0.040853Mg2Ca – 0.107327MgCa2 + 5.28441   (4c) 246 

β (°) = 4.405Mg – 3.426Mg2 – 7.546Ca2 – 4.2137MgCa + 0.6875Mg3 + 4.736Ca3 + 247 
2.2772Mg2Ca + 1.3864MgCa2 + 107.599             (4d) 248 

 249 

Residual standard error: Eq. 4a = 0.006 Å, 4b = 0.005 Å, 4c = 0.004 Å, 4d = 0.11 Å. RMSE: Eq. 250 

4a = 0.005 Å (cross-validation: 0.008 Å), 4b = 0.003 Å (cross-validation: 0.006 Å), 4c = 0.006 Å 251 

(cross-validation: 0.009 Å), 4d = 0.05° (cross-validation: 0.19°). 252 

 253 

Pigeonite - P21/c: 254 

a (Å) = -0.050902Mg + 0.21487Ca – 0.1471Ca2 – 0.05754MgCa + 255 
0.04501Mg2Ca + 9.7121      (5a) 256 
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b (Å) = -0.1751943Mg + 0.0201938Mg2 – 0.03603Ca2 + 0.0284Mg2Ca + 9.086603     (5b) 257 

c (Å) = 0.0910769Ca – 0.0296873Mg2 – 0.17699Ca2 + 0.145384MgCa +  258 
0.007397Mg3 – 0.04537Mg2Ca + 5.23027           (5c) 259 

β (°) = 0.6804Mg – 4.2167Ca – 0.64465Mg2 + 7.2514MgCa + 0.14102Mg3 – 260 
2.3217Mg2Ca – 4.187MgCa2 + 108.4444                                                      (5d) 261 

 262 

Residual standard error: Eq. 5a = 0.007 Å, 5b = 0.006 Å, 5c = 0.008 Å, 5d = 0.09°. RMSE: Eq. 263 

5a = 0.006 Å (cross-validation: 0.008 Å), 5b = 0.002 Å (cross-validation: 0.006 Å), 5c = 0.010 Å 264 

(cross-validation: 0.014 Å), 5d = 0.04° (cross-validation: 0.10°). 265 

 266 

Orthopyroxene - Pbca: 267 

a (Å) = -0.14978Mg + 0.7807Ca + 0.025194Mg2 – 4.863Ca2 + 18.42965   (6a) 268 
b (Å) = -0.17051Mg + 0.01951Mg2 + 9.08082      (6b) 269 
c (Å) = -0.01007Mg + 0.31524Ca – 0.00982Mg2 – 2.89809Ca2 + 5.23733  (6c) 270 

 271 

Residual standard error: Eq. 6a = 0.013 Å, 6b = 0.008 Å, 6c = 0.005 Å. RMSE: Eq. 6a = 0.012 Å 272 

(cross-validation: 0.015 Å), 6b = 0.007 Å (cross-validation: 0.008 Å), 6c = 0.004 Å (cross-273 

validation: 0.006 Å).  274 

Employing Eq. 4a-d, 5a-d, and 6a-c, we performed a minimization of the weighted sum of 275 
squared error (2) to estimate pyroxene chemical composition. We used a bounded (0 ≤ Mg 276 
(apfu) ≤ 2; 0 ≤ Ca (apfu) ≤ 2) PORT optimization (Gay 1990) with starting parameters of Mg = 2 277 
and Ca = 1. Fe calculated post-minimization and is equal to two minus the sum of Mg and Ca. 278 
We began by using all available unit-cell parameters in the minimization routine (Eq. 7a for the 279 
clinopyroxenes and 7b for orthopyroxenes).  280 


2 = ((a–acalc)/(acalc/βcalc))2 + (b–bcalc)/(bcalc/βcalc))2 + (c–ccalc)/(ccalc/βcalc))2 + (β–βcalculated)2      (7a) 281 


2 = ((a–acalc)/(acalc/bcalc))2 + (b–bcalc)2 + (c–ccalc)/(ccalc/bcalc))2        (7b) 282 

We tested every permutation of unit-cell parameter combinations for the minimization (Eq. 283 

7a-b) and found that the lowest error resulted from a combination of a, b and β for 284 

clinopyroxenes (Eq. 8a) and a and b for orthopyroxene (Eq. 8b). 285 
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2 = ((a–acalc)/(acalc/βcalc))2 + (b–bcalc)/(bcalc/βcalc))2 + (β–βcalculated)2        (8a) 286 

 287 


2 = ((a–acalc)/(acalc/bcalc))2 + (b–bcalc)2        (8b) 288 
 289 

The accuracy of the minimization method is demonstrated by plotting the observed Mg-, Ca-, 290 

and Fe-contents versus their calculated values (Fig. 3a-c, 4a-c, and 5a-c). Errors associated with 291 

the above method are in Table 1.  292 

Note that Turnock et al. (1973) did not distinguish between P21/c and C2/c pyroxenes in their 293 

algorithms; we tested this approach by combining all clinopyroxenes and performing the above 294 

regressions and minimization. However, the associated error (RMSE: Mg = 0.067 apfu, Ca = 295 

0.090 apfu, Fe = 0.110 apfu) was significantly greater than when P21/c and C2/c pyroxenes are 296 

treated separately. This difference is likely due to changes in the β trend between space groups 297 

(Turnock et al. 1973).  298 

 299 

Olivine 300 

As of June 2016, CheMin has detected an olivine phase in three of the thirteen Gale crater 301 

samples. Numerous studies have examined the systematics of olivine composition in relation to 302 

X-ray diffraction data (Table 2). Some of these studies focused on the correlation between 303 

composition and the position of the most intense single diffraction peak, d130 (Yoder and Sahama 304 

1957; Fisher and Medaris 1969; Schwab and Kustner 1977). Other studies examined the 305 

relationship between composition and unit-cell parameters (Louisnathan and Smith 1968; Matsui 306 

and Syono 1968; Jahanbagloo 1969). Following the success of the latter method, our study 307 

focused on the crystal-chemical systematics of Fe-Mg olivine unit-cell parameters vs. 308 

composition.  309 

We incorporated unit-cell parameters and measured compositional data from 60 olivine 310 

samples, including those reported by previous olivine crystal chemistry studies (Table A1f). Our 311 
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data were limited to those samples containing only Mg and Fe. Distinguishing Fe-Mg-only 312 

olivine from those containing Ca or Mn (Table A1g) is difficult, and sometimes not possible, 313 

with unit-cell parameters alone. If Ca exceeds 0.5 apfu, the b parameter increases dramatically (> 314 

10.80 Å), confirming that the sample is not in the Fe-Mg or Fe-Mg-Mn system. Likewise, as 315 

evident in Fig. 6, if b or V exceed 10.50 Å or 308 Å3, respectively, the sample is outside of the 316 

Mg-Fe-only system. However, samples within the Mg-Fe-only unit-cell parameter range (b = 317 

10.19-10.50 Å; V = 289-308 Å3) can contain up to 0.19 Ca apfu and 1 Mn apfu, according to 318 

literature data in Table A1g. In evaluating Gale crater olivine, we can limit our compositional 319 

range to that reported in martian meteorites: Mn < 0.038 apfu and Ca < 0.027 apfu (Papike et al. 320 

2009; Hewins et al. 2017).  321 

A linear least-squares regression of Mg- and Fe-content versus b in olivine (Fig. A4ac-af) 322 

resulted in the expressions 6a-b for estimating the chemical composition of Mg-Fe olivine. Note 323 

that only one of the equations below (9a and 9b) is needed to calculate the Fe-Mg composition of 324 

olivine, the other component can be calculated by difference). The residual standard error of Mg 325 

and Fe is 0.018 and 0.018 apfu, respectively.  326 

Mg (apfu) = -7.15567b + 79.9756                           (9a) 327 
 328 

 Fe (apfu) = 7.156854b – 72.98787                        (9b) 329 
 330 
 331 
The RMSE of the observed versus calculated Mg- and Fe-content in olivine samples used in this 332 

study (Fig. 7a-b) is 0.017 and 0.017 apfu (0.018 and 0.018 apfu in cross-validation), respectively.  333 

 334 

Magnetite and selected spinel oxides 335 

As of June 2016, each Gale crater samples analyzed by CheMin contains a spinel phase. In 336 

nature, the cubic spinel oxide structure can accommodate a variety of elements, including 337 
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transition elements Fe, Ti, Cr, Mn, Co, Cu, Zn, V, and Ni, as well as metals, metalloids, and non-338 

metals such as Mg, Ca, Si, Al, Ge, Sb, and can also exhibit site vacancy (□). Chromite accounts 339 

for ~18% of the spinel phases observed in the martian meteorites studied in the 64 references 340 

cited in Appendix 4. There are also significant amounts of Al-rich (up to 27.85 wt% Al2O3 or 341 

1.01 Al apfu, assuming no site vacancy), Ti-rich (up to 33.8 wt% TiO2/0.95 Ti apfu), and Mg-342 

rich (up to 9.03 wt% MgO/0.43 Mg apfu) magnetite. Only ~2% have more than 0.50 Al apfu, but 343 

~21% have more than 0.50 Ti apfu, and ~35% have more than 1.00 Cr apfu. Si, V, Mn, Ca, Na, 344 

Ni, Co, and Zn have been detected, but in relatively small amounts (<0.05 apfu). In addition to 345 

martian meteorite data, the MER Mössbauer spectrometers have also collected information on 346 

spinel phases at Gusev crater and Meridiani Planum and found them to be of magnetite 347 

(Fe2+Fe3+
2O4) or Ti-magnetite composition, with some minor chromite (Fe2+Cr2O4) (Morris et al. 348 

2006a, 2006b, 2008). Therefore, when evaluating Gale crater samples, we can have some 349 

confidence that the spinel phase is likely in the Fe, Fe-Ti or Fe-Cr systems, or a mixture thereof.  350 

While some of spinel compositional space is not relevant to martian samples, it may be to 351 

samples of other origins; therefore, we considered it important to characterize the common spinel 352 

systems. To characterize the crystal-chemical relationships in spinel phases, we compiled 353 

crystallographic and compositional data (Table A1h) and observed that Al, Ti, Mg, Mn, Cr, Ni, 354 

Zn, and V were frequently reported as major components of magnetite. In addition to magnetite 355 

(Fe3O4), other end-member spinel oxides include maghemite (Fe2.67O4), hercynite (Fe2+Al2O4), 356 

ulvöspinel (Fe2+
2TiO4), magnesioferrite (MgFe3+

2O4), magnesiochromite (MgCr3+
2O4), chromite 357 

(Fe2+Cr2O4), trevorite (NiFe3+
2O4), franklinite (ZnFe3+

2O4), and coulsonite (Fe2+V3+
2O4). In 358 

Figure 8, the literature trends of Fe versus the a unit-cell parameter are given for (Fe,□), (Fe,Al), 359 

(Fe,Ti), (Fe,Mg), (Fe,Cr), (Fe,Ni), (Fe,Zn), (Fe,V) (Fe,Al,□), (Fe,Mg,Al), (Fe,Mn,Ti), 360 



        15                               

(Fe,Mg,Cr), and (Fe,Mg,Ti) phases. Data points with combinations other than those listed were 361 

excluded from Figure 8 for clarity and because the complexity of the trends increases 362 

significantly beyond three cations. The complexity of Figure 8, a result of variation in cation size 363 

and oxidation state of multi-element phases, illustrates that numerous chemical combinations can 364 

correlate with a given a cell edge in the spinel structure. Note that the (Mg,Fe) data are limited 365 

and there is not a linear trend; this complexity likely reflects cation ordering.  366 

In order to interpret the possible composition of spinel oxide phases, we performed linear 367 

regressions of Fe-content versus a for each of the trends shown in Figure 8 (Equations 10a-m). 368 

Error metrics associated with each linear regression can be found in Table 3.  369 

 370 
(Fe,□): 4.329809a – 33.4254 = Fe (apfu)            (10a) 371 

3 – Fe (apfu) = □ (pfu) 372 
 373 

(Fe,Al): 8.230266a – 66.108983 = Fe (apfu)               (10b) 374 
3 – Fe (apfu) = Al (apfu) 375 

         376 
(Fe,Ti): -6.577146a + 58.16868 = Fe (apfu)              (10c) 377 

3 – Fe (apfu) = Ti (apfu) 378 
         379 

(Fe,Mg): 74.172617a – 619.86623 = Fe (apfu)                (10d) 380 
3 – Fe (apfu) = Mg (apfu) 381 

         382 
(Fe,Cr): 97.561a – 816.22 = Fe (apfu)            (10e) 383 

3 – Fe (apfu) = Cr (apfu)           384 
 385 

(Fe,Ni): 17.802356a – 146.47258 = Fe (apfu)               (10f) 386 
3 – Fe (apfu) = Ni (apfu) 387 

         388 
(Fe,Zn): –22.6677979a + 193.3425374 = Fe (apfu)                            (10g) 389 

3 – Fe (apfu) = Zn (apfu) 390 
         391 

(Fe,V): -35.714a + 302.89 = Fe (apfu)            (10h) 392 
3 – Fe (apfu) = Ni (apfu) 393 

         394 

(Fe,Al,□): [ 6.521577 −51.8927
−3.692257 31.05033

] [
𝑎
1

] =  [
Fe (apfu)

Al (apfu)
]                 (10i) 395 

3 – Fe (apfu) – Al (apfu) = □ (pfu) 396 
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 397 

 (Fe,Mg,Al): [ 13.506902 −109.20881
−12.815325 104.6199886

] [
𝑎
1

] =  [
Fe (apfu)

Mg (apfu)
]       (10j) 398 

3 – Fe (apfu) – Mg (apfu) = Al (apfu) 399 
 400 

(Fe,Mn,Ti): [−14.625663 126.9668
14.625663 −124.9668

] [
𝑎
1

] =  [
Fe (apfu)]

Mn (apfu)]
]            (10k) 401 

3 – Fe (apfu) – Mn (apfu) = Ti (apfu) 402 
 403 

(Fe,Mg,Cr): [ 22.340604 −186.14709
−22.4088793 187.71818

] [
𝑎
1

] =  [
Fe (apfu)

Mg (apfu)
]                 (10l) 404 

3 – Fe (apfu) – Mg (apfu) = Cr (apfu) 405 
 406 

(Fe,Mg,Ti):  [ 26.893648 −227.37053
−25.412612 216.80734

] [
𝑎
1

] =  [
Fe (apfu)

Mg (apfu)
]        (10m) 407 

3 – Fe (apfu) – Mg (apfu) = Ti (apfu) 408 
 409 

*Equations based on datasets with only two points do not have an associated value for σSE 410 

because there is no spread in the data. The uncertainty associated with these equations is based 411 

solely on the input unit-cell parameters (see Appendix 2 for full error calculation).  412 

 413 

Once the amount of Fe is estimated, the relative proportions of Fe2+ and Fe3+ can be computed by 414 

charge balance. 415 

 416 

Alunite-Jarosite 417 

Alunite-jarosite group minerals are associated with secondary weathering and alteration of S-418 

bearing deposits. The mineral phases are hexagonal with space group R3̅m and include alunite, 419 

KAl3(SO4)2(OH)6; jarosite, KFe3+
3(SO4)2(OH)6; natroalunite, NaAl3(SO4)2(OH)6; natrojarosite, 420 

NaFe3+
3(SO4)2(OH)6; ammonioalunite, NH4Al3(SO4)2(OH)6; ammoniojarosite, 421 

NH4Fe3+
3(SO4)2(OH)6; and hydroniumjarosite, (H3O)Fe3+

3(SO4)2(OH)6. Alunite-jarosite minerals 422 

have been discovered on Mars and offer clues about the weathering and alteration history of the 423 
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martian surface (e.g., Klingelhöfer et al. 2004; Zolotov and Shock 2005; Morris et al. 2006; 424 

Golden et al. 2008; Swayze et al. 2008; Mills et al. 2013).  425 

In order to identify which alunite-jarosite phases are present in samples analyzed by CheMin, 426 

we constructed an alunite-jarosite quadrilateral (Fig. 9) by examining the relationship between a 427 

and c unit-cell parameters (Table A1i). Due to the lack of orthogonality in the alunite-428 

natroalunite-jarosite-natrojarosite quadrilateral, compositions falling on or within the 429 

quadrilateral are calculated with a series of equations (Eq. 11a-e).  430 

K (apfu) = 1.654c – 27.508    (11a) 431 
 432 

[
−0.00923 7.46919
0.463717 −0.966595

] [
𝑐
1

] =[
𝑎𝑗𝑟

𝑎𝑎𝑙
]         (11b) 433 

 434 
Fe (apfu) = −3(𝑎− 𝑎𝑗𝑟)

𝑎𝑎𝑙 − 𝑎𝑗𝑟
+ 3         (11c) 435 

 436 
Na (apfu) = 1 – K (apfu)       (11d) 437 
Al (apfu) = 3 – Fe (apfu)       (11e) 438 

 439 

Alunite-jarosite group phase regression data are shown in Table A1i.  440 

 441 

IMPLICATIONS 442 

The methods provided in this study offer users the opportunity to estimate the chemical 443 

composition of select phases based solely on X-ray diffraction data. The mineral systems studied 444 

include the important rock-forming mineral groups of Na-Ca plagioclase, Na-K alkali feldspar, 445 

Mg-Fe-Ca clinopyroxene, Mg-Fe-Ca orthopyroxene, Mg-Fe olivine, magnetite and selected 446 

other spinel-group minerals, and alunite-jarosite phases. These algorithms are applicable to 447 

minerals of any origin, whether that origin be a laboratory, Earth, Mars, or any of the various 448 

solid objects in our solar system.  449 
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TABLES 653 
 654 
 655 

TABLE 1. Root-mean-square error (RMSE) of estimated Mg-content in pyroxene subsets, based 656 
on data from Tables A1c-e. This study’s methods compared with selected previous studies. 657 

 658 
 659 
 660 
 661 
 662 
 663 
 664 
 665 

 666 
†The algorithm presented in Rutstein and Yund (1969) is specifically for C2/c pyroxenes with Ca 667 
= 1 apfu. Therefore, we applied it both to our whole dataset (A1c-e) and to a subset with Ca = 1 668 
apfu. 669 
*The algorithm presented in Angel et al. (1998) is specifically for Ca-free P21/c pyroxenes. 670 
Therefore, we applied it both to our whole dataset (A1c-e) and to a Ca-free subset.  671 

 672 
 673 
 674 
 675 
 676 

TABLE 2. Root-mean-square error (RMSE) of estimated Mg-content in olivine, based on data 677 
from Table A1f. Equation 9a compared with selected previous studies 678 

 679 
 680 
 681 
 682 
 683 
 684 

 685 
 686 
 687 

 688 
 689 
 690 
 691 
 692 
 693 
 694 

C2/c Mg (apfu) Fe (apfu) Ca (apfu) 
This study 0.037 0.049 0.030 
Turnock et al. (1973) 0.045 0.079 0.056 
Rutstein and Yund (1969) all/Ca=1† 0.221/0.032 0.202/0.032 0.291/NA 

P21/c Mg RMSE (apfu) Fe RMSE (apfu) Ca RMSE (apfu) 
This study 0.041 0.045 0.026 
Turnock et al. (1973) 0.070 0.067 0.045 
Angel et al. (1998) all/Ca-free* 0.076/0.036 0.277/0.036 0.235/NA 

Pbca    
This study 0.053 0.049 0.021 
Turnock et al. (1973) 0.088 0.115 0.043 

Study RMSE (Mg apfu) 
Equation 9a, this study 0.017 
Yoder and Sahama (1957) 0.064 
Louisnathan and Smith (1968) 0.036 
Fisher and Medaris (1969) 0.029 
Jahanbagloo (1969) 0.062 
Schwab and Kustner (1977) 0.024 
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Table 3. Root-mean-square errors (RMSE), RMSE of cross-validation, and residual standard 695 
errors (σSE) associated with spinel linear models. 696 
 697 

Model Anion RMSE (apfu) RMSE (apfu)* σSE (apfu) 
FeVacancy Fe 0.038 0.081 0.047 

FeAl Fe 0.012 0.306 0.021 
FeTi Fe 0.029 0.031 0.030 

FeMg Fe 0.031 0.741 0.054 
FeNi Fe 0.016 0.041 0.022 
FeZn Fe 0.027 0.338 0.038 

FeAlVacancy Fe 0.040 0.042 0.042 
FeAlVacancy Al 0.058 0.060 0.059 

FeMgAl Fe 0.035 0.037 0.038 
FeMgAl Mg 0.026 0.027 0.028 
FeMnTi Fe 0.038 0.045 0.042 
FeMnTi Mn 0.038 0.045 0.042 
FeMgCr Fe 0.023 0.023 0.024 
FeMgCr Mg 0.023 0.024 0.025 
FeMgTi Fe 0.036 0.056 0.047 
FeMgTi Mg 0.030 0.046 0.039 

 *Cross-validation  698 
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 699 
FIGURES 700 

 701 
FIGURE 1a-b. Plagioclase Ca- and Na-content: calculated versus observed. RMSE: Ca = 0.022 apfu; Na = 0.023 apfu. 702 

 703 
 704 
 705 

  706 
FIGURE 2. Alkali feldspar quadrilateral: composition and Al-Si ordering as a function of c and b unit-cell parameters. Black circles 707 

represent literature end-members. Composition trends from NaAlSi3O8 at the low albite - high albite edge to KAlSi3O8 at the low microcline - 708 
high sanidine edge. Al-Si ordering trends from completely ordered at the low albite - low microcline edge to completely disordered at the high 709 
albite - high sanidine edge.  710 
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721 

 722 
 723 

FIGURE 3a-c. Augite Mg-, Fe-, and Ca-content: calculated versus observed. Mg, Fe, and Ca, RMSE = 0.037,  0.049, and 0.030 apfu, 724 
respectively. 725 
 726 
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727 

 728 
 729 
FIGURE 4a-c. Pigeonite Mg-, Fe-, and Ca-content: calculated versus observed. Mg, Fe, and Ca RMSE = 0.041, 0.045, and 0.026 apfu, 730 

respectively.  731 
 732 

 733 
 734 

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5 2.0

C
al

cu
la

te
d 

M
g 

(a
pf

u)
 

Observed Mg (apfu) 

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5 2.0

C
al

cu
la

te
d 

Fe
 (a

pf
u)

 

Observed Fe (apfu) 

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0

C
al

cu
la

te
d 

C
a 

(a
pf

u)
 

Observed Ca (apfu) 



        28                               

735 

 736 
FIGURE 5a-c. Orthopyroxene Mg-, Fe-, and Ca-content: calculated versus observed. Mg, Fe, and Ca RMSE = 0.053, 0.049, and 0.021 apfu, 737 

respectively.  738 
 739 
 740 
 741 

 742 
FIGURE 6. Mg-Fe, Mg-Fe-Mn, and Mg-Fe-Mn-Ca (with Ca < 0.5 apfu) olivine b unit-cell parameter versus unit-cell volume, V.  743 
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 746 
 747 

 748 
FIGURE 7a-b. Olivine Mg- and Fe-content: calculated versus observed. RMSE = 0.017 Mg apfu and 0.017 Fe apfu. 749 

 750 

 751 
FIGURE 8. Selected spinel oxides (M3O4) as a function of Fe-content and a unit-cell parameter.  752 
 753 
 754 
 755 
 756 
 757 
 758 

 759 
 760 

 761 
FIGURE 9. Alunite-jarosite phases as a function of a unit-cell parameter versus c unit-cell parameter. jrs = jarosite, alu = alunite, njrs = 762 

natrojarosite, nalu = natroalunite, ajrs = ammoniojarosite, aalu = ammonioalunite, hjrs = hydronuiumjarosite. 763 
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Appendices 765 
 766 

Appendix 1 - Datasets used in regression analyses 767 
 768 

Table A1a. Plagioclase regression data 769 
Plagioclase-phase 

Chemical Composition a (Å) b (Å) c (Å) α (°) β (°) γ (°) V (Å3) Reference 
Na0.991Ca0.007K0.002Al1.007Si2.993O8 8.139 12.782 7.157 94.29 116.6 87.69 663.869 [2] 
Na0.977Ca0.017K0.006Al1.017Si2.983O8 8.139 12.785 7.158 94.2 116.61 87.76 664.139 [2] 
Na0.997K0.003Al1.000Si3.000O8 8.141 12.786 7.159 94.25 116.59 87.69 664.516 [2] 
Na0.983Ca0.005K0.012Al1.005Si2.995O8 8.141 12.785 7.159 94.26 116.59 87.69 664.456 [2] 
Na0.875Ca0.111K0.014Al1.111Si2.889O8 8.148 12.798 7.156 94.2 116.57 87.85 665.604 [2] 
Na0.865Ca0.130K0.005Al1.130Si2.870O8 8.149 12.804 7.142 94.07 116.52 88.45 665.094 [2] 
Na0.828Ca0.165K0.007Al1.165Si2.835O8 8.151 12.814 7.138 94.01 116.5 88.63 665.556 [2] 
Na0.815Ca0.176K0.009Al1.176Si2.824O8 8.153 12.824 7.134 93.95 116.46 88.84 666.122 [2] 
Na0.773Ca0.215K0.012Al1.215Si2.785O8 8.153 12.83 7.134 93.9 116.43 88.94 666.635 [2] 
Na0.822Ca0.172K0.006Al1.172Si2.828O8 8.154 12.826 7.137 93.94 116.48 88.74 666.494 [2] 
Na0.758Ca0.239K0.003Al1.239Si2.761O8 8.154 12.847 7.12 93.79 116.42 89.45 666.328 [2] 
Na0.816Ca0.179K0.005Al1.179Si2.821O8 8.155 12.834 7.13 93.88 116.45 89.07 666.509 [2] 
Na0.806Ca0.185K0.009Al1.185Si2.815O8 8.158 12.831 7.137 93.94 116.45 88.8 667.247 [2] 
Na0.734Ca0.256K0.010Al1.256Si2.744O8 8.158 12.837 7.124 93.8 116.4 89.26 666.667 [2] 
Na0.737Ca0.253K0.010Al1.253Si2.747O8 8.159 12.843 7.127 93.8 116.41 89.28 667.279 [2] 
Na0.781Ca0.210K0.009Al1.210Si2.790O8 8.161 12.836 7.131 93.89 116.45 89.01 667.2 [2] 
Na0.643Ca0.353K0.004Al1.353Si2.647O8 8.161 12.859 7.116 93.66 116.3 89.71 667.878 [2] 
Na0.759Ca0.202K0.039Al1.202Si2.798O8 8.162 12.827 7.137 93.88 116.46 88.85 667.353 [2] 
Na0.712Ca0.280K0.008Al1.280Si2.720O8 8.163 12.853 7.124 93.71 116.36 89.38 668.188 [2] 
Na0.520Ca0.478K0.002Al1.478Si2.522O8 8.166 12.851 7.113 93.61 116.26 89.64 667.888 [2] 
Na0.564Ca0.432K0.004Al1.432Si2.568O8 8.167 12.856 7.113 93.6 116.27 89.71 668.158 [2] 
Na0.455Ca0.537K0.008Al1.537Si2.463O8 8.169 12.862 7.108 93.58 116.22 89.81 668.436 [2] 
Na0.584Ca0.374K0.042Al1.374Si2.626O8 8.171 12.862 7.119 93.59 116.3 89.68 669.206 [2] 
Na0.550Ca0.437K0.013Al1.437Si2.563O8 8.172 12.865 7.116 93.6 116.27 89.66 669.334 [2] 
Na0.447Ca0.543K0.010Al1.543Si2.457O8 8.172 12.861 7.107 93.52 116.22 90.03 668.506 [2] 
Na0.452Ca0.538K0.010Al1.538Si2.462O8 8.173 12.855 7.11 93.58 116.23 89.79 668.537 [2] 
Na0.400Ca0.598K0.002Al1.598Si2.402O8 8.173 12.862 7.107 93.56 116.19 89.98 668.797 [2] 
Na0.311Ca0.687K0.002Al1.687Si2.313O8 8.175 12.865 7.102 93.5 116.14 90.31 668.846 [2] 
Na0.303Ca0.690K0.007Al1.690Si2.310O8 8.179 12.869 7.102 93.49 116.16 90.36 669.251 [2] 
Na0.198Ca0.800K0.002Al1.800Si2.200O8 8.179 12.868 7.093 93.34 116.08 90.8 668.719 [2] 
Na0.069Ca0.931Al1.931Si2.069O8 8.179 12.873 7.09 93.21 115.97 91.11 669.261 [2] 
Na0.407Ca0.581K0.012Al1.581Si2.419O8 8.18 12.87 7.109 93.52 116.2 90.04 669.928 [2] 
Na0.227Ca0.770K0.003Al1.770Si2.230O8 8.18 12.869 7.096 93.38 116.13 90.63 668.905 [2] 
Na0.263Ca0.731K0.006Al1.731Si2.269O8 8.181 12.87 7.099 93.41 116.1 90.55 669.509 [2] 
Na0.181Ca0.819Al1.819Si2.181O8 8.181 12.871 7.096 93.34 116.1 90.79 669.212 [2] 
Ca0.65Na0.32Si2.38Al1.62O8 8.1736 12.874 7.1022 93.46 116.05 90.48 669.65 [9] 
Ca0.634Na0.366Si2.348Al1.648O8 8.1747 12.871 7.1014 93.46 116.09 90.51 669.3 [9] 
Ca0.650Na0.350Si2.348Al1.648O8 8.1747 12.871 7.1014 93.46 116.09 90.51 669.3 [9] 
Na0.986Al1.005Si2.995O8 8.142 12.785 7.159 94.19 116.61 87.68 664.48 [5] 
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NaAl1.004Si2.994O8 8.142 12.785 7.159 94.19 116.61 87.68 664.48 [5] 
NaAlSi3O8 8.137 12.785 7.1583 94.26 116.6 87.71 664.01 [1] 
NaAlSi3O8 8.1372 12.787 7.1574 94.25 116.61 87.81 664.04 [3] 
NaAlSi3O8 8.133 12.773 7.159 94.23 116.64 87.72 662.92 [6] 
Na0.98Ca0.02Si2.98Al1.02O8 8.1459 12.797 7.1578 94.25 116.6 87.8 665.34 [4] 
Na0.99Ca0.01Al1.03Si2.97O8 8.135 12.784 7.1594 94.27 116.59 87.72 663.92 [8] 
Na0.99Ca0.01Al1.03Si2.97O8 8.1365 12.788 7.1584 94.23 116.58 87.7 664.26 [8] 
NaAlSi3O8 8.1409 12.789 7.1598 94.27 116.59 87.68 664.73 [8] 
Na0.821Ca0.179Al1.179Si2.821O8 8.154 12.823 7.139 94.06 116.5 88.59 666.32 [7] 
Na0.723Ca0.277Al1.277Si2.723O8 8.169 12.851 7.124 93.63 116.4 89.46 668.39 [7] 

[1] Armbruster, T., Burgi, H.B., Kunz, M., Gnos, E., Bronnimann, S., and Lienert, C. 770 
(1990) Variation of displacement parameters in structure refinements of low albite. 771 
American Mineralogist, 75, 135-140. 772 
[2] Bambauer, H.U., Corlett, M., Eberhard, E., and Viswanathan, K. (1967) Diagrams for 773 
the determination of plagioclases using X-ray powder methods (Part III of laboratory 774 
investigations of plagioclases). Schweizerische Mineralogische und Petrographische 775 
Mitteilungen, 47, 333-349. 776 
[3] Downs, R.T., Hazen, R.M., and Finger, L.W. (1994) The high-pressure crystal 777 
chemistry of low albite and the origin of the pressure dependency of Al-Si ordering. 778 
American Mineralogist, 79, 1042-1052. 779 
[4] Gualtieri, A.F. (2000) Accuracy of XRPD QPA using the combined Rietveld-RIR 780 
method. Journal of Applied Crystallography, 33, 267-278. 781 
[5] Harlow, G., and Brown Jr, G.E. (1980) Low Albite- an X-Ray and Neutron Diffraction 782 
Study. American Mineralogist, 65, 986-995. 783 
[6] Meneghinello, E., Alberti, A., and Cruciani, G. (1999) Order-disorder process in the 784 
tetrahedral sites of albite. American Mineralogist, 84, 1144-1151. 785 
[7] Phillips, M.W., Colville, A.A., and Ribbe, P.H. (1971) The crystal structures of two 786 
oligoclases: A comparison with low and high albite. Zeitschrift fur Kristallographie, 133, 787 
43-65.  788 
[8] RRUFF.info 789 
[9] Wenk, H., Joswig, W., Tagai, T., Korekawa, M., and Smith, B.K. (1980) The average 790 
structure of An 62-66 labradorite. American Mineralogist, 65, 81-95. 791 
 792 
 793 
 794 
 795 
 796 
 797 
  798 
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Table A1b. Alkali feldspar quadrilateral data 799 
 800 

Phase Composition Ordering b c 

high sanidine KAlSi3O8 disordered 13.031 7.177 
low microcline KAlSi3O8 ordered 12.962 7.222 

high albite NaAlSi3O8 disordered 12.871 7.108 
low albite NaAlSi3O8 ordered 12.785 7.158 

Kroll, H., and Ribbe, P.J. (1983) Lattice parameters, composition and Al,Si order in 801 
alkali feldspars. Reviews in Mineralogy p. 57-100. 802 

803 
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Table A1c. Augite regression data 804 
Augite (C2/c) 

Chemical composition a (Å) b (Å) c (Å) β (°) V (Å3) Reference 
Ca0.10Mg1.52Fe0.38Si2O6 9.652 8.872 5.206 108.55 422.6 [7] 
Ca0.20Mg1.44Fe0.36Si2O6 9.655 8.876 5.201 108.46 422.8 [7] 
Ca0.59Mg1.41Si2O6 9.711 8.8935 5.2452 107.278 432.559 [6] 
Ca0.40Mg1.28Fe0.32Si2O6 9.718 8.902 5.239 107.85 431.4 [7] 
Ca0.7Mg1.3Si2O6 9.7264 8.9133 5.2485 106.742 435.728 [6] 
Ca0.8Mg1.2Si2O6 9.7323 8.9152 5.2464 106.357 436.782 [6] 
Ca0.892Mg1.108Si2O6 9.739 8.919 5.25 106.15 438.2 [7] 
Ca0.60Mg1.12Fe0.28Si2O6 9.734 8.921 5.244 106.73 436.1 [7] 
CaMgSi2O6 9.747 8.924 5.252 105.94 439.28 [3] 
CaMgSi2O6 9.748 8.924 5.251 105.79 439.48 [2] 
CaMgSi2O6 9.7483 8.9246 5.2505 105.882 439.355 [4] 
CaMgSi2O6 9.755 8.926 5.241 105.84 439.04 [5] 
CaMgSi2O6 9.7507 8.9264 5.2515 105.837 439.74 [4] 
CaMgSi2O6 9.75 8.927 5.254 105.79 439.99 [5] 
CaMgSi2O6 9.7485 8.931 5.249 105.85 439.6 [7] 
CaMgSi2O6 9.754 8.933 5.252 105.84 440.22 [5] 
CaMg0.9116Fe0.0884Si2O6 9.759 8.934 5.254 105.77 440.86 [2] 
CaMg0.921Fe0.079Si2O6 9.772 8.934 5.253 105.76 441.32 [5] 
Ca0.80Mg0.96Fe0.24Si2O6 9.745 8.935 5.246 106.23 438.6 [7] 
CaMg0.90Fe0.10Si2O6 9.762 8.936 5.249 105.75 441 [7] 
CaMg0.921Fe0.079Si2O6 9.767 8.936 5.246 105.68 440.84 [5] 
CaMg0.921Fe0.079Si2O6 9.775 8.936 5.244 105.74 440.91 [5] 
CaMg0.941Fe0.059Si2O6 9.757 8.937 5.245 105.82 440.05 [5] 
Ca0.60Mg0.98Fe0.42Si2O6 9.745 8.939 5.244 106.69 437.6 [7] 
CaMg0.8209Fe0.1791Si2O6 9.765 8.941 5.250 105.68 441.32 [2] 
Ca0.40Mg0.80Fe0.80Si2O6 9.727 8.942 5.255 108.1 434.4 [7] 
Ca0.80Mg0.84Fe0.36Si2O6 9.757 8.943 5.246 106.05 439.9 [7] 
CaMg0.861Fe0.139Si2O6 9.77 8.943 5.252 105.69 441.75 [5] 
CaMg0.796Fe0.204Si2O6 9.774 8.944 5.249 105.64 441.88 [5] 
CaMg0.796Fe0.204Si2O6 9.772 8.945 5.253 105.65 442.15 [5] 
CaMg0.796Fe0.204Si2O6 9.771 8.946 5.253 105.66 442.08 [5] 
CaMg0.80Fe0.20Si2O6 9.771 8.947 5.25 105.68 442 [7] 
CaMg0.82Fe0.18Si2O6 9.7634 8.9488 5.2504 105.726 441.56 [3] 
CaMg0.717Fe0.283Si2O6 9.782 8.952 5.255 105.6 443.23 [5] 
CaMg0.74Fe0.26Si2O6 9.773 8.9523 5.2524 105.676 442.444 [3] 
Ca0.60Mg0.70Fe0.70Si2O6 9.741 8.953 5.248 106.67 438.5 [7] 
CaMg0.7278Fe0.2722Si2O6 9.780 8.954 5.253 105.59 443.08 [2] 
Ca1Mg0.70Fe0.30Si2O6 9.7755 8.955 5.251 105.67 443.1 [7] 
Ca0.80Mg0.60Fe0.60Si2O6 9.767 8.956 5.249 105.97 441.4 [7] 
CaMg0.717Fe0.283Si2O6 9.782 8.96 5.243 105.59 442.66 [5] 
CaMg0.589Fe0.411Si2O6 9.789 8.96 5.251 105.49 443.85 [5] 
CaMg0.6321Fe0.3679Si2O6 9.793 8.962 5.254 105.50 444.28 [2] 
CaMg0.589Fe0.411Si2O6 9.794 8.963 5.249 105.48 444 [5] 
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CaMg0.589Fe0.411Si2O6 9.794 8.966 5.257 105.47 444.94 [5] 
CaMg0.5339Fe0.4661Si2O6 9.804 8.971 5.253 105.46 445.30 [2] 
CaMg0.50Fe0.50Si2O6 9.7955 8.9725 5.252 105.49 445.4 [7] 
CaFe0.523Mg0.477Si2O6 9.801 8.974 5.248 105.46 444.92 [5] 
CaFe0.523Mg0.477Si2O6 9.802 8.976 5.254 105.4 445.69 [5] 
CaMg0.5Fe0.5Si2O6 9.795 8.979 5.235 105.50 445.34 [3] 
Ca0.60Mg0.56Fe0.84Si2O6 9.752 8.981 5.249 106.63 440.5 [7] 
Ca0.80Mg0.48Fe0.72Si2O6 9.781 8.982 5.244 105.87 443.2 [7] 
Ca1.00Fe0.60Mg0.40Si2O6 9.813 8.982 5.251 105.32 445.5 [7] 
Ca0.40Mg0.64Fe0.96Si2O6 9.731 8.984 5.258 107.82 437.6 [7] 
CaFe0.5670Mg0.4330Si2O6 9.809 8.985 5.249 105.28 446.33 [2] 
CaFe0.682Mg0.318Si2O6 9.816 8.987 5.252 105.07 447.41 [5] 
CaFe0.682Mg0.318Si2O6 9.816 8.991 5.253 105.1 447.61 [5] 
Ca1.00Fe0.70Mg0.30Si2O6 9.821 8.992 5.251 105.18 447.6 [7] 
CaFe0.6707Mg0.3293Si2O6 9.821 8.994 5.247 105.13 447.39 [2] 
CaMg0.7Fe0.3Si2O6 9.814 8.996 5.253 105.33 447.29 [3] 
Ca0.40Mg0.48Fe1.12Si2O6 9.74 8.998 5.251 107.77 438.2 [7] 
Ca0.70Mg0.325Fe0.975Si2O6 9.791 9.001 5.242 106.02 444 [7] 
Ca0.80Mg0.30Fe0.90Si2O6 9.797 9.002 5.243 105.7 445.2 [7] 
Ca0.90Fe0.825Mg0.275Si2O6 9.814 9.002 5.249 105.46 447 [7] 
Ca1.00Fe0.75Mg0.25Si2O6 9.821 9.002 5.251 104.98 448.4 [7] 
CaFe0.80Mg0.20Si2O6 9.832 9.002 5.251 105.02 448.6 [7] 
CaFe0.85Mg0.15Si2O6 9.834 9.01 5.247 104.96 449.15 [5] 
CaFe0.7774Mg0.2226Si2O6 9.826 9.012 5.251 105.01 449.20 [2] 
CaFe0.85Mg0.15Si2O6 9.836 9.014 5.248 104.92 449.6 [7] 
Ca0.60Mg0.35Fe1.05Si2O6 9.767 9.015 5.242 106.44 442.7 [7] 
Ca0.40Mg0.40Fe1.20Si2O6 9.749 9.018 5.247 107.4 440 [7] 
CaFe0.8871Mg0.1129Si2O6 9.832 9.018 5.247 104.88 449.61 [2] 
Ca0.50Mg0.375Fe1.125Si2O6 9.771 9.019 5.244 106.65 442.7 [7] 
Ca0.30Mg0.425Fe1.275Si2O6 9.744 9.021 5.256 108.06 439.2 [7] 
Ca1.00Fe1.00Si2O6 9.84 9.024 5.2495 104.68 450.8 [7] 
CaFeSi2O6 9.847 9.024 5.242 104.77 450.36 [5] 
CaFeSi2O6 9.852 9.025 5.247 104.77 451.16 [5] 
CaFeSi2O6 9.866 9.025 5.225 104.69 450.04 [5] 
CaFeSi2O6 9.857 9.026 5.227 104.7 449.81 [5] 
CaFeSi2O6 9.841 9.027 5.247 104.80 450.69 [2] 
CaFeSi2O6 9.85 9.028 5.23 104.75 449.69 [5] 
Ca0.70Mg0.195Fe1.105Si2O6 9.8 9.03 5.244 105.92 446.3 [7] 
Ca0.50Mg0.225Fe1.275Si2O6 9.772 9.038 5.245 106.75 443.4 [7] 
Ca0.80Fe1.20Si2O6 9.821 9.042 5.242 105.38 448.8 [7] 
Ca1.01Mg0.99Si2O6 9.8672 9.0469 5.2584 104.794 453.84 [1] 
Ca0.70Fe1.30Si2O6 9.8095 9.05 5.238 105.61 447.9 [7] 
Ca0.30Mg0.255Fe1.445Si2O6 9.746 9.055 5.255 107.7 441.8 [7] 
[1] Heuer, M., Huber, A.L., Bromiley, G.D., Fehr, K.T., Bente, K. (2005) Characterization 805 
of synthetic hedenbergite (CaFeSi2O6)-petedunnite (CaZnSi2O6) solid solution series by 806 
X-ray single crystal diffraction. Physics and Chemistry of Minerals, 32, 552-563. 807 
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[2] Nolan, J. (1969) Physical properties of synthetic and natural pyroxenes in the system 808 
diopsite-hedenbergite-acmite. Mineralogical Magazine, 37, 216-229 809 
[3] Raudsepp M, Hawthorne F C, Turnock A C (1990) Evaluation of the Rietveld method 810 
for the characterization of fine-grained products of mineral synthesis: the diopside-811 
hedenbergite join. The Canadian Mineralogist 28, 93-109. 812 
[4] Redhammer, G.J. (1998) Mossbauer spectroscopy and Rietveld refinement on 813 
synthetic ferri-Tschermak's molecule CaFe3+(Fe3+Si)O6 substituted diopside. European 814 
Journal of Mineralogy, 10, 439-452. 815 
[5] Rutstein, M.S., and Yund, R.A. (1969) Unit-cell parameters of synthetic diopside-816 
hedenbergite solid solutions. American Mineralogist, 54, 238-245. 817 
[6] Tribaudino, M., Nestola, F., and Meneghini, C. (2005) Rietveld refinement of 818 
clinopyroxene with intermediate Ca-content along the join diopside-enstatite. The 819 
Canadian Mineralogist, 43, 1411-1421. 820 
[7] Turnock, A.C., Lindsley, D.H., and Grover, J.E. (1973) Synthesis and unit cell 821 
parameters of Ca-Mg-Fe pyroxenes. American Mineralogist, 58, 50-59. 822 

 823 
  824 
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Table A1d. Pigeonite regression data 825 
Pigeonite (P21/c) 

Chemical composition a (Å) b (Å) c (Å) β (°) V (Å3) Reference 
Mg2Si2O6 9.606 8.8131 5.17 108.35 415.429 [9] 
Mg2Si2O6 9.6076 8.8152 5.1702 108.350 415.61 [1] 
Mg2Si2O6 9.62 8.825 5.188 108.33 418.095 [6] 
Mg1.78Fe0.22Si2O6 9.6194 8.8396 5.1793 108.438 417.80 [1] 
Mg1.85Ca0.15Si2O6 9.646 8.842 5.201 108.35 421.037 [7] 
Mg1.85Ca0.15Si2O6 9.654 8.845 5.203 108.37 421.642 [10] 
Mg1.85Ca0.15Si2O6 9.651 8.846 5.202 108.38 421.453 [11] 
Mg1.85Ca0.15Si2O6 9.651 8.846 5.202 108.34 421.551 [11] 
Mg1.85Ca0.15Si2O6 9.651 8.846 5.252 108.38 425.504 [4] 
Ca0.2Mg1.8Si2O6 9.6655 8.8534 5.2138 108.349 423.474 [12] 
Ca0.23Mg1.77Si2O6 9.69 8.862 5.229 108.31 426.295 [10] 
Ca0.4Mg1.6Si2O6 9.7042 8.8805 5.2423 108.084 429.455 [12] 
Mg1.41Fe0.59Si2O6 9.6434 8.8852 5.1950 108.548 422.01 [1] 
Mg1.26Fe0.54Ca0.20Si2O6 9.684 8.907 5.227 108.51 427.6 [13] 
Mg1.23Fe0.77Si2O6 9.6519 8.9075 5.2004 108.590 423.77 [1] 
Mg1.22Fe0.78Si2O6 9.6519 8.9075 5.2004 108.59 423.773 [1] 
Mg1.28Fe0.56Ca0.16Si2O6 9.692 8.917 5.239 108.55 429.25 [3] 
Mg1.12Fe0.48Ca0.40Si2O6 9.707 8.919 5.249 108.22 431.6 [13] 
Mg0.92Fe0.92Ca0.16Si2O6 9.689 8.93 5.232 108.53 429.2 [13] 
Mg0.95Fe0.95Ca0.10Si2O6 9.662 8.931 5.218 108.71 426.5 [13] 
Mg0.90Fe0.90Ca0.20Si2O6 9.703 8.947 5.238 108.57 431.1 [13] 
Mg0.78Fe1.04Ca0.18Si2O6 9.706 8.95 5.246 108.59 431.936 [5] 
Mg0.81Fe1.19Si2O6 9.6744 8.9630 5.2157 108.630 428.57 [1] 
Fe1.29Mg0.71Si2O6 9.6761 8.9664 5.2171 108.623 428.93 [1] 
Mg0.72Fe1.08Ca0.20Si2O6 9.712 8.978 5.244 108.49 433.7 [13] 
Mg0.72Fe1.08Ca0.20Si2O6 9.712 8.978 5.244 108.49 433.7 [13] 
Mg0.64Fe1.36Si2O6 9.6846 8.9898 5.2209 108.627 430.73 [1] 
Fe1.38Mg0.62Si2O6 9.6837 8.9905 5.2202 108.604 430.73 [1] 
Fe1.39Mg0.61Si2O6 9.6868 8.9936 5.2218 108.611 431.13 [1] 
Fe1.42Mg0.58Si2O6 9.6856 8.9964 5.2218 108.605 431.22 [1] 
Mg0.45Fe1.35Ca0.20Si2O6 9.732 9.015 5.258 108.38 437.7 [13] 
Fe1.60Mg0.40Si2O6 9.6913 9.0171 5.2263 108.598 432.87 [1] 
Fe1.60Mg0.40Si2O6 9.6931 9.0199 5.2264 108.590 433.10 [1] 
Mg0.27Fe1.53Ca0.20Si2O6 9.74 9.046 5.259 108.2 440.2 [13] 
Fe1.80Mg0.20Si2O6 9.7011 9.0491 5.2321 108.556 435.43 [1] 
Fe2Si2O6 9.7075 9.0807 5.2347 108.46 437.7 [2] 
Fe1.80Ca0.20Si2O6 9.745 9.083 5.225 107.3 441.5 [13] 
Fe2Si2O6 9.709 9.087 5.228 108.43 437.6 [13] 
Fe1.7Ca0.3Si2O6 9.779 9.088 5.258 107.39 445.928 [8] 
Fe1.90Ca0.10Si2O6 9.724 9.092 5.226 108.14 439.1 [13] 
Mg2Si2O6 9.59 8.812 5.159 108.15 414.3 [13] 
(Mg1.86Ca0.14)Si2O6 9.65 8.84 5.18 108.45 419.2 [13] 
(Mg1.812Ca0.188) Si2O6 9.653 8.848 5.202 108.41 421.5 [13] 
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(Mg1.416Ca0.584)Si2O6 9.714 8.903 5.25 107.27 433.8 [13] 
(Mg1.314Ca0.686)Si2O6 9.723 8.908 5.25 106.78 435 [13] 
(Mg1.212Ca0.788)Si2O6 9.731 8.916 5.25 106.39 436.5 [13] 
(Mg1.40Fe0.60)Si2O6 9.645 8.878 5.193 108.58 421.4 [13] 
(Mg1.33Ca0.10Fe0.57)Si2O6 9.662 8.893 5.21 108.61 424.2 [13] 
(Mg1.20Fe0.80)Si2O6 9.649 8.9 5.199 108.59 423.2 [13] 
(Fe1.20Mg0.80)Si2O6 9.667 8.961 5.216 108.69 428 [13] 
(Fe1.14Ca0.10Mg0.76)Si2O6 9.684 8.958 5.227 108.62 429.7 [13] 
(Fe1.60Ca0.40)Si2O6 9.765 9.081 5.231 106.69 444.3 [13] 
(Fe1.50Ca0.50)Si2O6 9.781 9.072 5.232 106.3 445.6 [13] 
[1] Angel, R.J., McCammon, C., and Woodland, A.B. (1998) Structure, ordering and 826 
cation interactions in Ca-free P2(1)/c clinopyroxenes. Physics and Chemistry of 827 
Minerals, 25, 249-258. 828 
[2] Hugh-Jones, D.A., Woodland, A.B., and Angel, R.J. (1994) The structure of high-829 
pressure C2/c ferrosilite and crystal chemistry of high-pressure C2/c pyroxenes. 830 
American Mineralogist, 79, 1032-1041. 831 
[3] Kuno, H. (1953) Unit cell dimensions of clinoenstatite and pigeonite in relation to 832 
other common clinopyroxenes. American Journal of Science, 251, 741-752. 833 
[4] Merli, M., and Camara, F. (2003) Topological analysis of the electron density of the 834 
clinopyroxene structure by the maximum entropy method: an exploratory study. 835 
European Journal of Mineralogy, 15, 903-911. 836 
[5] Morimoto, N., and Guven, N. (1970) Refinement of the Crystal Structure of 837 
Pigeonite. American Mineralogist, 55, 1195-1209. 838 
[6] Morimoto, N., Appleman, D.E., and Evans, H.T. (1960) The crystal structures of 839 
clinoenstatite and pigeonite. Zeitschrift fur Kristallographie, 114, 120-147. 840 
[7] Nestola, F., Tribaudino, M., and Ballaran, T.B. (2004) High pressure behavior, 841 
transformation and crystal structure of synthetic iron-free pigeonite. American 842 
Mineralogist, 89, 189-196. 843 
[8] Ohashi, Y., Burnham, C.W., and Finger, L.W. (1975) The Effect of Ca-Fe 844 
Substitution Structure Crystal. American Mineralogist, 60, 423-434. 845 
[9] Ohashi, Y. (1984) Polysynthetically-twinned structures of enstatite and wollastonite. 846 
Physics and Chemistry of Minerals, 10, 217-229. 847 
[10] Tribaudino, M., and Nestola, F. (2002) Average and local structure in P21/c 848 
clinopyroxenes along the join diopside-enstatite (CaMgSi2O6-Mg2Si2O6). European 849 
Journal of Mineralogy 14, 549-555. 850 
[11] Tribaudino, M., Nestola, F., Camara, F., Domeneghetti, M.C. (2002) The high-851 
temperature P21/c-C2/c phase transition in Fe-free pyroxene (Ca0.15Mg1.85Si2O6): 852 
Structural and thermodynamic behavior. American Mineralogist, 87, 648-657. 853 
[12] Tribaudino, M., Nestola, F., and Meneghini, C. (2005) Rietveld refinement of 854 
clinopyroxene with intermediate Ca-content along the join diopside-enstatite. The 855 
Canadian Mineralogist, 43, 1411-1421. 856 
[13] Turnock, A.C., Lindsley, D.H., and Grover, J.E. (1973) Synthesis and unit cell 857 
parameters of Ca-Mg-Fe pyroxenes. American Mineralogist, 58, 50. 858 
 859 

860 



        38                               

Table A1e. Orthopyroxene regression data 861 
Orthopyroxene-phase 

Chemical composition a (Å) b (Å) c (Å) V (Å3) Reference 
Fe2Si2O6 0 2 0 18.417 [1] 
Fe2Si2O6 0 2 0 18.418 [2] 
Fe2Si2O6 0 2 0 18.431 [3] 
Mg0.20Fe1.80Si2O6 0 1.8 0.2 18.402 [3] 
Mg0.40Fe1.60Si2O6 0 1.6 0.4 18.37 [3] 
Mg0.50Fe1.50Si2O6 0 1.5 0.5 18.362 [3] 
Mg0.80Fe1.20Si2O6 0 1.2 0.8 18.321 [3] 
Mg1.00Fe1.00Si2O6 0 1 1 18.31 [3] 
Mg1.18Fe0.82Si2O6 0 0.82 1.18 18.2974 [1] 
Mg1.20Fe0.80Si2O6 0 0.8 1.2 18.289 [3] 
Mg1.51Fe0.48Si2O6 0 0.48 1.52 18.2747 [4] 
Mg1.60Fe0.60Si2O6 0 0.4 1.6 18.251 [3] 
Mg1.68Fe0.30Si2O6 0 0.3 1.68 18.2566 [5] 
Mg1.68Fe0.30Si2O6 0 0.3 1.68 18.2462 [5] 
Mg1.72Fe0.28Si2O6 0 0.28 1.72 18.2539 [5] 
Mg1.80Fe0.20Si2O6 0 0.2 1.8 18.24 [5] 
Mg1.80Fe0.20Si2O6 0 0.2 1.8 18.2496 [5] 
Mg1.80Fe0.20Si2O6 0 0.2 1.8 18.235 [3] 
Mg2Si2O6 0 0 2 18.21 [6] 
Mg2Si2O6 0 0 2 18.216 [7] 
Mg2Si2O6 0 0 2 18.225 [8] 
Mg2Si2O6 0 0 2 18.233 [9] 
Mg2Si2O6 0 0 2 18.225 [10] 
Mg2Si2O6 0 0 2 18.223 [10] 
Mg2Si2O6 0 0 2 18.223 [3] 
Mg1.98Ca0.02Si2O6 0.02 0 1.98 18.235 [3] 
Mg1.331Fe0.636Ca0.032Si2O6 0.032 1.331 0.636 18.337 [11] 
Fe1.96Ca0.04Si2O6 0.04 1.96 0 18.453 [3] 
Mg0.25Fe1.71Ca0.04Si2O6 0.04 1.71 0.25 18.405 [12] 
Mg1.96Ca0.04Si2O6 0.04 0 1.96 18.262 [13] 
Mg1.15Fe0.807Ca0.043Si2O6 0.043 0.807 1.15 18.316 [14] 
Mg1.155Fe0.802Ca0.043Si2O6 0.043 0.802 1.155 18.32 [14] 
Mg1.948Ca0.052Si2O6 0.052 0 1.948 18.28 [15] 
Mg1.93Ca0.07Si2O6 0.07 0 1.93 18.2588 [16] 
Mg1.93Ca0.07Si2O6 0.07 0 1.93 18.268 [13] 
Fe1.92Ca0.08Si2O6 0.08 1.92 0 18.473 [3] 
Mg0.96Fe0.96Ca0.08Si2O6 0.08 0.96 0.96 18.35 [3] 
Mg0.48Fe1.43Ca0.10Si2O6 0.1 1.43 0.48 18.417 [3] 
Mg0.76Fe1.14Ca0.10Si2O6 0.1 1.14 0.76 18.365 [3] 
Mg1.33Fe0.57Ca0.10Si2O6 0.1 0.57 1.33 18.293 [3] 
Mg1.52Fe0.38Ca0.10Si2O6 0.1 0.38 1.52 18.257 [3] 



        39                               

[1] Hugh-Jones, D.A., Chopelas, A., and Angel, R.J. (1997) Tetrahedral compression in 862 
(Mg,Fe)SiO3 orthopyroxenes. Physics and Chemistry of Minerals, 24, 301-310. 863 
[2] Sueno, S., Cameron, M., and Prewitt, C.T. (1976) Orthoferrosilite: High-temperature 864 
crystal chemistry. American Mineralogist, 61, 38-53.  865 
[3] Turnock, A.C., Lindsley, D.H., and Grover, J.E. (1973) Synthesis and unit cell 866 
parameters of Ca-Mg-Fe pyroxenes. American Mineralogist, 58, 50-59. 867 
[4] Yang, H., and Ghose, S. (1995) A transitional structural state and anomalous Fe-Mg 868 
order-disorder in Mg-rich orthopyroxene, (Mg0.75Fe0.25)2Si2O6. American 869 
Mineralogist, 80, 9-20.  870 
[5] RRUFF.info 871 
[6] Morimoto, N., and Koto, K. (1969) The crystal structure of orthoenstatite. Zeitschrift 872 
fur Kristallographie, 129, 65-83. 873 
[7] Hawthorne, F.C., and Ito, J. (1977) Sythensis and crystal-structure refinement of 874 
transition-metal orthopyroxenes I: orthoenstatite and (Mg, Mn, Co) orthopyroxene. The 875 
Canadian Mineralogist, 15, 321-338.  876 
[8] Ohashi, Y. (1984) Polysynthetically-twinned structures of enstatite and wollastonite. 877 
Physics and Chemistry of Minerals, 10, 217-229. 878 
[9] Hugh-Jones, D.A., and Angel, R.J. (1994) A compressional study of MgSiO, 879 
orthoenstatite up to 8.5 GPa. American Mineralogist, 79, 405-410.  880 
[10] Huebner, S.J. (1986) Nature of phases synthesized along the join (Mg,Mn)2Si2O6. 881 
American Mineralogist, 15, 365-371.  882 
[11] Smyth, J.R. (1973) An Orthopyroxene Structure Up to 850°C 883 
[12] Burnham, C.W., Ohashi, Y., Hafner, S.S., and Virgo, D. (1971) Cation distribution 884 
and atomic thermal vibrations in an iron-rich orthopyroxene. American Mineralogist, 56, 885 
850-876. 886 
[13] Nestola, F., and Tribaudino, M. (2003) The structure of Pbca orthopyroxenes along 887 
the join diopside-enstatite (CaMgSi2O6-Mg2Si2O6). European Journal of Mineralogy, 888 
15, 365-371. 889 
[14] Domeneghetti, M.C., Molin, G.M., Stimpfl, M., and Tribaudino, M. (1995) 890 
Orthopyroxene from the Serra de Mag6 meteorite: Structure refinement and estimation 891 
of C2/c pyroxene contributions to apparent Pbca diffraction violations. American 892 
Mineralogist, 80, 923-929.  893 
[15] Carlson, W.D., Swinnea, J.S., and Miser, D.E. (1988) Stability of orthoenstatite at 894 
high temperature and low pressure. American Mineralogist, 73, 1255-1263.  895 
[16] Nestola, F., Gatta, G.D., and Ballaran, T.B. (2006) The effect of Ca substitution on 896 
the elastic and structural behavior of orthoenstatite. American Mineralogist, 91, 809-897 
815.  898 
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Table A1f. Olivine regression data 899 
Olivine-phase (Fe-Mg only) 

Chemical composition a (Å) b (Å) c (Å) V (Å3) Reference 
Mg2SiO4 4.7534 10.1902 5.9783 289.577 [9] 
Mg2SiO4 4.753 10.191 5.982 289.755 [7] 
Mg2SiO4 4.753 10.196 5.979 289.76 [6] 
Mg2SiO4 4.754 10.1971 5.9806 289.92 [21] 
Mg2SiO4 4.7549 10.1985 5.9792 289.948 [4] 
Mg2SiO4 4.755 10.196 5.9809 289.97 [24] 
Mg2SiO4 4.7534 10.1989 5.9813 289.97 [13] 
Mg2SiO4 4.751 10.203 5.983 290.023 [23] 
Mg2SiO4 4.7558 10.1965 5.9817 290.068 [20] 
Mg2SiO4 4.7545 10.2 5.9814 290.08 [14] 
Mg2SiO4 4.7553 10.1977 5.982 290.09 [15] 
Mg2SiO4 4.757 10.197 5.982 290.17 [24] 
Mg2SiO4 4.75534 10.20141 5.98348 290.266 [25] 
Mg2SiO4 4.756 10.207 5.98 290.296 [22] 
Mg2SiO4 4.7533 10.2063 5.9841 290.31 [5] 
Mg2SiO4 4.7536 10.2066 5.9845 290.36 [18] 
Mg1.997Si0.995O4 4.7552 10.1985 5.9822 290.112 [12] 
Mg1.98Fe0.02SiO4 4.7555 10.1999 5.9816 290.14 [21] 
Mg1.96Fe0.04SiO4 4.7563 10.2026 5.9842 290.39 [21] 
Mg1.94Fe0.06SiO4 4.7571 10.2053 5.9831 290.47 [21] 
Mg1.92Fe0.08SiO4 4.7578 10.2085 5.9857 290.72 [21] 
Mg1.91Fe0.09SiO4 4.7584 10.2099 5.9863 290.83 [21] 
Mg1.9Fe0.1SiO4 4.758 10.2115 5.9865 290.86 [21] 
Mg1.88Fe0.12SiO4 4.759 10.2145 5.988 291.08 [21] 
Mg1.84Fe0.16SiO4 4.7579 10.2151 5.989 291.08 [17] 
Mg1.82Fe0.18SiO4 4.7611 10.2207 5.99 291.49 [1] 
Mg1.82Fe0.18Si1O4 4.7615 10.2248 5.9932 291.781 [20] 
Fe0.19Mg1.81SiO4 4.7641 10.2269 5.9952 292.098 [16] 
Mg1.8Fe0.2SiO4 4.762 10.225 5.994 291.857 [3] 
Mg1.77Fe0.23SiO4 4.7645 10.23467 5.99727 292.45 [11] 
Mg1.73Fe0.27SiO4 4.7655 10.2351 5.997 292.5 [21] 
Mg1.67Fe0.33SiO4 4.7673 10.2488 6.003 293.301 [20] 
Mg1.63Fe0.37SiO4 4.7687 10.2491 6.0023 293.36 [21] 
Mg1.6Fe0.4SiO4 4.7698 10.2531 6.003 293.58 [21] 
Mg1.6Fe0.4SiO4 4.769 10.261 6.006 293.9 [6] 
Mg1.55Fe0.45SiO4 4.7733 10.2676 6.0112 294.611 [10] 
Mg1.4Fe0.6SiO4 4.7779 10.2831 6.0161 295.58 [21] 
Mg1.3Fe0.7SiO4 4.7818 10.2972 6.0223 296.53 [21] 
Mg1.2Fe0.8SiO4 4.784 10.308 6.024 297.09 [6] 
Mg1.2Fe0.8SiO4 4.7849 10.3101 6.0263 297.29 [21] 
Mg1.15Fe0.85SiO4 4.7871 10.3181 6.0297 297.83 [21] 
Mg1.05Fe0.95SiO4 4.786 10.332 6.032 298.2 [19] 
Mg1.02Fe0.98SiO4 4.7901 10.3305 6.0343 298.6 [1] 



        41                               

Fe1.0Mg1.0SiO4 4.7929 10.3412 6.038 299.27 [21] 
Fe1.18Mg0.82SiO4 4.7974 10.3635 6.0463 300.61 [21] 
Fe1.2Mg0.8SiO4 4.797 10.358 6.048 300.5 [6] 
Fe1.2Mg0.8SiO4 4.798 10.367 6.047 300.8 [6] 
Fe1.2Mg0.8SiO4 4.7986 10.3665 6.0482 300.87 [21] 
Fe1.4Mg0.6SiO4 4.8043 10.3923 6.0577 302.45 [21] 
Fe1.5Mg0.5SiO4 4.8074 10.4063 6.0618 303.25 [21] 
Fe1.6Mg0.4SiO4 4.81 10.419 6.068 304.08 [6] 
Fe1.6Mg0.4SiO4 4.813 10.417 6.067 304.18 [6] 
Fe1.6Mg0.4SiO4 4.8111 10.4213 6.0684 304.26 [21] 
Fe1.8Mg0.2SiO4 4.8169 10.4512 6.0783 306 [21] 
Fe2SiO4 4.819 10.47 6.086 307.1 [6] 
Fe2SiO4 4.815 10.49 6.085 307.3 [6] 
Fe2SiO4 4.8195 10.4788 6.0873 307.42 [8] 
Fe2SiO4 4.8195 10.4788 6.0873 307.424 [9] 
Fe2SiO4 4.8211 10.4779 6.0889 307.58 [21] 
Fe2SiO4 4.821 10.478 6.092 307.7 [2] 
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 973 
Table A1g. Olivine with Mn and Ca 974 

Olivine phase (with Ca and/or Mn) 
Ca Fe Mg Mn a (Å) b (Å) a/b c (Å) V (Å3) ref 

0.01 0.35 1.64 0 4.771 10.274 0.464 6.011 294.643 [19] 
0.01 0.61 1.38 0 4.785 10.298 0.465 6.028 297.035 [19] 

0.045 0 1.955 0 4.7575 10.2144 0.466 5.99 291.08 [20] 
0.045 0 1.955 0 4.7581 10.223 0.465 5.9929 291.51 [20] 
0.045 0 1.955 0 4.7585 10.2248 0.465 5.9933 291.61 [20] 
0.091 0 1.909 0 4.7596 10.2463 0.465 6.0027 292.74 [20] 
0.091 0 1.909 0 4.7606 10.2499 0.464 6.0023 292.89 [20] 
0.137 0 1.863 0 4.7664 10.2926 0.463 6.023 295.48 [20] 
0.18 0 1.82 0 4.7694 10.318 0.462 6.0353 297 [20] 

0.492 1.508 0 0 4.854 10.83 0.448 6.24 328.029 [21] 
0.748 1.252 0 0 4.87 11.078 0.440 6.385 344.47 [21] 
0.782 0 1.218 0 4.8139 10.9131 0.441 6.2921 330.56 [20] 
0.836 0 1.164 0 4.8152 10.9599 0.439 6.3092 332.96 [20] 
0.89 0 1.11 0 4.818 11.0074 0.438 6.3327 335.84 [20] 

0.935 0 1.065 0 4.8202 11.0506 0.436 6.3519 338.34 [20] 
0.945 0 1.055 0 4.8201 11.053 0.436 6.3552 338.59 [20] 
0.99 0 1.01 0 4.8209 11.0911 0.435 6.3726 340.74 [20] 

0.998 1.002 0 0 4.91 11.126 0.441 6.457 352.737 [21] 
1 0 1 0 4.815 11.08 0.435 6.37 339.841 [22] 
1 0 1 0 4.821 11.105 0.434 6.381 341.621 [23] 
1 0.07 0.93 0 4.825 11.111 0.434 6.383 342.196 [24] 
1 0.12 0.88 0 4.8281 11.1098 0.435 6.3894 342.722 [25] 
1 0.69 0.31 0 4.875 11.164 0.437 6.447 350.875 [26] 
1 0.77 0.22 0 4.877 11.166 0.437 6.448 351.136 [26] 

1.104 0.896 0 0 4.922 11.202 0.439 6.489 357.779 [21] 
1.217 0.783 0 0 4.906 11.206 0.438 6.485 356.523 [21] 

2 0 0 0 5.07389 11.21128 0.453 6.7534 384.166 [27] 
2 0 0 0 5.081 11.224 0.453 6.778 386.544 [28] 
0 0.172 1.826 0.002 4.7605 10.2116 0.466 5.9894 290.68 [1] 
0 0.19 1.808 0.002 4.7613 10.219 0.466 5.9921 291.55 [1] 
0 0.216 1.782 0.002 4.7628 10.2227 0.466 5.9933 291.81 [1] 

0.002 0.194 1.802 0.002 4.7599 10.2299 0.465 5.9933 291.85 [1] 
0.002 0.226 1.77 0.002 4.7619 10.2248 0.466 5.9943 291.85 [1] 
1.021 0.086 0.896 0.003 4.829 11.116 0.434 6.393 343.171 [2] 

0 0.092 1.904 0.004 4.757 10.2067 0.466 5.987 290.68 [1] 
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0.01 0.23 1.756 0.004 4.7636 10.2376 0.465 5.9989 292.55 [1] 
0 0.238 1.756 0.006 4.7631 10.2351 0.465 5.9975 292.38 [1] 

0.002 0.25 1.742 0.006 4.7646 10.236 0.465 5.9983 292.54 [1] 
0.002 0.482 1.51 0.006 4.7723 10.2643 0.465 6.0147 294.62 [1] 
0.008 0.47 1.516 0.006 4.774 10.266 0.465 6.0133 294.71 [1] 
0.01 0.378 1.606 0.006 4.7698 10.2558 0.465 6.007 293.85 [1] 

0.004 0.914 1.07 0.012 4.7832 10.3227 0.463 6.0337 297.92 [1] 
0.004 0.912 1.07 0.012 4.785 10.325 0.463 6.038 298.308 [3] 
0.005 0.399 1.583 0.012 4.7696 10.255 0.465 6.0053 293.733 [4] 
0.005 0.399 1.583 0.012 4.7687 10.2555 0.465 6.0066 293.755 [4] 
0.005 0.399 1.583 0.012 4.7688 10.256 0.465 6.0065 293.771 [4] 
0.005 0.399 1.584 0.012 4.7701 10.2556 0.465 6.006 293.815 [4] 

0 0.956 1.03 0.014 4.786 10.3304 0.463 6.04 298.62 [1] 
0.01 0.778 1.198 0.014 4.7839 10.3133 0.464 6.0295 297.49 [1] 

0.012 0.756 1.218 0.014 4.7787 10.3168 0.463 6.0315 297.36 [1] 
0.012 0.928 1.046 0.014 4.7849 10.3275 0.463 6.0391 298.43 [1] 
0.002 1.434 0.544 0.02 4.8002 10.4028 0.461 6.0748 303.36 [1] 
0.02 0.98 0.98 0.02 4.787 10.341 0.463 6.044 299.192 [3] 

0.004 1.704 0.266 0.026 4.8099 10.442 0.461 6.0892 305.83 [1] 
0.012 1.96 0 0.028 4.8176 10.482 0.460 6.0995 308.01 [1] 
0.006 0.825 1.139 0.03 4.7871 10.3325 0.463 6.0347 298.493 [4] 
0.006 0.825 1.139 0.03 4.7891 10.3321 0.464 6.0346 298.601 [4] 
0.006 0.825 1.139 0.03 4.7911 10.3316 0.464 6.035 298.731 [4] 
0.01 1.778 0.182 0.03 4.8122 10.4524 0.460 6.0945 305.55 [1] 
0.99 0.12 0.85 0.03 4.8295 11.1083 0.435 6.3872 342.658 [2] 

0 1.134 0.824 0.042 4.7912 10.3642 0.462 6.055 300.67 [1] 
0.004 1.936 0 0.06 4.8177 10.4789 0.460 6.1046 308.19 [1] 
0.004 1.844 0.078 0.074 4.816 10.469 0.460 6.099 307.504 [3] 
0.001 0.002 1.918 0.079 4.757 10.219 0.466 5.993 291.3 [5] 

0 0 1.9 0.1 4.753 10.231 0.465 5.999 291.719 [6] 
0 1.89 0 0.11 4.8233 10.4959 0.460 6.0966 308.64 [2] 

0.002 1.806 0.074 0.118 4.8161 10.4689 0.460 6.0974 307.43 [1] 
0 1.87 0 0.13 4.8245 10.4959 0.460 6.0974 308.757 [2] 
0 1.1 0.75 0.15 4.798 10.387 0.462 6.055 301.762 [7] 
0 1.1 0.75 0.15 4.798 10.39 0.462 6.055 301.849 [8] 

0.001 0.004 1.832 0.163 4.761 10.254 0.464 6.007 293.3 [5] 
0.001 0.003 1.832 0.164 4.76 10.244 0.465 6.006 292.8 [5] 

0 0 1.8 0.2 4.761 10.258 0.464 6.013 293.665 [6] 
0 1.78 0 0.22 4.826 10.514 0.459 6.105 309.8 [9] 
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0 0 1.6 0.4 4.773 10.317 0.463 6.043 297.576 [6] 
0.001 0 1.548 0.451 4.775 10.344 0.462 6.049 298.8 [5] 
0.003 0.001 1.543 0.453 4.773 10.351 0.461 6.055 299.1 [5] 

0 1.52 0 0.48 4.8378 10.536 0.459 6.1234 312.116 [10] 
0.001 1.319 0.052 0.545 4.831 10.558 0.458 6.137 313.075 [11] 
0.001 1.297 0.057 0.567 4.844 10.552 0.459 6.135 313.563 [11] 
0.002 1.225 0.089 0.596 4.828 10.549 0.458 6.109 311.135 [11] 

0 0 1.4 0.6 4.781 10.356 0.462 6.067 300.39 [6] 
0 1.4 0 0.6 4.84857 10.55545 0.459 6.14054 314.266 [12] 
0 1.38 0 0.62 4.84 10.556 0.459 6.135 313.5 [9] 

0.004 0.002 1.368 0.626 4.778 10.398 0.460 6.078 302 [5] 
0.003 0.002 1.356 0.64 4.782 10.406 0.460 6.083 302.7 [5] 
0.001 1.112 0.078 0.728 4.842 10.552 0.459 6.136 313.558 [11] 

0 0 1.2 0.8 4.798 10.416 0.461 6.102 304.953 [6] 
0 1.1 0 0.9 4.852 10.576 0.459 6.142 315.1 [9] 

0.006 0.002 1.028 0.964 4.799 10.499 0.457 6.127 308.7 [5] 
0 0 1.03 0.97 4.794 10.491 0.457 6.123 307.949 [13] 
0 1.01 0 0.99 4.8578 10.5818 0.459 6.1641 316.861 [10] 
0 0 1 1 4.80757 10.451 0.460 6.12446 307.717 [14] 
0 0 1 1 4.80757 10.451 0.460 6.12446 307.717 [14] 
0 0 1 1 4.797 10.48 0.458 6.135 308.422 [6] 
0 0 1 1 4.797 10.48 0.458 6.135 308.422 [6] 
0 1 0 1 4.86184 10.58358 0.459 6.1695 317.456 [12] 
0 1 0 1 4.86184 10.58358 0.459 6.1695 317.456 [12] 
0 0.94 0 1.06 4.856 10.585 0.459 6.168 317 [9] 
0 0 0.8 1.2 4.813 10.506 0.458 6.16 311.483 [6] 
0 0 0.6 1.4 4.83927 10.52411 0.460 6.17903 314.692 [14] 
0 0.6 0 1.4 4.871 10.594 0.460 6.2 319.9 [9] 
0 0.6 0 1.4 4.8789 10.60587 0.460 6.20468 321.061 [12] 
0 0.584 0 1.416 4.8734 10.5991 0.460 6.1982 320.16 [10] 
0 0 0.2 1.8 4.862 10.553 0.461 6.208 318.524 [6] 
0 0.18 0 1.82 4.896 10.603 0.462 6.241 324 [9] 
0 0 0.17 1.83 4.879 10.589 0.461 6.234 322.072 [13] 
0 0 0.015 1.993 4.893 10.592 0.462 6.243 323.55 [15] 
0 0 0 2 4.8968 10.59 0.462 6.25 324.1 [16] 
0 0 0 2 4.894 10.61 0.461 6.259 325.001 [6] 
0 0 0 2 4.9023 10.5964 0.463 6.2567 325.015 [17] 
0 0 0 2 4.9042 10.597 0.463 6.2545 325.045 [18] 
0 0 0 2 4.906 10.598 0.463 6.255 325.2 [5] 
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0 0 0 2 4.90338 10.60016 0.463 6.25753 325.245 [14] 
0 0 0 2 4.90338 10.60016 0.463 6.25753 325.246 [14] 
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Table A1h. Spinel regression data 1042 
Spinel-phase 

Mineral Chemical composition a (Å) V (Å3) Reference 
Fe + □ 

Maghemite Fe2.667O4 8.33 578.01 [9] 
Magnetite Fe2+

0.26Fe3+
2.49O4 8.3583 583.921 [10] 

Magnetite Fe2+
0.52Fe3+

2.32O4 8.3799 588.459 [10] 
Magnetite Fe2+

0.48Fe3+
2.35O4 8.3806 588.607 [10] 

Magnetite Fe2+
0.50Fe3+

2.33O4 8.3833 589.176 [10] 
Magnetite Fe2+

0.57Fe3+
2.28O4 8.3846 589.45 [10] 

Magnetite Fe2+
0.56Fe3+

2.29O4 8.3852 589.577 [10] 
Magnetite Fe3O4 8.394 591.435 [15] 
Magnetite Fe3O4 8.3941 591.456 [3] 
Magnetite Fe3O4 8.395 591.646 [6] 
Magnetite Fe3O4 8.3958 591.815 [13] 
Magnetite Fe3O4 8.3967 592.006 [1] 
Magnetite Fe3O4 8.3969 592.048 [4] 
Magnetite Fe3O4 8.397 592.069 [8] 

Fe + Al 
Magnetite Fe3O4 8.397 592.069 [8] 
Hercynite (Al1.897 Fe1.103) O4 8.1646 544.258 [16] 
Hercynite Fe Al2 O4 8.15579 542.498 [28] 

Fe + Al + □ 
Magnetite Fe2+

0.70Fe3+
2.15Al0.05O4 8.3887 590.315 [10] 

Magnetite Fe2+
0.64Fe3+

2.20Al0.04O4 8.3844 589.408 [10] 
Magnetite Fe2+

0.77Fe3+
2.07Al0.08O4 8.391 590.801 [10] 

Magnetite Fe2+
0.61Fe3+

2.21Al0.05O4 8.3824 588.986 [10] 
Magnetite Fe2+

0.62Fe3+
2.20Al0.05O4 8.387 589.956 [10] 

Magnetite Fe2+
0.70Fe3+

2.12Al0.07O4 8.3877 590.104 [10] 
Magnetite Fe2+

0.65Fe3+
2.16Al0.08O4 8.3833 589.176 [10] 

Magnetite Fe2+
0.67Fe3+

2.11Al0.11O4 8.3795 588.375 [10] 
Magnetite Fe2+

0.68Fe3+
2.09Al0.12O4 8.3842 589.366 [10] 

Magnetite Fe2+
0.47Fe3+

2.29Al0.07O4 8.3742 587.259 [10] 
Magnetite Fe2+

0.70Fe3+
2.05Al0.15O4 8.3904 590.674 [10] 

Magnetite Fe2+
0.51Fe3+

2.23Al0.10O4 8.3732 587.049 [10] 
Magnetite Fe2+

0.64Fe3+
2.08Al0.16O4 8.3776 587.975 [10] 

Magnetite Fe2+
0.50Fe3+

2.22Al0.12O4 8.3794 588.354 [10] 
Magnetite Fe2+

0.18Fe3+
2.51Al0.03O4 8.3628 584.864 [10] 

Magnetite Fe2+
0.55Fe3+

2.14Al0.16O4 8.3717 586.734 [10] 
Magnetite Fe2+

0.62Fe3+
2.07Al0.19O4 8.379 588.27 [10] 

Magnetite Fe2+
0.19Fe3+

2.48Al0.05O4 8.3612 584.529 [10] 
Magnetite Fe2+

0.54Fe3+
2.12Al0.19O4 8.3728 586.965 [10] 

Magnetite Fe2+
0.44Fe3+

2.19Al0.18O4 8.3581 583.879 [10] 
Magnetite Fe2+

0.59Fe3+
2.04Al0.23O4 8.3651 585.347 [10] 

Magnetite Fe2+
0.19Fe3+

2.42Al0.12O4 8.355 583.229 [10] 
Magnetite Fe2+

0.43Fe3+
2.17Al0.21O4 8.3562 583.481 [10] 
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Magnetite Fe2+
0.46Fe3+

2.13Al0.24O4 8.3496 582.099 [10] 
Magnetite Fe2+

0.48Fe3+
2.10Al0.25O4 8.3546 583.146 [10] 

Magnetite Fe2+
0.44Fe3+

2.14Al0.23O4 8.3588 584.025 [10] 
Magnetite Fe2+

0.24Fe3+
2.33Al0.18O4 8.3471 581.576 [10] 

Magnetite Fe2+
0.36Fe3+

2.21Al0.22O4 8.3493 582.036 [10] 
Magnetite Fe2+

0.46Fe3+
2.10Al0.26O4 8.3481 581.786 [10] 

Magnetite Fe2+
0.16Fe3+

2.35Al0.21O4 8.3278 577.552 [10] 
Magnetite Fe2+

0.31Fe3+
2.20Al0.26O4 8.3406 580.219 [10] 

Magnetite Fe2+
0.26Fe3+

2.20Al0.29O4 8.3369 579.447 [10] 
Magnetite Fe2+

0.08Fe3+
2.35Al0.27O4 8.326 577.177 [10] 

Magnetite Fe2+
0.29Fe3+

2.12Al0.36O4 8.3395 579.989 [10] 
Magnetite Fe2+

0.27Fe3+
2.14Al0.35O4 8.3409 580.282 [10] 

Magnetite Fe2+
0.10Fe3+

2.23Al0.37O4 8.3174 575.391 [10] 
Fe + Ti 

Magnetite Fe2.904Ti0.096O4 8.4067 594.123 [1] 
Magnetite Fe2.902Ti0.098O4 8.4095 594.717 [1] 
Magnetite Fe2.814Ti0.186O4 8.4145 595.779 [1] 
Magnetite Fe2.758Ti0.242O4 8.425 598.012 [1] 
Magnetite Fe2.646Ti0.354O4 8.4348 600.101 [1] 
Magnetite Fe2.538Ti0.462O4 8.4569 604.83 [1] 
Ulvospinel Fe2.0Ti1.0O4 8.5297 620.585 [14] 
Ulvospinel Fe2.169Ti0.831O4 8.5131 616.969 [14] 
Ulvospinel Fe2.266Ti0.734O4 8.4969 613.453 [14] 
Ulvospinel Fe2.376Ti0.624O4 8.4802 609.843 [14] 
Ulvospinel Fe2.449Ti0.551O4 8.4632 606.183 [14] 
Ulvospinel Fe2.356Ti0.644O4 8.4875 611.42 [1] 
Ulvospinel Fe2.287Ti0.713O4 8.4972 613.518 [1] 
Ulvospinel Fe2.31Ti0.69O4 8.4975 613.583 [1] 
Ulvospinel Fe2.248Ti0.752O4 8.5052 615.253 [1] 
Ulvospinel Fe2.247Ti0.751O4 8.5059 615.405 [1] 
Ulvospinel Fe2.244Ti0.756O4 8.5079 615.839 [1] 
Ulvospinel Fe2.2Ti0.8O4 8.5139 617.143 [1] 
Ulvospinel Fe2.155Ti0.845O4 8.522 618.906 [1] 
Ulvospinel Fe2.092Ti0.908O4 8.5274 620.083 [1] 
Ulvospinel Fe2.07Ti0.93O4 8.5307 620.803 [1] 
Ulvospinel Fe2.055Ti0.945O4 8.5322 621.131 [1] 
Ulvospinel Fe2.134Ti0.866O4 8.5139 617.143 [5] 
Ulvospinel Fe2.111Ti0.889O4 8.5139 617.143 [5] 
Ulvospinel TiFe2O4 8.5439 623.69 [11] 

Fe + Mg 
Magnetite Fe3 O4 8.397 592.069 [8] 
Magnetite (Fe2.961 Mg.039) O4 8.3975 592.175 [4] 
Magnesioferrite (Fe2 Mg) O4 8.39704 592.078 [26] 
Magnesioferrite (Fe2 Mg) O4 8.39514 591.676 [26] 
Magnesioferrite (Fe2 Mg) O4 8.36 584.277 [27] 

Fe + Cr 
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Magnetite Fe3 O4 8.397 592.069 [8] 
Chromite Fe Cr2 O4 8.3765 587.743 [7] 

Fe + Ni 
Magnetite Fe3 O4 8.397 592.069 [8] 
Magnetite (Fe2+

0.51Ni0.48Co0.01)Fe3

+
2O4 

8.368 585.956 [23] 

Trevorite Fe2.42 Ni.52 Cr.03 Al.01 
Co.02 O4 

8.3626 584.822 [24] 

Trevorite (Ni0.963Mn0.001Mg0.002Co
0.013)(Fe3+

1.964Si0.014Cr0.

012Al0.010)O4 

8.339 579.885 [25] 

Fe + Zn 
Magnetite Fe3 O4 8.397 592.069 [8] 
Franklinite Fe2.024 Zn.976 O4 8.4418 601.596 [20] 
Franklinite Zn Fe2 O4 8.4412 601.468 [21] 
Franklinite (Zn1.08 Fe1.92) O4 8.443 601.853 [22] 

Fe + V 
Magnetite Fe3 O4 8.397 592.069 [8] 
Coulsonite Fe V2 O4 8.453 603.994 [19] 

Fe + Ti + Mg 
Ulvospinel Mg0.135Fe1.929Ti0.94O4 8.5271 620.018 [2] 
Ulvospinel Mg0.29Fe1.768Ti0.94O4 8.5184 618.122 [2] 
Ulvospinel Mg0.531Fe1.511Ti0.96O4 8.5104 616.382 [2] 
Ulvospinel Mg0.79Fe1.228Ti0.98O4 8.5021 614.58 [2] 
Ulvospinel Mg0.918Fe1.106Ti0.98O4 8.4946 612.955 [2] 

Fe + Mg + Al 
Hercynite (Al1.926 Mg.177 Fe.897) O4 8.1494 541.224 [16] 

Hercynite (Al1.938 Mg.303 Fe.759) 
O4 

8.1406 539.472 [16] 
Hercynite Al1.94 Fe.76 Mg.3 O4 8.1396 539.274 [17] 
Hercynite Fe.924 Al1.948 Mg.116 O4 8.1511 541.563 [18] 

Hercynite (Al1.962 Mg.544 Fe.494) 
O4 

8.1221 535.803 [16] 
Hercynite Fe.878 Al1.964 Mg.138 O4 8.1584 543.019 [18] 

Hercynite (Al1.964 Mg.419 Fe.617) 
O4 

8.1306 537.487 [16] 
Hercynite Fe.84 Al1.966 Mg.19 O4 8.146 540.547 [18] 

Hercynite (Al1.981 Mg.648 Fe.371) 
O4 

8.1134 534.083 [16] 

Hercynite (Al1.982 Mg.726 Fe.292) 
O4 

8.1071 532.84 [16] 
Hercynite (Al1.99 Mg.816 Fe.194) O4 8.1006 531.559 [16] 
Hercynite Al1.999 Mg.89 Fe.111 O4 8.0937 530.202 [16] 
Hercynite Al1.999 Mg.955 Fe.046 O4 8.0895 529.377 [16] 

Mn + Ti + Fe 
Ulvospinel Ti(Fe0.804Mn1.196)O4 8.6315 643.071 [11] 
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Ulvospinel Ti(Fe0.6Mn1.4)O4 8.6429 645.622 [11] 
Ulvospinel Ti(Fe0.378Mn1.622)O4 8.6556 648.472 [11] 
Ulvospinel Ti(Fe0.174Mn1.826)O4 8.6651 650.61 [11] 
Ulvospinel TiMn2O4 8.6789 653.723 [11] 
Ulvospinel Ti(Fe1.804Mn0.196)O4 8.557 626.563 [11] 
Ulvospinel Ti(Fe1.604Mn0.396)O4 8.5688 629.158 [11] 
Ulvospinel Ti(Fe1.424Mn0.576)O4 8.5837 632.446 [11] 
Ulvospinel Ti(Fe1.218Mn0.782)O4 8.6004 636.145 [11] 
Ulvospinel TiFe2O4 8.5439 623.69 [11] 
Ulvospinel Ti(Fe1.008Mn0.992)O4 8.6112 638.544 [11] 

Fe + Cr + Mg 
Chromite (Fe0.6Mg0.4)Cr2O4 8.3577 583.795 [7] 
Chromite (Fe0.65Mg0.35)Cr2O4 8.362 584.696 [7] 
Chromite (Fe0.67Mg0.33)Cr2O4 8.3613 584.55 [7] 
Chromite (Fe0.76Mg0.24)Cr2O4 8.3672 585.788 [7] 
Chromite (Fe0.87Mg0.13)Cr2O4 8.371 586.586 [7] 
Chromite (Fe0.91Mg0.09)Cr2O4 8.3739 587.196 [7] 
Chromite FeCr2O4 8.3765 587.743 [7] 
Magnesiochromite MgCr2O4 8.3327 578.572 [12} 
Magnesiochromite Mg0.984Fe0.024Cr1.992O4 8.334 578.843 [7] 
Magnesiochromite Mg0.932Fe0.072Cr1.996O4 8.3352 579.093 [7] 
Magnesiochromite (Mg0.87Fe0.13)Cr2O4 8.3379 579.656 [7] 
Magnesiochromite (Mg0.8Fe0.2)Cr2O4 8.3415 580.407 [7] 
Magnesiochromite (Mg0.68Fe0.32)Cr2O4 8.3462 581.388 [7] 
Magnesiochromite (Mg0.63Fe0.37)Cr2O4 8.3465 581.451 [7] 
Magnesiochromite (Mg0.67Fe0.33)Cr2O4 8.349 581.974 [7] 
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Table A1i. Jarosite-Alunite regression data 1137 
 1138 

mineral name chemical composition a(Å) b(Å) c(Å) V(Å3) Reference 
Alunite (K0.94Na0.06)Al3(SO4)2(OH)6 6.979 6.979 17.284 729.057 [12] 
Alunite S2Al2.967O14.063K0.805Na0.132H6 6.9741 6.9741 17.19 724.074 [7] 
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Jarosite K0.95H6.05Fe3S2O14 7.30293 7.30293 17.2043 794.624 [1] 
Jarosite K0.87H6.13Fe2.79S2O14 7.3063 7.3063 17.0341 787.49 [1] 
Jarosite K0.02H7Fe3S2O14 7.3478 7.3478 17.028 796.176 [1] 
Jarosite K0.84H6.16Fe2.73S2O14 7.3128 7.3128 17.1973 796.45 [1] 
Jarosite (K0.76Na0.24)Fe3S2O14H6 7.3045 7.3045 17.0875 789.569 [3] 
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Appendix 2 - Error analysis 1177 

The uncertainties associated with y, estimated composition, are computed as follows: 1178 

σ𝑦
2 =  σ𝑆𝐸

2 +  σ𝑦 𝑢𝑐
2  

 1179 
Where: 1180 

σ𝑆𝐸
2 =

1

𝑛
∑(𝑦𝑖 − �̂�𝑖)2

𝑛

𝑖=1

 

 1181 
Where n is the number of datasets in the regression; 𝑦𝑖 and �̂�𝑖 are the observed and calculated y 1182 
values of the regression data, respectively.  1183 
 1184 
and  1185 
 1186 

σ𝑦 𝑢𝑐
2 =

1

𝑚
∑(�̂�𝑗 − �̂�𝑗 𝑢𝑐

)2

𝑚

𝑗=1

 

 1187 
Where m is the number of unit-cell parameters in the function (e.g., five in plagioclase), �̂�𝑗 is the 1188 
composition calculated with your input unit-cell parameters, �̂�𝑗 𝑢𝑐

 is the calculated composition 1189 
calculated with the error associated with your unit-cell parameter added to the unit-cell 1190 
parameter [e.g., 𝑎𝑢𝑐

 = (a+σa)].  1191 
 1192 
Errors associated with arithmetical equations were computed with the following formula: 1193 
 1194 

σ𝑦𝑖
2 = ∑ σ𝑥𝑖

2

𝑛

𝑖

 

 1195 
Where σ𝑥𝑖

 is the uncertainty associated with each coefficient in the equation.  1196 
 1197 

Root-Mean-Square Error (RMSE) =√ 
∑ (𝑦𝑖−�̂�𝑖)2𝑛

𝑖=1

𝑛
 1198 

 1199 
Where n is the number of datasets in the regression; 𝑦𝑖 and �̂�𝑖 are the observed and calculated y 1200 
values of the equation, respectively. 1201 
 1202 
 1203 

  1204 
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 1205 
Appendix 3 - plots of unit-cell parameters versus composition 1206 

 1207 
 1208 

1209 

 1210 
 1211 
 1212 
Figures A3a-d. Ca-content of plagioclase as a function of unit-cell parameters. Dataset 1213 
from literature and RRUFF Project data (Table A1a).  1214 
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1225 

 1226 
Figures A3e-m. Fe, Ca, and Mg-content of augite as a function of a, b, and , 1227 
respectively. Dataset from literature and RRUFF Project data (Table A1c).  1228 
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1235 

 1236 
Figures A3n-v. Fe, Ca, and Mg-content of pigeonite as a function of a, b, and , 1237 
respectively. Dataset from literature and RRUFF Project data (Table A1b).  1238 
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1251 

 1252 
Figures A3w-z. Mg-and Fe-content of orthopyroxene as a function of a and b unit-cell 1253 
parameters. Dataset from literature and RRUFF Project data (Table A1d).  1254 
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 1258 

 1259 
Figures A3ac-ad. Mg-content of Fa-Fo olivine as a function of a, b, c cell edges and 1260 
unit-cell volume, V. Dataset from literature and RRUFF Project data (Table A1e).  1261 
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